lan Manners

Synthetic Metal-Containing Polymers

Synthetic Metal-Containing Polymers. lan Manners
Copyright © 2004 Wiley-VCH Verlag GmbH & Co. KGaA
ISBN: 3-527-29463-5



Related Titles from WILEY-VCH

S. Farikov (Ed.)

Handbook of Thermoplastic Polyesters

2000
ISBN 3-527-30113-5

S. Farikov (Ed.)
Transreactions in Condensation Polymers

1999
ISBN 3-527-29790-1

H.-G. Elias
An Introduction to Polymer Science

1997
ISBN 3-527-28790-6

G. Hadziioannou, P.F. Van Hutten (Eds.)
Semiconducting Polymers

1999
ISBN 3-527-29507-0

E.S. Wilks (Ed.)
Industrial Polymers Handbook

2001
ISBN 3-527-30260-3



lan Manners

Synthetic Metal-Containing Polymers

WILEY-
VCH

WILEY-VCH Verlag GmbH & Co. KGaA



Author

Prof. Dr. lan Manners
University of Toronto
Department of Chemistry
80 St. George Street
Toronto

Ontario M5S 1A1

Canada

Cover Picture A depiction of the structure of
metallated (Zn) DNA (see Chapter 7, section 7.6)
superimposed on a polarizing optical micrograph
that shows a lyotropic liquid crystalline meso-
phase formed by a Pt polyyne (see Chapter 5,
section 5.2.3.2.)

This book was carefully produced. Nevertheless,
author and publisher do not warrant the informa-
tion contained therein to be free of errors. Rea-
ders are advised to keep in mind that statements,
data, illustrations, procedural details or other
items may inadvertently be inaccurate.

Library of Congress Card No.: applied for

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from
the British Library.

Bibliographic information published

by Die Deutsche Bibliothek

Die Deutsche Bibliothek lists this publication
in the Deutsche Nationalbibliografie; detailed
bibliographic data is available in the Internet at
<http://dnb.ddb.de>

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim

All rights reserved (including those of translation
in other languages). No part of this book may be
reproduced in any form — by photoprinting, mi-
crofilm, or any other means — nor transmitted or
translated into machine language without written
permission from the publishers. Registered
names, trademarks, etc. used in this book, even
when not specifically marked as such, are not to
be considered unprotected by law.

Printed in the Federal Republic of Germany
Printed on acid-free paper

Composition K+V Fotosatz GmbH, Beerfelden
Printing strauss offsetdruck GmbH, Mérlenbach
Bookbinding Litges & Dopf Buchbinderei GmbH,
Heppenheim

ISBN  3-527-29463-5



Preface

Polymer science has developed rapidly over the last few decades of the 20" cen-
tury into an exciting area of high-tech materials research. A major contribution to
this transformation has been provided by the infusion of creative ideas from syn-
thetic organic chemists. Until recently, the impact of inorganic chemistry on poly-
mer science has been much more limited in scope and has been primarily re-
stricted to the discovery of highly active olefin polymerization catalysts. This is
mainly a result of the challenging synthetic problems concerning the formation of
long polymer chains containing elements other than carbon. These hurdles are
now being overcome and the tantalizing possibility of exploiting the rich diversity
of structures, properties, and function provided by inorganic elements in the de-
velopment of new macromolecular and supramolecular polymeric materials is
being productively realized. The new hybrid materials being created represent a
welcome addition to the materials science toolbox, and impressively complement
those now accessible using organic chemistry.

This book focuses on the area of metal-containing polymers which, based on the
unique properties of transition elements and main group metals, exhibit particular
promise. The work is organized to provide interested researchers in Universities and
Industry with a critical review of the state of the art, and to help stimulate fundamen-
tal and applied research in the future. An overview of key concepts in polymer science
and background to the challenges and motivations for the development of metal-con-
taining polymers is provided in the introductory Chapter 1. Chapters 2-8 cover the
different structural types of metallopolymer currently available with an emphasis on
well-characterized materials, properties, and applications. Chapter 2 focuses on poly-
mers with metals in the side group structure. Chapters 3-7 discuss the various
classes of metallopolymer with transition or main group metals in the main
chain. Dendritic and hyperbranched metallopolymers are described in Chapter 8.
The structural diversity of the materials now available is impressive, as is the range
of function. The extensive list of uses includes applications as catalysts, electrode
mediators, sensors, and as stimuli responsive gels; as photonic, conductive, photo-
conductive, and luminescent materials; as precursors to magnetic ceramics and na-
nopatterned surfaces; and as bioactive materials and metalloenzyme models.

The creation of this book has been accomplished with the help of many other
individuals. I would like to express my deep appreciation to a number of my grad-
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uate students and postdocs who generously volunteered their talents and help
with various aspects of this work. I would like to thank in particular Sara C.
Bourke who provided exceptional help and valuable critique throughout the var-
ious stages of putting the manuscript together. I also wish to acknowledge the ef-
forts of Katie Porter, Dr. Paul Cyr, Alex Bartole-Scott, Dr. Zhuo Wang, Dr. Xiao-
song Wang, Sebastien Fournier, Keith Huynh and Fabio di Lena who helped with
the correction and proof-reading of the various chapters. I would also like to
thank my wife Deborah O’Hanlon-Manners for helpful comments, proof-reading,
and very useful advice.

Finally, I would like to dedicate this book to the people from my personal life
whose encouragement over the years has always been essential — my wife Deborah
and children Hayley and Chris, my mother Jean D. Manners and late father Derek
S. Manners, and my late grandmother Daisy M. Manners.

Ian Manners
Toronto, November 2003
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1
Introduction

1.1
Metal-Containing Polymers

Carbon is not a particularly abundant terrestrial element, ranking 14™ among
those in the Earth's crust, oceans, and atmosphere. Nevertheless, carbon-based or
organic macromolecules form the basis of life on our planet, and both natural
and synthetic macromolecules based on carbon chains are ubiquitous in the world
around us. Organic polymers are used as plastics, elastomers, films, and fibers in
areas as diverse as clothing, food utensils, car tires, compact discs, packaging
materials, and prostheses [1]. Moreover, with the additional impetus provided by
the Nobel prize winning discovery of electrical conductivity in doped polyacetylene
in the mid-1970s, exciting new applications in electroluminescent and integrated
optical devices and sensors are also now under development [2-6]. The remark-
able growth in the applications of organic polymeric materials in the latter half of
the 20" century can mainly be attributed to their ease of preparation, and the use-
ful mechanical properties and unique propensity for fabrication that are character-
istic of long-chain macromolecules. Their ease of preparation is a consequence of
the highly developed nature of organic synthesis, which, with its logical functional
group chemistry and ready arsenal of metal-catalyzed reactions, allows a diverse
range of carbon-based polymers to be prepared from what are currently plentifully
available and cheap petroleum-derived monomers [7, 8]. In the late 20" century,
organic polymer science has been further advanced by the creation of remarkable
polymer architectures such as block copolymers, star polymers, and tree-like mole-
cules or dendrimers, which are attracting intense attention.

In contrast to the situation in organic chemistry, the ability to chemically manip-
ulate atoms of inorganic elements is generally at a much more primitive stage of
development. Even seemingly simple small inorganic molecules can still be surpris-
ingly elusive, and the formation of bonds between inorganic elements is still often
limited to salt metathesis processes. Inorganic analogues of readily available multi-
ply-bonded organic monomers such as olefins and acetylenes, for example, are gen-
erally rather difficult to prepare. The development of routes to polymer chains of
substantial length constructed mainly or entirely from inorganic elements has there-
fore been a challenge. Indeed, apart from the cases of polysiloxanes (1.1) [9, 10], poly-

Synthetic Metal-Containing Polymers. lan Manners
Copyright © 2004 Wiley-VCH Verlag GmbH & Co. KGaA
ISBN: 3-527-29463-5



2| 1 Introduction

phosphazenes (1.2) [9, 11-13], and polysilanes (1.3) [9, 14, 15], this area has only
been significantly expanded since the 1980s and 1990s [8].

In the case of polymers based on non-metallic main group elements, the devel-
opment of novel thermal, Lewis acid or base promoted, or transition metal-cata-
lyzed polycondensation strategies that proceed with the elimination of small mole-
cules such as Me;SiOCH,CF;, Me;SiCl, H,, H,0, and CH,, as well as the discov-
ery of ring-opening polymerization (ROP) and related processes, has permitted
improved approaches to existing polymer systems (e.g. 1.2 and 1.3) [16-25] and
access to new materials. Examples of the latter include polyoxothiazenes (1.4) [26],
polythionylphosphazenes (1.5 and 1.6) [27-29], polyphosphinoboranes (1.7) [30],
polyborazylenes (1.8) [31], and other systems that contain boron-nitrogen rings
such as polycyclodiborazanes (1.9) [32].

T R
I
—/N P—N T———BHg
| ;
X1n n

0
|

L
L

1.4 1.5 x=2 1.7
1.6 x=1
H H
R H
\N——B/ \B/
B// \\N R——-C:N/ \NIC
N/ N F
N—F& PN
\ H R
H H n n
1.8 1.9

Many similar synthetic challenges exist in the area of polymers based on metallic
elements. At the molecular level, metal chemistry is well developed. For example,
the preparation of carefully designed, single-site transition metal catalysts has al-
ready had a dramatic impact on polymer science, particularly for the polymerization



1.2 Fundamental Characteristics of Polymeric Materials | 3

of alkenes [33]. Inorganic solid-state materials chemistry has also now been devel-
oped to the extent that scientists are able to exploit the vast range of possibilities
arising from the chemical diversity made available throughout the Periodic Table
[34-36]. The creation of high-temperature ceramic superconductors, state-of-the-art
magnetic, electrochromic, or electrooptical materials, and unprecedented catalysts
with controlled porosity, are all consequences of chemists’ now highly impressive
ability to organize atoms of inorganic elements in two and three dimensions. In con-
trast, the elaboration of efficient synthetic routes to metal-containing polymers has
been the real roadblock to the development of 1-D analogues of the well-established
2-D layered and 3-D metal-containing solid-state materials. This is particularly the
case if the metal atoms are located directly in the main chain, where they are most
likely to exhibit the most profound influence on the properties of the macromolecu-
lar material. Over the last decade of the 20™ century, there have been clear indica-
tions that this synthetic problem is being productively tackled and a wide variety
of intriguing new polymer systems have emerged. These developments are the sub-
ject of this book, which is written both to review the state-of-the-art and also to
further help stimulate both fundamental and applied research in this exciting area
that is ripe for exploitation and full of future potential.

1.2
Fundamental Characteristics of Polymeric Materials

Polymers exhibit a range of architectures and unique properties, the study of
which represents a major core area of polymer science. Although this book as-
sumes that the reader is familiar with some of the basic concepts of polymer
science, such as the structures of common macromolecular materials (polysty-
rene, polyisoprene, etc.), additional knowledge is certainly desirable for an appre-
ciation of much of the research described and the challenges for the future. In
this section, we briefly cover some key points for the benefit of readers unfamiliar
with the areas that are relevant to the discussions in subsequent chapters. For de-
tailed background material the reader is referred to the many excellent introduc-
tory and advanced books on polymer science and the recent literature cited in this
section [7, 37-42].

1.2.1
Polymer Molecular Weights

Samples of synthetic polymers are generally formed by reactions where both the
start and end of the growth of the macromolecular chain are uncontrolled and are
relatively random events. Even chain-transfer reactions, where, for example, one
polymer chain stops growing and in the process induces another to begin, are pre-
valent in many systems. Synthetic polymer samples, therefore, contain molecules
with a variety of different chain lengths and are termed polydisperse. For this rea-
son, the resulting molecular weight distribution is characterized by an average molec-
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ular weight. The two most common are the weight-average molecular weight, M, and
the number-average molecular weight, M,,. The quantity M,,/M,, is termed the polydis-
persity index (PDI), which measures the breadth of the molecular weight distribution
and is 21. In the case where the polymer chains are of the same length My, =M, (i.e.
PDI=1), the sample is termed monodisperse. Such situations are rare, except in the
case of biological macromolecules, but essentially monodisperse systems also occur
with synthetic polymers where the polymerization by which they are prepared is
termed living. In such cases, initiation is rapid and no termination or chain-transfer
reactions occur; under such conditions, the polymer chains initiate at the same in-
stant and grow until the monomer is completely consumed, resulting in macromo-
lecular chains of the same length [7]. In practice, living systems are not perfect; for
example, very slow termination reactions generally occur. This leads to polymer sam-
ples which are of narrow polydispersity (1.0<PDI<1.2) rather than perfectly mono-
disperse (PDI=1.0). Living systems are of particular interest because they allow the
formation of controlled polymer architectures. For example, unterminated chains
can be subsequently reacted with a different monomer to form block copolymers.

A variety of different experimental techniques exist for the measurement of M,
and M, [38-41]. Some afford absolute values, while others give estimates that are
relative to standard polymers, such as polystyrene, which are used as references.
One of the simplest techniques for obtaining a measurement of the molecular
weight of a polymer is Gel Permeation Chromatography (GPC) (also known as
Size Exclusion Chromatography, SEC). This method affords information on the
complete molecular weight distribution as well as values of My, and M, (and
hence the PDI). Unfortunately, the molecular weights obtained are relative to that
of the polymer standard used to calibrate the instrument unless special adapta-
tions of the experiment are made or standard monodisperse samples of the poly-
mer under study are also available as references. Light-scattering measurements
are generally time consuming but permit absolute values of M,, to be obtained
and also yield a wealth of other information concerning the effective radii of poly-
mer coils in the solvent used, polymer-solvent interactions, and polymer diffusion
coefficients. The introduction of light-scattering detectors for GPC instruments
has now made it possible for both absolute molecular weights and molecular
weight distributions to be determined routinely. It should also be noted that mass
spectrometry techniques such as Matrix-Assisted Laser Desorption lonization —
Time of Flight (MALDI-TOF) have now been developed to the stage where they
are extremely useful for analysis of the molecular weights of polymers and can
give molecular ions for macromolecules with molecular weights substantially
greater than 100,000.

Although most polymer samples possess a single molecular weight distribution
by GPC and are termed monomodal, for some the molecular weight distribution
actually consists of several individual, resolvable distributions. In such cases, the
molecular weight distribution is referred to as multimodal. For example, if a high
and a low molecular weight fraction can be distinguished then the distribution is
termed bimodal (Fig. 1.1a). Examples of broad and narrow monomodal molecular
weight distributions are shown in Fig. 1.1b and 1.1c, respectively.
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Fig. 1.1 Typical GPC traces showing (a) a bimodal molecular weight distribution, (b) a
broad monomodal molecular weight distribution (PDI=2.3), and (c) a narrow monomo-
dal molecular weight distribution (PDI=1.05). The x-axis shows the elution volume for
the GPC instrument with molecular weight increasing from right to left.

1.2.2
Amorphous, Crystalline, and Liquid-Crystalline Polymers: Thermal Transitions

As polymer chains are usually long and flexible, they would be expected to pack ran-
domly in the solid state to give an amorphous material. This is true for many poly-
mers, particularly those with an irregular chemical structure. Examples are the
stereoirregular materials atactic polystyrene (1.10) and atactic polypropylene (1.11),
in which the Ph and the Me substituents, respectively, are randomly oriented.

1.10 R=Ph
1.11 R=Me

However, polymer chains that have regular structures can pack together in an
ordered manner to give crystallites. In general, perfect single crystals are not
formed by long polymer chains for entropic reasons, and such materials are there-
fore often more correctly referred to as semicrystalline, as amorphous regions are
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Fig. 1.2 Model of a semicrystalline polymer showing
chain-folded crystallites embedded in an amorphous
matrix (Reproduced from [37a]).

also present [43]. At the edges of the crystallites, the macromolecular chains fold
and re-enter the crystal. The manner in which this occurs has been a subject of
much debate in the polymer science community, but a reasonable picture of the
amorphous and crystalline regions of a semicrystalline polymer is shown in
Fig. 1.2. Information on the morphology of polymers is revealed by techniques
such as powder X-ray diffraction (PXRD), which is often called wide-angle X-ray
scattering (WAXS) by polymer scientists, and small-angle X-ray scattering (SAXS).
The crystallites exist in a polymer sample below the melting temperature (T,,), an
order-disorder transition, above which a viscous melt is formed.

The presence of crystallites can lead to profound changes in the properties of a
polymeric material. For example, crystallites are often of the appropriate size to scat-
ter visible light and thereby cause the material to appear opaque. They often lead to
an increase in mechanical strength, but also to brittleness. Gas permeability gener-
ally decreases, as does solubility in organic solvents as an additional lattice energy
term must be overcome for dissolution to occur. Examples of crystalline polymers
are the stereoregular materials syndiotactic polystyrene (1.12), in which the orienta-
tion of the Ph groups alternates in a regular manner, and isotactic polypropylene
(1.13), in which the Me groups have the same orientation. This structural regularity
allows the polymer chains to pack together in a regular manner as crystallites.

Ph  pp Ph  ph Ph  ph Ph  pp

1.12

Me Me Me Me Me Me Me Me
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Fig. 1.3 A DSC trace showing a series of idealized thermal transitions (i.e. Ty, Ty,
and T) for poly(dimethylsiloxane) (PDMS).

In addition to the melting temperature (T,,), which arises from the order-disor-
der transition for crystallites in a polymer sample, amorphous regions of a poly-
mer show a glass transition (Ty). This second-order thermodynamic transition is
not characterized by an exotherm or endotherm, but rather by a change in heat
capacity, and is related to the onset of large-scale conformational motions of the
polymer main chain. Generally, stiff polymer chains and large, rigid side groups
generate high T, values. Below the T, an amorphous polymer is a glassy material,
whereas above the T, it behaves like a viscous gum, because the polymer chains
can move past one another. By linking the polymer chains together through cross-
linking reactions, rubbery elastomers can be generated from low T, polymers.
Purely amorphous polymers such as atactic polystyrene show only a glass transi-
tion (T;x100°C), whereas semicrystalline polymers show both a T, and a T,.
Semicrystalline polymeric materials are rigid plastics below the T, and become
more flexible above the T,. Above the T,,,, a viscous melt is formed.

It is noteworthy that the rate of polymer crystallization can be extremely slow
and polymers that can potentially crystallize are often isolated in a kinetically
stable, amorphous state. The polyester poly(ethylene terephthalate) (1.14) provides
a good example. This material has a T, of 69°C and a T, of 270°C, but crystalliza-
tion only becomes rapid well above the T. Rapid cooling from the melt yields an
amorphous material, whereas slow cooling or annealing above the T, can yield
percentage crystallinities up to 55% [38]. A potentially crystallizable polymer that
is in an amorphous state can show an exothermic crystallization transition (T;) at
elevated temperatures. The thermal transitions of a polymer are commonly inves-
tigated by the technique of differential scanning calorimetry (DSC). A typical DSC
trace showing a T,, a T, and a Ty, is shown in Fig. 1.3.
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Polymers can also exhibit liquid crystallinity, a fluid state in which some long-range
positional or orientational order, or a mesophase, exists [43, 44]. This arises when sig-
nificant shape anisotropy is present in the polymer main chain or side-group struc-
ture. Liquid crystallinity can exist in the bulk material, where the mesophase is
formed over a certain temperature range (thermotropic), or as a consequence of a pre-
ferred arrangement of polymer molecules in solution above a certain concentration
(lyotropic). Thermotropic liquid-crystalline materials show a mesophase between a
melting temperature for the crystalline phase (Ti) and the clearing temperature (T),
above which an isotropic melt is formed. The order present in liquid-crystalline poly-
mers can be used to broadly classify the materials as nematic (order in only one di-
mension) or smectic (weakly layered), as illustrated for the case of a main-chain lig-
uid-crystalline polymer that consists of rigid and flexible segments (Fig. 1.4a and b,
respectively). Many permutations on this theme are possible, as illustrated in
Fig. 1.4c to g [43, 44]. Liquid-crystalline polymers can be analyzed by polarizing op-
tical microscopy, where the ability of mesophases to influence the plane of polarized
light yields various textures, which are used to characterize the materials. Liquid-
crystalline polymers are of considerable interest as high-performance materials
and have potential uses in photonics and data storage.

a) b} c)

2 = N\

== T

tic C, (d) side-chain nematic, (e) side-
chain smectic A, (f) main-chain
cholesteric, (g) main-chain discotic
(Reproduced from [43]).
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Fig. 1.4 Nematic and smectic main-
chain liquid-crystalline polymers:
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chain smectic A, (¢) main-chain smec-
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1.2.3
Polymers versus Oligomers: Why are High Molecular Weights Desirable?

Two related questions that are often asked are the following: “How long does a mol-
ecule have to be in order for it to be called a polymer rather than an oligomer?” and
“Why are high molecular weights desirable?” Indeed, the electronic and optical prop-
erties of extended conjugated molecular structures are often maximized at chain
lengths of 30 chain atoms or so. So why are longer chains needed? The main rea-
sons for the widespread use of polymers are their excellent mechanical properties
such as strength, deformability, and elasticity. Simple considerations allow a rough
estimation of the substantial chain lengths necessary to obtain these properties.

In crystalline polymers, the need is for polymer molecules that function as “tie
molecules” which are long enough to connect individual crystallites (see Fig. 1.2).
This leads to strong covalent bond connections both within the crystallites and also
between them, and thereby enhances mechanical strength. Typically, chains must
consist of at least 100 chain atoms for such connections to be possible. For a mono-
mer of molecular weight 100, this corresponds to M,,~10,000. In amorphous poly-
mers, the chains need to be long enough for entanglement to take place (Fig. 1.5).
Chain entanglements help the material to maintain structural integrity under
stress. The onset of significant chain entanglement, the weight-average critical entan-
glement chain length Z. ., can be determined from melt viscosity measurements and
generally corresponds to ca. 600 chain atoms. For poly(dimethylsiloxane), Z ., =630,
which corresponds to My~ 23,000, whereas for polystyrene Z. =600, which corre-
sponds to My, & 31,000. These molecular weights therefore represent the low end for
the useful mechanical properties of these polymers [39]. Clearly, the molecular weight
required for useful mechanical properties depends on the particular polymer being
considered.

The need for high molecular weights in order to obtain useful mechanical prop-
erties is neatly illustrated by a comparison of straight-chain hydrocarbons. It is
easy to appreciate the difference between a birthday candle (a mixture of C,5-Csq
alkanes, i.e. M,~500), which is a brittle material and breaks easily, and a poly-
ethylene wash bottle tip (chains of >1000 carbon atoms, i.e. M,>15,000), which
can be repeatedly bent [39].

It is obvious, then, that high molecular weight polymers have major advantages
over low molecular weight analogues for most applications. However, it is impor-
tant to note that exceptions to this rule exist. For example, in applications as toner
particles in laser printing and xerography, where low melting points are impor-

a) b)
Fig. 1.5 (a) Oligomers, which (\\j (\_0
(7S

do not entangle due to their
short chains, and (b) chain en- /\/
tanglements in an amorphous /\j\_/

high molecular weight polymer.
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tant, low molecular weight materials are actually desirable. In addition, for certain
electronics applications, well-defined monodisperse oligomers (e.g. the linear hex-
amer sexithiophene) can have better defined and more predictable electronic and
optical properties. In such cases, the lower processability of the oligomer can be
circumvented by the use of vacuum deposition to form high quality films. Rela-
tively low molecular weight polymers are also useful as precursors to ceramic
materials. For example, after fabrication into fibers, pyrolysis can yield a ceramic
product in high yield. In such applications, sufficient viscosity for spinning into fi-
bers and high ceramic yield are of great importance. Nevertheless, in the vast
majority of cases, high molecular weights allow more desirable material proper-
ties. In this book, then, we will make a broad generalization and use the term
“polymer” to refer to materials with M,,>10,000, and will use the term oligomer
to refer to materials of lower molecular weight.

1.2.4
Polymer Solubility

Films of polymeric materials are readily fabricated from solution by evaporation- or
dip-casting and by spin-coating techniques. However, polymers generally show a
lower tendency to dissolve in solvents compared to molecular compounds for ther-
modynamic reasons. This is a consequence of the fact that the entropy of dissolu-
tion, ASgiss, is substantially reduced for a macromolecular material relative to that
for a small molecule compound. In solution, the additional disorder for a polymer
chain compared to that present in an amorphous polymeric solid is very small, espe-
cially if the main chain is rigid (i.e. the T, is high). The polymer segments in solu-
tion are still constrained to one dimension and so the amount of “disorder” is not
vastly different from the situation in the solid state. By contrast, small molecules
possess considerably more translational freedom in solution compared to the solid
state, as motion in three different dimensions is possible. The thermodynamic poly-
mer solubility problem becomes particularly acute if the polymer is crystalline, as an
unfavorable lattice enthalpy term AH, must also be overcome for dissolution to
occur. Thus, the choice of a solvent that has favorable interactions with a polymer
becomes critical when dissolution of the polymer is desired. The attachment of long
flexible organic substituents (e.g. n-alkyl or n-alkoxy groups) to a polymer with a ri-
gid backbone is a common and important strategy for generating solubility in organ-
ic solvents. In addition, the introduction of polar groups or ionic sites can allow dis-
solution in hydrophilic solvents and in water. Thus, by a consideration of these fac-
tors and logical synthetic manipulations of polymer structures, the dissolution of
virtually all uncrosslinked polymeric materials can, in fact, be achieved. It should
also be noted, however, that dissolution of polymers in solvents can still be slow
for kinetic reasons, even when the process is thermodynamically favorable. When
a solid sample of a polymer dissolves, permeation of solvent into the solid from
the solid/solvent interface can be slow, as long polymer chains must be completely
solvated before diffusion into the bulk solvent is possible. Such a process is generally
much more rapid for molecular compounds with smaller dimensions. Finally, it
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should be noted that crosslinked polymers swell but do not dissolve in solvents
which otherwise dissolve the analogous uncrosslinked material. The degree of swel-
ling is inversely dependent on the degree of crosslinking. This generates gels, which
have a wide variety of uses. For example, hydrogels made from crosslinked hydrophi-
lic polymers are used as contact lenses.

1.25
Block Copolymers

The polymers discussed in the previous section are derived from a single monomer,
and are termed homopolymers. Physical mixtures of two or more polymers are termed
blends, and these hybrid materials have useful combinations of properties derived
from the constituent homopolymers. Generally, for reasons analogous to those lead-
ing to a low entropy of dissolution in solvents (Sect. 1.2.4), and in dramatic contrast to
the situation for small molecule compounds, the entropy of mixing of two homopo-
lymers AS,i is very small. As this is usually insufficient to overcome the unfavour-
able and positive value of the enthalpy of mixing AH,,;, the material will phase-sep-
arate into regions of immiscible homopolymers at the microscopic level [39]. It is
difficult to overemphasize the tendency of two polymers to phase-separate even if
the difference in chemical structure is small. For example, even high molecular
weight polyethylene and deuterated polyethylene are not miscible in all proportions!

Copolymers contain repeat units derived from different monomers chemically
bound in the main chain. Considering two different monomers A and B, it is pos-
sible to envisage random copolymer structures (e.g. ... ABBABAABA...), alternating
structures (... ABABAB...), and many others such as graft structures, where, for ex-
ample, side chains formed from B are attached to a main chain derived from A. Block
copolymers (... AAAAAABBBBBB..., or A-b-B) are a particularly interesting example
of a copolymer architecture and these materials possess a range of remarkable and
useful properties [45]. For example, diblock copolymers form colloidal dispersions in
solvents that are selective for one of the blocks, where supramolecular micellar ag-
gregates are formed, with the insoluble block forming the core and the soluble block
forming the corona [45, 46]. These micelles are generally much more stable than
those formed by small molecule surfactants and are usually spherical in nature
(Fig. 1.6), although a range of remarkable architectures including cylinders, vesi-
cles, and even onion-like structures have now been generated [47—49].

Micellar structures can be visualized after solvent evaporation by techniques
such as transmission electron microscopy (TEM) or atomic force microscopy
(AFM). The micellar aggregates can be studied in solution by static and dynamic
light-scattering, which can give micelle sizes and aggregation numbers as well as
information on the shape of the micelles formed. Crosslinking of either the core
or corona has been studied as a means of making the micellar structures perma-
nent in the sense that they do not dissociate into individual block copolymer mol-
ecules in the presence of a good solvent for both blocks [50-55].

In the solid state, phase-separation of immiscible blocks generally occurs to give
nanodomains that can be ordered. For example, the diblock copolymer polysty-
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Fig. 1.6 Formation of spherical micelles from a block copolymer in a block-selective solvent.
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Fig. 1.7 Polystyrene-b-polyisoprene (PS-b-Pl) solid-state morphologies as a function of increas-
ing volume fraction of the polystyrene block (Adapted from [56]).
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rene-b-polyisoprene (PS-b-PI) has been particularly well-studied, and ordered ar-
rays of spheres, cylinders, bicontinuous double-diamonds (OBDD), and lamellae
are formed as the relative block lengths (and hence block volume fractions) are al-
tered from highly asymmetric through to a similar value (Fig. 1.7) [45, 56]. More
complex structures, such as gyroids, are formed within a relatively restricted
range of block lengths. The structures can be imaged by techniques such as TEM
and AFM, and further information on the order present in such systems can be
revealed by techniques such as SAXS [43, 56].

The micellar structures and phase-separated domains have dimensions on the
nanometer scale and are of considerable interest for a wide range of applications.
These include uses as micellar drug delivery agents and catalysts, as nanoscopic
etching resists for creating patterned surfaces in nanolithography, and for the gen-
eration of structures with periodic changes in refractive index for applications in
photonics [45, 46, 57-61].

An elegant example that illustrates the enormous potential of this area is that pro-
vided by the use of the hydrophilic polyether domains of phase-separated polyis-
oprene-b-poly(ethylene oxide) (PI-b-PEO) as a reaction medium for the sol-gel hydro-
lysis of silicon and aluminum alkoxides [62]. The resulting structures can, for exam-
ple, be subsequently dispersed in a solvent and consist of crosslinked silica/alumi-
na/PEO nano-objects solubilized by the polyisoprene chains (Fig. 1.8).

X y

Al(OBU®)3
. Aﬁ
() (]
0%
On

Fig. 1.8 Nano-objects with controlled shape and size from block
copolymer mesophases: At the top left, phase-separated PI-b-PEO
is shown, where the spheres consist of the PEO block. Subsequent
dispersion and sol-gel hydrolysis of silicon and aluminum alkox-
ides in the PEO block leads to swelling of this block and, if

desired, morphological transitions. Dissolution of the Pl block in a

selective solvent leads to “hairy” nano-objects consisting of cross-
linked silica/alumina/PEO (Adapted from [62]).
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Important commercial uses of block copolymers depend on phase separation in
the solid state. For example, triblock copolymers PS-b-PB-b-PS (PB = polybutadi-
ene) that contain a long PB block form glassy domains of PS (T;=100°C) within
a matrix of low T; PB (T,~-100°C). The glassy PS domains function as physical
crosslinks, which prevent the PB chains from slipping past one another under de-
formation. This generates elastomeric properties but, unlike normal elastomers
which are permanently chemically crosslinked, heating above the T, of the PS
block allows the material to be reprocessed. This reversibility has led to the term
thermoplastic elastomer for these materials, which are known as Kratons and are
sold commercially [39].

1.2.6
Dendrimers and Hyperbranched Polymers

The area of tree-like polymer architectures was pioneered by the Tomalia, Newkome,
and Vogtle groups in the late 1970s and 1980s [63—66]. The original syntheses of den-
dritic structures involved a divergent approach, where the structures were assembled
by starting at a core and working outwards. Additional impetus to the area was sub-
sequently provided by the demonstration of a new conceptual approach to dendri-
mers, which involved convergent synthesis, as reported almost simultaneously by
the groups of Neenan and Miller, and by Hawker and Fréchet in 1990 [67, 68].
Here, the dendrimer was synthetically assembled by the reaction of a series of arms
at a core. These two different methods are illustrated in Fig. 1.9.

The general area of dendritic and hyperbranched polymers has received remark-
able attention over the past decade. New properties not available with linear poly-
mers have been demonstrated. For example, evidence has been provided that sup-
ports the existence of considerable space for the encapsulation of small molecules,
and this has led to the idea of a “dendritic box” [69]. A severe problem with dendri-
mers is their time-consuming synthesis and, recently, facile synthetic methods that
form hyperbranched materials that may exhibit many of the advantageous properties
of dendritic macromolecules have been receiving significant attention [70].

1.2.7
Electrically Conducting Polymers

Most polymers (typified by polystyrene and polyethylene) are electrically insulating
and have conductivities ¢<10™* S cm™. The observation that polyacetylene could be
oxidatively doped with iodine to become electrically conducting (values have now
been reported up to ¢>10°>S cm™) represented a pivotal discovery in polymer
science that ultimately resulted in the award of the Nobel Prize for Chemistry in
2000 [4]. The study of electrically conducting polymers is now well advanced and
two extremes in the continuum of transport mechanisms exist. If the charge car-
riers are present in delocalized orbitals that form a band structure along the poly-
mer backbone, they conduct by a delocalization mechanism. In contrast, isolated
groups in a polymer can function as acceptors or donors of electrons and can permit
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Fig. 1.9 Syntheses of dendrimers: (a) Divergent method, (b) convergent method.

charge transport of electrons or holes by a redox conduction or hopping mechanism.
Although the conductivities observed in the former case are generally appreciably
higher, both types of system are of considerable interest depending upon the con-
ductivity desired for a particular application. High conductivities are desirable for
many device applications, and materials such as polythiophene (1.15), polyaniline
(1.16), and polypyrrole (1.17) have attracted much attention [6, 71]. On the other



16

1 Introduction

hand, the semiconductivity of poly(vinyl carbazole) (1.18) (107 <a<10"> cm™) has
led to interest in its use as a hole-transport material in xerography.
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It should be noted that, in addition to their use as electronic conductors, poly-
mers can also function as ionic conductors. Materials such as poly(ethylene oxide)
and certain oligoethyleneoxy-substituted polyphosphazenes and polysiloxanes,
which conduct Li* ions, are used in this regard as polymeric electrolytes for bat-
tery applications [9].

1.3
Motivations for the Incorporation of Metals into Polymer Structures

As mentioned earlier (Sect. 1.1), transition metal complexes and metal-containing
solid-state materials are well-studied, and the presence of metal centers has been
shown to give rise to a diverse range of interesting and often useful redox, mag-
netic, optical, electrical, and catalytic properties. In addition, metal centers have
been shown to play a pivotal role with respect to both the structure and function
of many biopolymers such as metalloproteins. The incorporation of transition me-
tals into the structure of synthetic polymers, therefore, clearly offers considerable
potential for the preparation of processable materials with properties that differ
significantly from those of conventional organic polymers. For this reason, the de-
velopment of metal-containing polymers should create exciting new dimensions
for polymer materials science and, from an applied angle, significant applications
for some of these unique new materials are also to be expected.

Several different possible types of metal-containing polymer structures exist, de-
pending on where the metal atoms are incorporated and the nature of the link-
ages between them. A major subdivision of linear polymers involves a considera-



1.3 Motivations for the Incorporation of Metals into Polymer Structures

T e

I (side chain) Il (main chain)

@ = metallo-group

S = spacer

Il (dendritic’hyperbranched)

Fig. 1.10 Structural classes of metal-containing polymers.

tion of the location of the metallo-centers. These can be either in the side-group
structure (I) or directly in the main chain (II) (see Fig. 1.10). We will use this gen-
eral subdivision, although we note that these situations represent extremes. For
example, a situation that lies in between these two cases is one in which the me-
tal-containing moiety can be removed from, but is electronically coupled to, the
polymer backbone. In addition, it is possible to prepare materials with metals in
both the side-group structure and the main chain. Dendrimers and hyper-
branched polymers (III) (Fig. 1.10) represent another structural class of growing
interest. In this case, the metallo-centers can be located throughout the structure
or, alternatively, in the core or at the periphery.

The linkages or “spacers” between the metallo-centers can either possess conju-
gated structures (involving delocalization of o- or 7-electrons) or essentially local-
ized electrons. Again, these situations represent extremes, and partial conjugation
is often possible. Studies of how the electronic structure of the linker can be
changed to control interactions between the metals is an important area of re-
search and has important implications for the physical properties (e.g. conductiv-
ity, magnetic properties) and applications of the materials.

It is useful to consider the types of characteristics expected for metal-containing
polymers that provide a key motivation for making the materials. Some of the main
reasons for the incorporation of metals into polymer structures are now outlined.

17
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1.3.1
Conformational, Mechanical, and Morphological Characteristics

A carbon atom is small and is usually limited to coordination numbers <4, and is
generally restricted to three geometries — linear, trigonal planar, and tetrahedral.
The properties of organic polymers depend acutely on the nature of the polymer
chain and the side groups. By contrast, metal atoms cover an enormous range of
sizes and can exhibit a broad array of coordination numbers; values of up to 12
are well known and of up to 8 are common [72]. In addition, a wealth of geome-
tries is known for metal centers. For example, in contrast to carbon, four-coordi-
nate metal complexes can possess either tetrahedral or square-planar geometries.
The flexible bonding characteristics of transition metals can also give rise to struc-
tures that are completely unprecedented in carbon chemistry. For example, metal-
metal quadruple bonds are well-known, and metallocenes and cyclobutadiene
complexes exhibit a totally different type of geometry to that found in organic
molecules. In ferrocene, the prototypical metallocene, rotation about the iron-cy-
clopentadienyl bond is virtually unhindered. It is interesting to think about the in-
fluence that these novel structural features might have on the conformational, me-
chanical, and morphological properties of a polymer. Bearing in mind the im-
mense structural diversity possible with metal complexes, this would clearly be ex-
pected to be a fascinating area. In addition, the diverse range of coordination
numbers and geometries available for transition elements offers the possibility of
accessing interesting liquid-crystalline materials [36].

1.3.2
Precursors to Ceramics

The possibility of using polymers, which can be easily processed into shapes,
films or fibers, as precursors to ceramics has attracted intense recent interest [73-
78)]. Ceramics generally possess many desirable physical properties, such as hard-
ness and useful electronic or magnetic properties, but their processability is gener-
ally poor. Polycarbosilanes have been successfully used to prepare silicon carbide
monoliths and fibers by a pyrolysis technique, and a similar process that utilizes
polyacrylonitrile has been used to make carbon fibers. For example, polycarbosi-
lane 1.19 (Eq. 1.1) can be spun into fibers, which can then be heated in air to cre-
ate a coating of SiO, that prevents melting. Subsequent thermal treatment at
800°C yields amorphous SiC fibers, and at higher temperatures these are increas-
ingly reinforced and strengthened by the presence of f-SiC crystallites [77]. The
key to the success of this process is to use a polymer that, when pyrolyzed, forms
the desired ceramic product in high yield, and allows the shape of the precursor
polymer to be retained.
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Transition metal-based polymers might also be expected to function as conve-
nient precursors to metal-containing ceramic films, fibers, and coatings that
would have high stability, and desirable/useful electronic or magnetic properties
following thermal or photochemical treatment or exposure to ionizing radiation or
plasmas. This provides a further motivation for making and studying metal-con-
taining polymeric materials.

1.3.3
Magnetic, Redox, Electronic, and Optical Properties

Carbon atoms strongly prefer a spin-paired, singlet ground state and, as a conse-
quence, the vast majority of organic compounds are diamagnetic. In contrast,
transition metals routinely form stable ions in which unpaired electrons are pres-
ent. Indeed, the existence of cooperative interactions, which allow the alignment
of the magnetic moments of transition metal ions in the solid state, forms the ba-
sis of the vast array of magnetic materials in applications from computer discs to
video tapes. The possibility of accessing polymers that possess magnetic moment
alignment, and consequently ferromagnetic, ferrimagnetic, or superparamagnetic
properties in the solid state, provides an additional reason for interest in metal-
based polymers [36, 79]. Clearly, processable materials of this type would be of
considerable interest for many applications. However, the design would have to be
intricate. In addition to the presence of cooperative interactions along a linear
polymer chain, 3-D cooperative intermolecular interactions between the chains
would also need to be present. In the absence of an ordering mechanism, the ma-
terials would be paramagnetic and of less interest. Moreover, if the alignment
were antiparallel, even less useful antiferromagnetic materials would result [36].
As a consequence of their electronic structure, metal atoms (especially those of
transition elements) generally exist in a variety of oxidation states. This can be ex-
pected to facilitate access to redox-active materials. In addition, the low electroneg-
ativity of transition metal atoms should promote electron mobility and access to
interesting charge-transport properties. This is apparent when a metalloid such as
silicon or germanium is used to form polymer chains. Thus, whereas polyethy-
lene possesses an essentially localized backbone, polysilanes (1.3) and polyger-
manes (1.20) possess g-delocalized electronic structures, and doping with oxidants
allows semiconducting materials (¢>10" S cm™) to be obtained, in which holes
are the charge carriers [9]. Such unusual characteristics are expected to be further
enhanced if even more electropositive metallic elements are used to construct
polymer chains. The presence of transition metal centers can also impart interest-
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ing photophysical properties [80]. Due to spin-orbit coupling effects, long-lived tri-
plet excited states are often readily accessible and phosphorescence is a well-estab-
lished and useful phenomenon. Photoinduced charge transfer processes have
been well-studied and form the basis for many explorations of the photocatalytic
properties of transition metal complexes. Areas such as nonlinear optics and
photonics, which require access to processable materials with electron delocaliza-
tion and polarizability or high refractive indices, may also benefit from the incor-
poration of metals into polymer structures [80].

134
Catalysis and Bioactivity

The ability of transition metals to bind and activate organic molecules, and to re-
lease the transformed organic product with turnover, forms the basis of the vast
catalytic chemistry of transition metal complexes [81]. In addition, metal atoms
play a key role at the catalytic centers of many enzymes [82]. For example, metal-
loenzymes participate in hydrolysis, oxidation, reduction, electron-transfer chemis-
try, and many other remarkable processes such as nitrogen fixation. The long-
term development of synthetic polymers that perform catalytic chemistry in a
manner analogous to enzymes is a goal of profound interest. The use of a poly-
mer would facilitate product separation and catalyst recycling, particularly if the
material were crosslinked and therefore insoluble in the reaction medium. To
date, most work has focused on the use of an organic polymer backbone with cat-
alytically active metals bound to ligands in the side-group structure. Problems
with this approach have arisen due to leaching of the catalytically active transition
metal from the polymer. In addition, in contrast to the situation with enzymes,
relatively low activities have often been reported due to the difficulty associated
with substrates accessing the catalytic centers. However, recent results have ap-
peared much more promising and improvements in polymer design and synthetic
control over the polymer structure offer hope that these deficiencies will be over-
come in the future.

Many metal complexes have been shown to possess bioactivity and several
drugs based on metal complexes have been developed. These include platinum,
gold, and bismuth compounds used in the treatment of certain kinds of cancer,
arthritis, and stomach ailments, respectively [82]. The development of analogous
polymeric chemotherapeutic materials, that would less easily diffuse through
membranes, is also an important objective.
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1.3.5
Supramolecular Chemistry and the Development of Hierarchical Structures

Studies of biological systems have revealed that functional structures in Nature
generally display hierarchical order in that they are organized over a variety of
length scales [46, 82]. For example, hemoglobin, the oxygen-transporting metallo-
protein in blood, is a superstructure made up of four subunits, two a- and two f-
polypeptide chains, each with an oxygen-binding iron porphyrin group [82]. The
overall superstructure, which is illustrated for the carbon monoxide complex car-
boxyhemoglobin, in which CO is coordinated to iron (Fig. 1.11), can be analyzed
in terms of quaternary, tertiary, secondary, and primary structures, which together
provide the optimal functioning of the material [83].

A challenge of considerable interest for the future is to learn how to apply self-
assembly principles that involve the use of non-covalent interactions, to the gen-
eration of new synthetic materials with hierarchical order [46]. To take an illustra-
tive, previously discussed example, monomer molecules can be converted into
block copolymer macromolecules (Sect. 1.2.5). These subsequently self-assemble
into structures with higher degrees of order, as illustrated by the formation of the
various morphologies of phase-separated block copolymers in the solid state
(Fig. 1.7) [45, 56]. Exciting general progress is now being made in the synthesis of
hierarchical structures. An elegant example is provided by the use of hydrogen-
bonding and van der Waals interactions to assemble individual flat poly(benzyl
ether) dendrimer arms or “dendrons” into cylindrical columnar assemblies that
self-organize into a 2-D hexagonal lattice (Fig. 1.12) [84].

Fig. 1.11  The structure of carboxyhemo-
globin (Reproduced from [83]). 4 iron por-
phyrin centers are present.
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Fig. 1.12 Hierarchical self-assembly of flat monodendrons into cylindrical columnar assemblies
that self-organize into a 2-D hexagonal lattice (Reproduced from [84]).

Significantly, the incorporation of transition elements into self-organizing mo-
tifs provides additional possibilities for supramolecular chemistry and the proper-
ties of the resulting assemblies. For example, as mentioned above, the coordina-
tion numbers and geometries accessible with transition metals vary much more
widely than with carbon. Applications in the area of liquid-crystalline materials
are particularly promising, as an almost unlimited diversity of structure appears
possible with metallomesogens [36]. In addition, metallic elements provide new
types of “weak’ interaction that supplement the well-known hydrogen bonds,
which play such a key role in the determination of the 3-D conformational struc-
tures of biopolymers such as nucleic acids. For example, unconventional hydrogen
(or “hydride-proton”) bonds (H’ ---H%*) involving electron-rich (e.g. metal hy-
dride) and electron-poor hydrogen substituents have been used to generate novel
materials with extended structures in the solid state [85]. Interactions between
gold atoms (Au---Au) or “aurophilic bonds” have approximately the same
strength as conventional hydrogen bonds, and are a consequence of the relativistic
effects that are significant for heavy metal elements. These have also been used to
facilitate the formation of remarkable chain and catenane structures [86-88]. In
addition, weak coordination bonds between vanadyl groups (V=0---V=0) have
been used to generate liquid-crystalline ordering [89]. The exploitation of such in-
teractions at the polymer level, and the development of metallopolymers (e.g.
block copolymers) that undergo self-assembly to form metal-containing structures
that are ordered on the nanometer scale, is of intense interest. The creation of
new types of supramolecular functional materials with a wealth of attractive prop-
erties and potential applications that complement those accessible with organic
materials is a logical consequence [90].

1.4
Historical Development of Metal-Based Polymer Science

It is both interesting and informative to briefly consider the historical develop-
ment of the metal-containing polymer field. Without attempting to be exhaustive,
a selection of some of the key breakthroughs, with an important influence on the
development of the area (see Fig. 1.13), are discussed below.
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Fig. 1.13 Some key breakthroughs in the field of metal-containing macromolecules.

The birth of polymer science can be traced to the acceptance of Staudinger’s hy-
pothesis, that polymeric materials are comprised of long chain macromolecules,
in the early 1930s. This led to the rapid subsequent synthetic development of or-
ganic polymers and parallel studies of their physical properties. The first soluble
metal-containing polymer, poly(vinyl ferrocene) (1.21), was prepared by radical po-
lymerization in 1955. With the growing interest in new polymeric materials with
novel properties, the 1960s and early 1970s was a time of much activity in the
area of metal-containing polymer science. However, few, if any, well-characterized,
soluble, high molecular weight materials were actually reported during this peri-
od. The first well-characterized polymer of appreciable molecular weight with me-
tal atoms in the main chain, a polyferrocene-siloxane material (1.22), was pre-
pared by Pittmann in 1974 by a polycondensation strategy. Noteworthy work by
Neuse later in the same decade led to well-characterized but rather low molecular
weight polyferrocenylenes (1.23). Also in the late 1970s, the first reports of mem-
bers of the important class of rigid-rod polymetallayne polymers containing Pd
and Pt (1.24) were made by Hagihara, Takahashi, and Sonogashira [91].
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A series of important developments in the area of metal-containing polymers
occurred in the 1990s as a consequence of a range of key synthetic break-
throughs. For example, ROP routes and ROP-related processes have provided ac-
cess to polymetallocenes such as polyferrocenylsilanes (1.25) and analogues with,
for example, disulfido spacers (1.26). Also included are main-chain metal-contain-
ing polymeric materials with controlled architectures, such as block copolymers
[90, 91]. In the early 1990s, homopolymers and block copolymers with metal-con-
taining side groups were also made available by the technique of ring-opening
metathesis polymerization (ROMP) [92]. In 1993, transition metal-catalyzed poly-
condensation strategies yielded the first polystannanes (1.27), with main chains
consisting of tin atoms, and well-defined organocobalt polymers and coordination
polymers (e.g. 1.28) incorporating a variety of transition metal elements or lantha-
nide metals were described [90, 91, 93]. Star and dendritic materials containing
metal atoms either in the core, at the periphery, or distributed throughout the
structure were also described around the same time [94, 95]. An exciting develop-
ment from the late 1990s involves the creation of metallo-initiators for controlled
polymerization reactions that have considerable synthetic potential [96]. An inter-
esting feature of many of the polymers prepared in the late 1990s is the presence
of metal atoms as an integral part of the main chains of heteroaromatic 7-conju-
gated polymeric frameworks. These materials (e.g. 1.29) are the focus of growing
interest [97, 98]. Self-assembled and hierarchical structures based on metal-con-
taining polymers, such as liquid crystals, self-assembled block copolymer micelles
and superlattices, are also starting to attract intense attention, and this area is set
to expand rapidly during the 21%* century [90, 99-102].

Full details of these contributions, together with many others of arguably com-
parable significance, can be found in the subsequent chapters. In the final section
of this Introduction, the currently available range of synthetic routes for making
polymers with metals in the side-group structure or main chain are reviewed.
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1.5
Synthetic Routes to Metal-Containing Polymers

1.5.1
The Synthesis of Side-Chain Metal-Containing Polymers

The incorporation of metallic elements into the side-group structure of high molec-
ular weight organic and inorganic polymers has, in general, been well-developed.
Such materials are generally accessible by subtle variations of the synthetic methods
used to prepare the metal-free materials and can often take advantage of well-estab-
lished organic functional group chemistry. Representative examples of typical syn-
theses include the free radical polymerization of vinylcymantrene to yield
poly(vinylcymantrene) (1.30, Eq. 1.2) [103, 104], and the formation of polysilanes
(1.31, Eq. 1.3) and polyphosphazenes (1.32, Eq. 1.4) with metallocene side groups,
by condensation and ring-opening polymerization, respectively [105, 106]. The at-
tachment of organometallic moieties to phosphinated polystyrene (to give 1.33,
Eq. 1.5) and to poly(propyleneimine) dendrimers (to afford 1.34, Eq. 1.6) provide
further examples of successful synthetic strategies [107, 108].
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In certain cases, the presence of the metal-containing moiety can lead to signifi-
cant restrictions upon the methods of polymerization that can be used. For exam-
ple, in the case of polysilanes with ferrocene side groups (1.31) prepared by Wurtz
coupling, it was found that attempts to introduce high loadings of ferrocene were
unsuccessful and only relatively low loadings of the organometallic moiety were
found to be achievable [105].
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1.5.2
Main-Chain Metal-Containing Polymers

1.5.2.1 Why are Transition Metals in the Polymer Main Chain Desirable?
For many applications, side-chain metal-containing polymers are sufficient. How-
ever, to access the most profound alterations in polymer properties that arise from
the presence of metal atoms in a polymer structure, incorporation in the main
chain is required. Potential advantages of including metals in the backbone of a
polymer rather than in the side-group structure include the following:

1.

The influence of the varied geometries of transition metal centers on the con-
formational and thermophysical properties would be more significant.

The development of materials with properties that depend on the ability of the
metal atoms to interact with one another in a controlled manner would be facili-
tated, as smaller changes in M- - - M distance accompany backbone motions com-
pared to those of side groups.
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3. Access to interesting charge-transport properties and other characteristics that
depend on delocalization effects would be favored as the metal could poten-
tially be placed directly in the conjugation pathway.

4. Leaching of the metal from the polymer would be expected to be less problem-
atic and this might be significant for catalytic or preceramic applications.

Unfortunately, compared to side-chain metallopolymers, the synthesis of main-
chain metal-containing polymers is much less developed, although significant pro-
gress has been made over the last two decades of the 20th century. In short, the
construction of long chains containing metal atoms represents a challenging syn-
thetic problem. Moreover, very significantly, the synthetic problem becomes ever
more challenging as the distance between the metal atoms in the backbone of the
prospective polymeric material decreases and, consequently, the degree of “metal-
lization” becomes more substantial and the possibility for interesting metal-metal
interactions is enhanced.

1.5.2.2 The Synthesis of Main-Chain Metal-Containing Polymers

Consideration of the main synthetic routes to organic polymers illustrates the
problems associated with the synthesis of main-chain metal-containing polymers
(see Scheme 1.1). There are two main methods of polymer synthesis — chain-
growth polymerizations and step-growth polymerizations [7]. Chain-growth processes
involve initiation, propagation and, usually, termination and chain-transfer steps.
Very significantly, the presence of reactive intermediates (radicals, cations, anions,
organometallic species, etc.) that react rapidly with monomer molecules in an effi-
cient propagation step, generally allows the facile formation of high molecular
weight polymeric materials. Indeed, a usual characteristic of this type of polymer-
ization is that a high molecular weight polymer is formed even at low monomer
conversion. In contrast, in step-growth polymerizations, the reaction intermediates
are of comparable reactivity to the monomers, and the generation of high molecu-
lar weight materials requires stringently accurate reaction stoichiometry and ca.
100% monomer conversion [7].

1.5.2.2.1 Addition Polymerization

Addition polymerization of unsaturated organic molecules (a-alkenes, acetylenes,
isonitriles, etc.) provides a versatile and industrially important route to many or-
ganic polymers. Such processes have as their thermodynamic driving force the
conversion of z-bonds into new and more stable o-bonds and proceed by a chain-
growth mechanism that involves radicals, anions, cations or other reactive species
as intermediates. However, analogous polymerizations are very difficult to use for
the synthesis of metal-containing polymers, as suitably reactive but stable multi-
ple bonds involving metallic elements are relatively difficult to prepare. In con-
trast to the situation for organic molecules, the isolation of stable species with
multiple bonds that involve metallic elements usually requires the presence of
sterically demanding, oligomerization-inhibiting ancillary ligation. Although the
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addition polymerization of examples of these materials is of great potential inter-
est (Scheme 1.1, Route A), such chemistry is virtually unexplored and very few
studies have been reported. In the case of species such as [ClsM=N],, (M=Mo or
W), with metal-nitrogen multiple bonds, individual monomers (1.35) seem to be
preferred, as attempted dissolution of solid-state materials (1.36) that contain ex-
tended M—N chains leads to depolymerization (Eq. 1.7). The structures of the lat-
ter materials have been analyzed by single-crystal X-ray diffraction and show the
presence of alternating strong (effectively triple) and very weak (<single) bonds in
the metal-containing chains [109, 110]. Similar features have been observed for
analogous vanadium systems [CL,L,V = N] (L,=diimine) [111].

OR OR
M=N a—l R M=N--}-em
a /%
RO OR RO OR |, (1.7)
1.35 1.36
solution solid state

1.5.2.2.2 Polycondensations

Early attempts to prepare main-chain metal-containing polymers mainly focused
on the use of step-growth polycondensation processes (Scheme 1.1, Route B).
These routes work well for the synthesis of carbon-based polymers when difunc-
tional organic monomers are used because the latter are generally easily accessi-
ble in a high degree of purity. This allows the stringent stoichiometry and conver-
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sion requirements that need to be fulfilled for the formation of high molecular
weight polymers by step-growth polycondensation reactions to be satisfied. This
type of methodology also works reasonably well if the metal atoms desired in the
polymer backbone are well-spaced. In such cases, organic functional group chem-
istry can be used to successfully couple the monomers, provided that the syn-
thetic transformations are compatible with the stability of the metal center. How-
ever, severe problems arise when polymeric materials with main-chain metal
atoms in close proximity are desired. In these cases, the functional group chemis-
try needed for efficient monomer coupling is poorly developed and difunctional
metal-containing monomers (dilithiated species, for example) are often so reactive
that they are difficult to prepare and purify. Thus, in many cases, exact reactant
stoichiometries for polycondensation reactions cannot be achieved. This generally
results in the formation of low molecular weight oligomeric products that are well
below the critical entanglement molecular weight necessary for the formation of
fabricated materials (e.g. free-standing films, fibers, etc.) with reasonable mechani-
cal strengths (see Sect. 1.2.3).

To appreciate the requirements for accessing high molecular weight polymers
by step-growth polycondensation reactions, a more detailed discussion is desir-
able. To access substantial molecular weights (M, > ca. 10,000) using a polycon-
densation of two difunctional monomers (Eq. 1.8), two stringent criteria need to
be satisfied. First, exact reaction stoichiometries are required (i.e. the functional
groups must be present in equal amounts) and second, high conversions are nec-
essary (i.e. the extent of reaction must be virtually 100%).

X—M—X
+ e, %m—e{— (1.8)
n
Y—E—Y

The dramatic influence that these two “stoichiometry” and “conversion” factors
can have on molecular weight cannot be overemphasized, and can be explained in
terms of the classic theory of polycondensation reactions developed by Carothers
[7, 40]. Based on this theory, the number average degree of polymerization DP, (i.e.
the value of M, divided by the molecular weight of a repeat unit) is given by the
expression in Eq. 1.9.

1+r

DPy=——
14+r—2rp

(1.9)

DP, =number average degree of polymerization
r  =stoichiometric ratio of functional groups X and Y present
p  =extent of reaction (the fraction of functional groups that have reacted)

Thus, high values of DP, (i.e. high molecular weights) result when the stoichio-
metric ratio r and extent of reaction p have values close to unity. The “stoichiom-
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etry” criterion is not normally a problem in organic polycondensation reactions as
the difunctional monomers are usually easy to prepare and purify. However, the
“conversion” criterion often presents a challenge and reactions must be driven to
completion by, for example, the removal of a volatile small molecule product if
high molecular weight polymers are to be generated. For metal-containing mono-
mers the opposite is usually true. Reactions generally proceed to close to 100%
completion (i.e., p=1) but, as mentioned above, difunctional, metal-containing
(and, in general, inorganic) monomers are often highly reactive, and are therefore
difficult to purify completely, or have poorly defined structures. This makes it very
difficult to achieve values of the stoichiometric ratio r close to unity. This can be
appreciated by a consideration of the limiting case of Eq. 1.9 when p=1 (Eq. 1.10).

If p=1 DP,= (1.10)

The equation indicates that even if a reaction proceeds to 100% completion (i.e. if
the conversion criterion is satisfied perfectly and p=1), the ratio of the pure di-
functional monomers must still be 0.98:1.00 or better (i.e. r>0.98) if values of M,
of 10,000 or greater are to be obtained. This calculation assumes that a monomer
unit has a molecular weight of 100. Values of DP, as a function of r for cases
where p=1 are shown in Table 1.1 and illustrate the dramatic tail-off in DP, and
M, as the stoichiometric ratio r deviates further from unity.

Although the above considerations help to explain many of the failures to pre-
pare high molecular weight metal-containing polymers by condensation routes in
the 1960s and 1970s, highly efficient coupling procedures have been developed
more recently, and these have contributed significantly to the renaissance of me-
tal-based polymer science. An early example of the progress in this area is pro-
vided by the synthesis of rigid-rod organometallic polymers in the late 1970’s;
these fascinating polymers are discussed in detail in Chapter 5. Well-defined and
efficient routes have also been used to prepare coordination polymers (e.g. 1.37,
Eq. 1.11). Metal-catalyzed coupling procedures of high efficiency have also been
utilized to prepare polymers containing cyclobutadiene cobalt units (e.g. 1.38,
Eq. 1.12) [112, 113].

Table 1.1 Values of DP, and M, corresponding to different values of r in Eq. 1.10 for a hypo-
thetical monomer of molecular weight 100

r DP, M,
1.00 o0 o0
0.99 199 19,900
0.98 99 9,900
0.97 66 6,600
0.96 49 4,900
0.95 39 3,900

0.90 19 1,900
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(1.12)
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e
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A very promising variant on this type of condensation polymerization involves
the use of monomers that possess groups X and Y, which can be eliminated from
the same molecule. This circumvents the need for careful control of reaction stoi-
chiometry. Moreover, in certain cases, polymerization of monomers of this type
can follow a chain-growth type of mechanism that leads to high molecular
weights much more easily. Such processes (Scheme 1.1, Route C) have not yet
been explored for the formation of metal-containing polymers, but are well-estab-
lished for the synthesis of certain classes of polymers based on main-group ele-
ments such as polyphosphazenes (1.2) and polyoxothiazenes (1.4) [12, 16, 26].
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1.5.2.2.3 Ring-Opening Polymerization (ROP)
A further common and important route to organic polymers involves ROP, and
this methodology is used industrially to prepare nylon-6 and poly(ethylene oxide).
In the vast majority of cases, the presence of ring strain provides the thermody-
namic driving force for the ROP process [7]. Most examples of ROP proceed by a
chain-growth route. Indeed, the discovery of ROP routes to polycarbonates and
other materials has the advantage of providing access to polymers of more sub-
stantial molecular weights than those typically available by polycondensation [7].
Metal-containing rings are relatively well-known, but few have been studied
with respect to their polymerization behavior. Nevertheless, in the last decade, a
range of examples of successful ROP processes (Scheme 1.1, Route D) have been
described for ferrocenophanes and related derivatives, and this has provided ac-
cess to high molecular weight main-chain polymetallocenes. Thermal and transi-
tion metal-catalyzed ROP and metal-catalyzed ring-opening metathesis polymeriza-
tion (ROMP) processes have been reported for metallocenophanes and yield ring-
opened polymers (e.g. 1.39, Eq. 1.13 and 1.40, Eq. 1.14) [114, 115]. Several exam-
ples of living polymerizations have been achieved by the treatment of [1]ferroce-
nophanes with anionic initiators. No appreciable termination or chain transfer is
observed and the resulting polymer chains have a very narrow molecular weight
distribution (My/M,~1) [7]. The living nature of the ROP process allows the se-
quential polymerization of different monomers, and thereby provides access to
block copolymers and other controlled architectures. For example, treatment of
phosphorus-bridged [1]ferrocenophane 1.41 with Buli yields the living anionic
polymer 1.42, which reacts with silicon-bridged [1]ferrocenophane 1.43 to yield the
living block copolymer 1.44 and the polyferrocenylphosphine-b-polyferrocenylsi-
lane block copolymer 1.45, with a narrow polydispersity, upon hydrolytic work-up
(Eq. 1.15) [116].
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n
1.39
AT
n

1) [Mol] cat. I

—— -
Fe 2) PhCHO Fe (1.14)

A o

33



34| 1 Introduction

F / o n-BulLi
e ~ —_— Fe
Ph Ph
A/ LA
141 1.42

/ -
Fe S|'\S
1.43

n

I\IAe I\|/Ie
: s—> H,0 : S>>
pn Fe Me Fe —_— ph  Fe Me  Fe
n-Bu ﬁ—@ . é> Li n-Bu ﬁ—@ . & yH
y

1.44

1.45
(1.15)

This survey of synthetic routes to metallopolymers completes the discussion of

introductory topics in this chapter. In the following chapters, the main classes of
metal-containing polymers will be discussed, with emphasis not only on synthetic
details, but also on their properties and applications. The general philosophy will

be to focus on well-characterized and well-studied materials which are truly polymer-
ic in nature (M, >10,000, see section 1.2.3) rather than to exhaustively discuss every
metallopolymer mentioned in the literature. Particular attention is given to examples
where studies of properties and potential functions have been performed.
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2
Side-Chain Metal-Containing Polymers

2.1
Introduction

Polymers with metal-containing groups in the side-chain structure have the long-
est history of any of the various classes of metal-containing macromolecules. The
first example, poly(vinylferrocene), was briefly described in 1955 [1]. Since that
time, a variety of side-chain polymeric materials have been prepared, containing
either main group metals or transition elements. This chapter surveys the synthe-
sis and properties of some of the most interesting, well-characterized materials.
In addition, possible applications of the side-chain metal-containing polymers as
electrode mediators, liquid-crystalline materials, charge-transport materials, and as
components of electronic devices such as diodes and sensors, in luminescent de-
vices, and as catalytic and bioactive materials, are discussed.

2.2
Side-Chain Polymetallocene Homopolymers and Block Copolymers

2.2.1
Organic Polymers with Metallocene Side Groups

2.2.1.1 Poly(vinylferrocene)

Since the discovery and elucidation of the structure of ferrocene 2.1 in the early
1950s [2], this fascinating species has been a continual source of intrigue for
chemists [3, 4]. In addition to possessing a vast organic chemistry (involving, e.g.,
electrophilic substitution reactions), this prototypical, amber-colored 18-electron
metallocene also undergoes reversible one-electron oxidation to the 17-electron
blue ferrocenium ion 2.2 (Eq.2.1). Importantly, ferrocene is easy to prepare,
cheap, commercially available, and air-, moisture-, and thermally stable [3]. Based
on these considerations it is not surprising that the possibility of obtaining ferro-
cene-based polymeric materials, whereby the unique physical and chemical fea-
tures of this organometallic species are combined with the facile processability of
high molecular weight polymers, has attracted intense interest [5, 6].

Synthetic Metal-Containing Polymers. lan Manners
Copyright © 2004 Wiley-VCH Verlag GmbH & Co. KGaA
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Radical-initiated polymerization of vinylferrocene [1] (2.3) to give poly(vinylferro-
cene) (2.4) was first conducted shortly after the discovery of ferrocene, and this
method has been reinvestigated many times in subsequent years (Eq. 2.2) [7-12].
Detailed characterization of this polymeric organometallic material was first re-
ported in 1970 [13]. The initiator normally used to prepare poly(vinylferrocene) is
azobis(isobutyronitrile) (AIBN), as peroxide initiators tend to oxidize the Fe center
in the monomer. Molecular weights are typically less than 10,000, but the synthe-
sis of polymers with M,,>10> (PDI >1.3) using this route has been reported. How-
ever, these higher molecular weight samples often possess a multimodal weight
distribution [10]. It has been reported that the molecular weight of
poly(vinylferrocene) does not increase with a decrease in initiator concentration
[10]. This was attributed to the high tendency for chain transfer with vinylferro-
cene in comparison to other vinyl monomers such as styrene [10]. Vinylferrocene
can be copolymerized with other vinyl monomers such as styrene, methyl metha-
crylate, and acrylonitrile, and the relative reactivity ratios for the monomers in
these systems have been determined [7-9].

/ radical or CH—CH
I 1onic 1nitiator
—_—
Fe
23

<>
T (2.2)

N

24

Cationic initiation and Ziegler-Natta methods have also been employed success-
fully in order to obtain poly(vinylferrocene) [14]. Due to the electron-donating na-
ture of a ferrocene substituent, it was initially believed that anionic initiators
would not be able to induce the polymerization of vinylferrocene. However, in the
early 1990s, living anionic polymerization of vinylferrocene in solution was
achieved at low temperatures (-70°C to —30°C) in THF using alkyllithium initia-
tors [15]. Block copolymers of poly(vinylferrocene) with poly(methyl methacrylate),
PVFc-b-PMMA (2.5) or polystyrene, PVFc-b-PS, as coblocks were also reported
(Scheme 2.1) [15].

Considerable effort has been invested in studies of the properties of
poly(vinylferrocene), a yellow powder that is stable in air in the solid state. The
material is also soluble in most common, moderately polar, organic solvents and
the resulting solutions are usually stable to air. Poly(vinylferrocene) has been stud-
ied in solution, and THF was found to be a good solvent for this material and
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y 4 CHy—CH CHz—CH
| _RLi,THF _
Fe

A> —7S°C

2.3

Cha-
i) CH,=CMe(CO,Me), THE 2 oH 1
~70°C COzMe
i) H,0 &
PVFc-b-PMMA
25 Scheme 2.1

diethyl ether a marginal one [10]. However, in chlorinated solvents, the polymer is
reported to be unstable, and a green precipitate is formed after a few weeks in air.
The precipitate is believed to be ionic in nature and to contain ferrocenium units.
Of probable relevance to this observation is a report that photolysis of a solution
of poly(vinylferrocene) in CCly leads to oxidation of the ferrocene groups, as
shown in Eq. 2.3 [10].

CHo—CH + COL CHy—CH + 'CClg
n | n
e ot (2.3)
|
CC_g) @
2.4

The Apmax for the low-energy d-d transition in poly(vinylferrocene) in the visible
region (in CH,Cl;) occurs at 440 nm, as determined by UV/vis spectroscopy, a
wavelength similar to that observed for unsubstituted ferrocene itself. The IR
spectrum of poly(vinylferrocene) shows peaks consistent with a monoalkyl ferro-
cene, and the *’Fe Mossbauer spectrum exhibits a doublet with an isomer shift of
0.78 mm s~ and a quadrupole splitting of 2.44 mm s~ [10, 13]. The glass transi-
tion temperature has been assigned as 190°C by DSC [10, 13] and a melting point
of ca. 280°C has been reported [1], but other studies of the microstructure and
morphology of this material indicate that the polymer is amorphous [16]. More ex-
tensive investigations of the physical properties of poly(vinylferrocene) have indi-
cated a T, of 222°C for higher molecular weight samples [12, 15].
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Fig. 21 Cyclic voltammograms for poly(vinylferrocene): (a) in hexamethylphosphoramide/0.1 M
[EtsN][BF4], (b) as a thin film on Pt (various scan rates). Potentials are vs. standard calomel
electrode. (Adapted from (a) [17] and (b) [18b])

Much of the interest in poly(vinylferrocene) arises from the presence of redox-ac-
tive iron sites attached to the polymer chain. Cyclic voltammetry experiments [17, 18]
have revealed that the iron sites are non-interacting, as a single reversible oxidation
wave is observed as the iron centers interconvert between Fe'' and Fe'' states
(Fig. 2.1). The intensity of the current per molecule is directly proportional to the
molecular weight of the polymer sample [18]. The observation of a single cyclic vol-
tammetric wave in solvents of low dielectric constant is in contrast to the situation
for polymers in which the ferrocene units are in close proximity in the polymer back-
bone, such as polyferrocenylsilanes (see Chapter 3, Section 3.3.6.3). For the latter
materials, evidence for communication between iron centers is provided by the pres-
ence of two reversible oxidation waves. This has been explained in terms of oxidation
of one Fe center making the neighboring Fe centers more difficult to oxidize.

Poly(vinylferrocene) is an insulator in its pristine state (i.e. when all iron cen-
ters are present as Fe'') with a conductivity in the region of 107'*-107"*S cm™
[19, 20]. Oxidation with, for example, I,, quinones, or TCNQ, yields mixed-valent
systems in which both Fe'' and Fe'" sites are present. These materials display
much higher conductivities with values in the semiconductor range (107°-107°
S cm™) that were found to be relatively independent of the counteranion present
[20]. The maximum conductivities were reached at ca. 50% oxidation of the ferro-
cene sites, as would be expected for a hole-hopping model. Photoconductivity was
not detected for the partially oxidized materials [20]. Based on studies of ferroce-
nium and mixed-valent biferrocene compounds [21, 22], as well as on Mdssbauer
spectroscopic analyses of vinylferrocene-containing copolymers [13, 23], charge has
been found to be localized mainly on iron. An electron-hopping (or, more accu-
rately, hole-hopping) model has been suggested as the mode for electron transfer,
as the all-carbon backbone of the polymer is insulating [20].

The redox behavior of poly(vinylferrocene) (VEc®*), has been utilized in the
construction of a microelectrochemical diode along with a redox-active viologen-
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Fig. 2.2 A cross-sectional view of a microelectrochemical diode fabri-
cated using poly(vinylferrocene). (Adapted from [24])

based N,N-dibenzyl-4,4'-bipyridinium-based polymer (BPQ**/*), (see Fig.2.2;
Fc=pendant ferrocenyl group) [24]. The polymers were coated upon microelec-
trodes and current was found to pass when the negative lead was attached to the
(BPQ***),, electrode and the positive lead was connected to the (VFc'?), elec-
trode. Thus, as the applied potential approaches the difference in redox potentials
of the two polymers, current flows as a result of the redox reaction in Eq. 2.4a,
which is favorable by ca. 0.9 V. However, current does not flow if the applied po-
tential is in the opposite sense as the process shown in Eq. 2.4b is disfavored by
ca. 0.9 V. The switching time of this diode, which is controlled by the time re-
quired to oxidize or reduce the polymers, was found to be long in comparison
with that of solid-state diodes [24].

BPQ* + Fct —————=  BPQ* + Ff (2.4a)

BPQ* + F¢® ————>  BPQ" + Fc¢* (2.4b)

2.2.1.2 Other Organic Polymers with Metallocene-Containing Side Groups

A variety of other organic polymers with metallocene-containing side groups have
been synthesized. However, very few of the materials have been as well-studied as
poly(vinylferrocene). Crystalline organometallic complexes that contain ferrocene
have been shown to possess interesting nonlinear optical (NLO) properties [25]
and this has led to interest in the preparation of processable polymeric analogues.
For example, a random copolymer (2.6) of methyl methacrylate (95 mol%) and a fer-
rocene-containing methacrylate (5 mol%) has been synthesized using free radical
polymerization in order to evaluate the second-order NLO properties of the material
[26]. The molecular weight of 2.6 was found to be M,=3.0x10* by GPC relative to
polystyrene standards, and the thermal behavior of the material was nearly identical

43



44| 2 Side-Chain Metal-Containing Polymers

Me Nlle

~{—C|H— CHy—/— (l:H—CHg—-}—

n
COOMe COOR
- |
R Fe
Q——%'C%Et
CcN
26

to that of poly(methyl methacrylate). After poling, the material was analyzed for sec-
ond-order nonlinear optical properties and was found to possess a second harmonic
generation efficiency approximately four times that of a quartz standard [26].

A series of very well-characterized polyacrylates, polymethacrylates, and related
materials bearing ferrocene side groups ultimately derived from ferrocenylethanol
as starting material has been prepared by AIBN-initiated radical polymerization
[27]. The absolute molecular weights were found to be in the range M,,=2.9x10*-
8.7x10° by light-scattering measurements.

Ring-opening metathesis polymerization (ROMP) of norbornenes with ferro-
cene side groups using molybdenum alkylidene initiators has provided a con-
trolled route to polymers with organic backbones and metallocene-containing side
groups such as 2.7 (Eq. 2.5). Molecular weights for homopolymer 2.7 were in the
range M, =5090-9030, with PDI values of 1.2 or less. Due to the living nature of
the polymerization using the Mo catalysts, block copolymers could also be pre-
pared (Scheme 2.2) [28, 29]. For example, ROMP of norbornene to afford the liv-
ing polynorbornene 2.8 followed by addition of the ferrocenylnorbornene mono-
mer yielded the living diblock copolymer 2.9. Subsequent end-capping with an al-
dehyde led to the isolated block copolymers 2.10 with M, =10,460-16,190 and PDI
values of 1.05-1.07.

COMe

[Mo=CH#-Bu] Cat. SOaMe

Fe

|
Fe
<
2.7
(2.5)

DSC measurements on the block copolymers revealed two T,s with values close to
those of the individual homopolymers. This thermal behavior is consistent with a
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block rather than a random copolymer structure. As was found for poly(vinylferro-
cene), cyclic voltammetry measurements showed the presence of one reversible oxi-
dation wave, consistent with the existence of non-interacting redox sites. The living
chain end of the polyferrocenylnorbornenes could also be capped with pyrene. The
presence of the neighboring ferrocene moieties led to the emission of the pyrene
unit being quenched by a factor of ca. 30 compared to emission from 1-vinylpyrene
[29]. The quenching mechanism might involve electron transfer from the ferrocene
group, or energy transfer as the ferrocene d-d absorption band and the pyrene emis-
sion spectrum partially overlap.

The synthesis of poly(ethynylferrocene) (2.11, M=Fe) has been studied by a
number of different research groups [30-33]. In 1995, well-defined materials with
controlled molecular weights up to 1.8x10* (M) with fairly narrow polydispersi-
ties (<1.3) (values determined by GPC using a light-scattering detector) were pre-
pared by living polymerization using a Mo alkylidene initiator. In addition, exam-
ples of the analogous poly(ethynylruthenocene) (2.11, M=Ru) (My=7.6x10’-
1.9x10*, PDI=1.14-1.24) were also prepared [34]. The living polymers could be
terminated with pyridinecarboxaldehyde and the tertiary nitrogen subsequently
quaternized with methyl iodide. The charged systems were found to exhibit a
more intense, red-shifted absorption in their UV/vis spectra than the correspond-
ing uncharged systems.

Polypyrrole and polythiophene derivatives with pendant ferrocene groups (e.g.
2.12) have also been prepared using electropolymerization techniques [35]. Studies
of these materials by means of in situ conductivity measurements revealed that
the redox conduction, due to hole hopping between the ferrocene units, was en-
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hanced by a decrease of the Fc-backbone distance and by conjugation of the orga-
nometallic group with the polymer backbone (as in polymer 2.12, which possesses
a redox conductivity of ca. 8 x 107> S cm™).

Ferrocene side groups have also been introduced at low loadings into side-chain
liquid-crystalline polymers, with the aim of exploring the effect of redox activity
on the properties of the materials. For example, the redox-active copolymers 2.13
undergo reversible oxidation with Cu'' salts or p-benzoquinone to generate the
liquid-crystalline ionomers 2.14 (Eq. 2.6) [36]. Introduction of the neutral ferro-
cene moiety has only a minor influence on the liquid-crystalline properties. How-
ever, after oxidation, significant effects on mesophase stability were noted. Thus,
small-angle X-ray scattering and dynamic mechanical analysis showed that the fer-
rocenium groups and counteranions form ionic clusters, which physically cross-
link the material and give rise to elastomeric properties.

CHy- ?H—/—CHZ—?H —_— <IIECH2'(EH—/-CH2-?H
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This type of approach has been extended to main-chain liquid-crystalline poly-
mers 2.15 with low loadings of ferrocene groups in the side-group structure. In
some cases, changes in liquid-crystalline morphology from nematic to smectic
have been observed upon oxidation, as the formation of ionic domains facilitates
the generation of layered structures (Fig. 2.3) [37].
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Fig. 23 Formation of layered structures 1
induced by oxidation of ferrocene groups

in polymers 2.15 and the consequent for-

mation of ionic clusters of cations and
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of a mixture of nitroxide isomers. (Re- (

produced from [37a])

Ferrocene-containing polymers are also of interest for biomedical applications.
For example, polypeptides with ferrocene side groups have attracted attention
since a range of water-soluble ferrocenium salts have been found to possess sig-
nificant antiproliferative activity against various tumors. The water-soluble poly-
mers 2.16 and analogues thereof also show similar activity [38]. In addition, the
cationic ferrocene polymers 2.17, derived from a poly(allylamine), have been used
in multilayer biosensor devices [39]. Sequential layer-by-layer deposition of 2.17
and anionic glucose oxidase can be used to prepare alternating cationic-anionic
polymer multilayer structures on alkanethiol-modified gold electrodes. Catalysis of
the oxidation of glucose was detected, thus indicating that the ferrocene groups
mediate electron transfer between reduced glucose oxidase and the gold electrode.
In the absence of such electrode mediators, electron transfer is extremely slow as
an insulating protein sheath surrounds the redox center in the enzyme. Analo-
gous results have been reported for related systems based on ferrocene-modified
organic polymers (e.g. the conjugated ferrocenyl-substituted polyaniline 2.18) [40,
41]. Several examples of other redox metallopolymers which function in this man-
ner will be discussed elsewhere in this chapter (Section 2.3.2).

In general, much less work has been reported on side-chain polymers containing
metallocenes other than ferrocene. For example, ruthenium and osmium analogues
of poly(vinylferrocene) have been described, but their characterization has been fairly
limited [16, 42, 43]. Poly(vinylruthenocene) is reported to be a light-yellow solid with a
T,>250°C, and the preparation of samples with molecular weights of up to
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M,,=1.2x10° with broad molecular weight distributions (PDI & 6) has been reported
by the free radical polymerization of vinylruthenocene in benzene with AIBN as the
initiator [43]. The polymers were proposed to possess a branched structure as a result
of chain-transfer steps. Copolymers with other organic vinyl monomers have also
been prepared [43]. Poly(vinylruthenocene) and poly(vinylosmocene) have been
tested as preheat shields for targets in inertial-confinement nuclear fusion [42].

Organic polymers have also been used as supports for catalytically-active early
transition metal metallocenes as well as a broad range of other metal-based catalytic
species (see Section 2.3.3). Macroporous polystyrene beads cross-linked with 1 or 2%
divinylbenzene have been particularly popular as a support. Generally, the beads are
used in a swollen state, which is achieved by immersion in a suitable solvent, so that
substrates can access the reactive sites. As an example, beads containing the organo-
titanium units 2.19, derived from poly(chloromethylstyrene) (Eq. 2.7), were studied
in the 1970s, and excellent activity for the hydrogenation of 1-hexene was demon-
strated [44—46]. Analogous systems containing zirconocene and hafnocene units
have also been studied for the polymerization of alkenes and exhibit significant pro-
mise [47, 48].

— “}'; i) Li[CsHs] — _]_n

i) (n-C5Hs)TiCl,

(2.7)
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2.2.2
Inorganic Polymers with Metallocene Side Groups

Many examples of inorganic polymers with metallocene—containing side groups
also exist. Most of the polymers prepared have been based on main chains of po-
lyphosphazenes, polysilanes, polysiloxanes, and polycarbosilanes. These materials
are surveyed in the following sections.

2.2.2.1 Polyphosphazenes with Ferrocene- or Ruthenocene-Containing Side Groups

The earliest and most well-developed route to polyphosphazenes involves the ther-
mal ring-opening polymerization of cyclic phosphazenes bearing halogen substitu-
ents at phosphorus. Use of this method and subsequent halogen replacement with
alkoxides has led to the synthesis of ferrocene- and ruthenocene-containing polypho-
sphazenes (2.20 and 2.21) with molecular weights (M) in excess of 2 x 10° [49, 50].

(|)R C‘)R c|>R OlR O|R O|R
+—P=N—I|:’=N—FI’=N+ %P:N—T=N—T=N+
OR OR In OR OR ‘'n
| |
Fe Ru
2.20 2.21

In general, cyclotriphosphazenes with less than three halogen substituents do
not undergo thermal ring-opening polymerization. However, a range of cyclic
phosphazenes without any halogen side groups (2.22) have been found to poly-
merize, provided that transannular ferrocenyl substituents are present. ROP of
2.22 yields polymer 2.23 (Eq. 2.8) with molecular weights as high as M, =1.8x10°
(PDI=6.2) [51, 52]. In most cases, the presence of a small amount of an initiator
such as [NPCL,]; is necessary for polymerization to occur. X-Ray crystallographic
studies of several of these strained ferrocenylorganocyclotriphosphazene mono-
mers 2.22 have shown that the phosphazene ring is forced into a high energy,
non-planar conformation [53]. By contrast, in most cyclotriphosphazenes the phos-
phorus-nitrogen ring is essentially planar.

F —
R /ﬂ\pe 1 mol % [NPCl,]; @_e

N\ R
A~ o |
S e
R‘,F’\ 2R R R R n (2.8)
R NV R
2.22 2.23

R = non-halogen substituent
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Polymers 2.20 and 2.23 (as well as copolymers bearing both ferrocene and
ruthenocene moieties) have been partially oxidized with iodine, resulting in
weakly semiconducting materials. These materials have also been deposited on
electrode surfaces, where the polymers act as electrode mediator coatings that aid
electron transfer between the electrode and redox-active species in solution [54].

Polyphosphazenes with ferrocenyl substituents (2.24) have also been synthe-
sized by the functionalization of poly(methylphenylphosphazene) and related poly-
mers by means of a deprotonation-electrophilic addition strategy (see, e.g.,
Eq. 2.9) [55, 56]. This versatile reaction sequence has yielded materials with, for
example, degrees of substitution of 45% and 36% for polymers 2.24 (R=H) and
224 (R=Me), respectively. The molecular weights of the polymers were
M,,=2.0x10° and 1.5x10° for 2.24 (R=H) and 2.24 (R=Me), respectively (with
PDI values of 1.4-2.0). The glass transition temperatures increased in comparison
with the unsubstituted polymer (T,=37°C) with values of 92°C for 2.24 (R=H)
and 87°C for 2.24 (R=Me), respectively.

P
|
Il n
Me . Me CHe
RN R=C—OH
i (29)
< l
3 HY Fe

2.24 (R=Hor Mg)

2.2.2.2 Polysilanes, Polysiloxanes, and Polycarbosilanes
with Metallocene Side Groups

The synthesis of interesting polysilanes that bear low loadings of ferrocene substi-
tuents (2.25) by Wurtz coupling has been reported (Eq. 2.10) [57]. Random copoly-
mers with weights (M,,) up to 3.9 x 10° were isolated from mixtures of high and
low molecular weight fractions. The ratio of methylphenylsilane to methylferroce-
nylsilane segments ranged from 6:1 to 27:1. In common with other polysilanes,
these materials were found to be photosensitive and depolymerized upon expo-
sure to UV light. However, the copolymers displayed significantly greater photo-
stability than a corresponding sample of poly(methylphenylsilane), indicating that
ferrocene moieties bound to the polymer chain provided a degree of stabilization
for the polysilane backbone towards photodegradation. Cyclic voltammetry experi-
ments [58] revealed two oxidation waves for the copolymers. The first wave, due to
oxidation of iron sites, was reversible, whereas the second, irreversible oxidation at
higher potential was assigned to oxidation of the polysilane backbone. No appreci-
able electrochemical interaction was observed between neighboring iron sites or
between iron sites and the polymer backbone.
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Polysiloxane random copolymers (with molecular weights of 5000 to 10,000)
with pendant ferrocene groups have been synthesized (2.26) by hydrosilylation of
vinylferrocene or 9-ferrocenyl-l1-nonene with a poly(methylhydrosiloxane)-r-
poly(dimethylsiloxane) random copolymer (Eq. 2.11). These materials were used
as amperometric biosensors for the detection of glucose [59]. In this application,
the polymers effectively mediated electron transfer between reduced glucose oxi-
dase and a conventional carbon paste electrode. The response of the sensor to glu-
cose was dependent upon the nature of the polymeric backbone. The optimal re-
sponse was achieved by finding a compromise between increased polymer flexibil-
ity and decreased spacing between individual relay (i.e. ferrocene) sites.
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The hydrosilylation strategy has also been used to prepare well-characterized
side-chain liquid-crystalline polymers containing ferrocene [60]. Grafting of vinyl-
terminated mesogens onto poly(methylhydrosiloxane-r-dimethylsiloxane) yielded
materials with 1,1- (2.27a) and 1,3-disubstituted (2.27b) ferrocene units
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(Eq. 2.12). The molecular weights were in the range M,=2.5-3.1x10* and the
PDI values were 1.4-1.6. The liquid-crystalline nature of the resulting polymers
was investigated by polarizing optical microscopy, DSC, and X-ray diffraction. The
materials were found to display “layered”’-type smectic A and/or smectic A and
smectic C phases, depending specifically on the length of the flexible chains con-
nected to the ferrocene unit [60]. For example, polysiloxane 2.27a with m=9 and
n=18 showed a Tj. of 136°C, at which the material melted to form a smectic C
phase. At 140°C, this transformed into a smectic A phase, and at the clearing
temperature Ty=183°C an isotropic melt was formed. The proposed supramolecu-
lar organization of the smectic A phases is shown in Fig. 2.4.
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Fig. 2.4 The proposed supramolecular organization of the ferro-
cene-containing side groups in the smectic A phases of polymers
2.27. (Reproduced from [60a])
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Polysiloxanes with pendant zirconocene units have also been explored as alkene
polymerization catalysts. For example, polysiloxanes 2.28 containing indenyl
groups have been synthesized by hydrolytic condensation of the corresponding di-
chloroorganosilanes [61]. Treatment with Buli followed by the metal halide was
claimed to yield materials with idealized structure 2.29 (Scheme 2.3). However, no
structural characterization of the products was reported, apart from their low mo-
lecular weights according to GPC measurements (M, = 700-3600). It seems likely
that chain cleavage reactions occur in the BuLi deprotonation step, and crosslink-
ing processes upon addition of the Zr halide are highly likely. Nevertheless, appre-
ciable activities for the polymerization of ethene and propene were detected for
2.29 and analogous species in the presence of methylalumoxane [61].

l\Ille
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SiCl, _— n
i ii) Me3SiCl
2.28
o o 1
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ZrCly
2.29 Scheme 2.3

As an alternative approach, polycarbosilanes 2.31 bearing pendant zirconocene
moieties have also been prepared by ring-opening polymerization of the spirocyc-
lic monomer 2.30 (Eq. 2.13) [62]. In this case, the materials were structurally char-
acterized, but the soluble fraction was of low molecular weight (M, < ca. 3000)
and the high molecular weight fraction was insoluble in organic solvents. In the
presence of activators, both fractions functioned as ethene polymerization cata-
lysts with moderate activity [62].
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23
Other Side-Chain Metallopolymers

231
Polymers with n-Coordinated Metals

The radical polymerization of various other organometallic vinyl monomers has
been well-studied. For example, in 1978 it was shown that vinylcymantrene 2.32
undergoes radical homopolymerization in the presence of AIBN as initiator at 50—
80°C in organic solvents such as benzene to yield poly(vinyl cymantrene) 2.33
(Eq. 2.14) [63]. Molecular weights varied from My,=5 x 10 to 3.6 x 10°, with broad
PDI values in the range 3.2-8.9.

1 radical initiator
M >
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°¢ o e oc \(;;co (2.14)
2.32 2.33

On photolysis, copolymers of vinyl(methylcymantrene) and octyl methacrylate
have been shown to lose CO and thereby generate polymers 2.34 possessing 16-
electron Mn centers, which coordinate to N, to yield 2.35 (Eq. 2.15). The coordina-
tion is reversible and can be used to prepare membranes which exhibit facilitated
transport of this gas [64]. Comparison of the diffusion coefficients for normal
“Henry-mode” diffusion and the facilitated “Langmuir-mode” diffusion due to the
mediation of the manganese centers which function as N, carriers showed that
the latter mechanism contributes substantially. Moreover, as expected for this in-
terpretation, the contribution from the facilitated transport mode increased as the
loading of the Mn sites became higher.
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The attachment of cymantrene groups to polymers has attracted interest for
other reasons. Studies have shown, for example, that adherent, abrasion-resistant
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coatings are formed on metals when thin films of the Mn-containing polymer are
subjected to irradiation with UV light [65]. The polymerization of styrenetricarbo-
nylchromium 2.36 has also been studied [66]. This species is available from the re-
action of styrene with Cr(CO);(NHj);. Although the Cr monomer 2.36 resisted at-
tempts at homopolymerization, copolymerizations with styrene, methyl acrylate,
as well as with 2.32 to yield bimetallic polymers 2.37 (Eq. 2.16) were possible. In
addition, copolymerization with vinylferrocene afforded copolymers of low molec-
ular weight (M, ~ ca. 4000). A variety of other organometallic vinyl monomers
2.38 have been successfully polymerized to yield polymers 2.39 that contain pen-
dant Cr, W, and Ir carbonyl moieties (Eq. 2.17) [67].
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ML, = Cr(NO)CO),, W(CO);Me, or Ir(CO),

23.2
Polymers with Pendant Polypyridyl Complexes

The octahedral Ru'" complex [Ru(bipy)s]** (bipy=2,2-bipyridyl) exhibits efficient
photoluminescence, electroluminescence, and also electrochemically-generated
chemiluminescence (quantum yields up to 5-7%) through the reactions shown in
Egs. 2.18a and 2.18D, respectively (excited states are labelled *) [68-70]. These
properties have led to a range of studies on polymers with appended polypyridyl
and related complexes.

[Rubipy)s]?* —Ym  [Ru(bipy)s® =Y [Ru(bipy)s]** (2.18a)
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[Ru(bipy);}** [Ru(bipy)s]**” 2 [Ru(bipy);1**
+ —_ + — + (2.18b)
[Ru(bipy)s]* [Ru(bipy);]** hv

The first examples in which an Ru complex was attached to a polystyrene back-
bone through a bromination, lithiation, bipyridylation, and metal complexation re-
action sequence were reported in 1980. Related materials have been prepared
using other synthetic approaches, and their photochemical properties have been
studied in some detail [71,72]. More recently, Ru'" polypyridyl complexes have
been attached as pendant groups to conjugated polymers such as poly(p-pheny-
lene vinylene) (PPV), which themselves exhibit electroluminescence and photolu-
minescence. For example, the Ru bipyridyl polymer 2.40 has been prepared by a
Pd-catalyzed Heck-type coupling reaction (Eq.2.19) and single-layered light-emit-
ting devices have been fabricated by sandwiching 70 nm films of 2.40 between a
hole-injecting indium tin oxide (ITO) electrode and an electron-injecting Al elec-
trode [73]. At high loadings of the Ru polypyridyl substituents, only red light
emission from the Ru complex was observed as the emission from the PPV back-
bone was quenched by energy transfer from the Ru complex. However, at low
loadings of the complex, quenching was inefficient and the green PPV emission
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was observed as well, resulting overall in the emission of yellow light. This led to
interesting color tuning effects, which may prove useful in light-emitting devices.
Polymers analogous to 2.40 based on terpyridyl ligands were similarly synthesized
and studied, and were found to exhibit similar behavior. A range of interesting
materials similar in structure to 2.40, in which the metal is actually incorporated
as part of the 7n-conjugated polymer backbone, have also been prepared. These
materials are discussed in Chapter 7.

The lifetime of the excited state formed by photoirradiation of [Ru(phen);]**
(phen=1,10-phenanthroline) is substantially longer than that of [Ru(bipy)s]**, and
this results in long-lived phosphorescence. Moreover, the long-lived excited state is
effectively quenched by oxygen over a useful pressure range, which has led to in-
terest in the use of this complex as a sensor for oxygen or for monitoring air pres-
sure variations [74, 75]. Polymers 2.41 have recently been developed, which pro-
vide thin films comprised of a highly permeable polythionylphosphazene matrix
incorporating the phosphorescent Ru-phen sensor [76]. Problems associated with
the facile aggregation of the cationic Ru-phen complex that occur in simple dis-
persions of the complex in most permeable polymers would be expected to be re-
duced by covalent attachment. Possible applications include uses as thin polymer
films that monitor air-pressure distributions over aircraft and automobile design
models in wind tunnels through phosphorescence imaging, or that measure the
dissolved oxygen concentration in water for environmental purposes [76].

o} l}lHBu I\IIHBu 9 l}lHBu l}lHBu
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NHBuU IIIH NHBu NHBu NHBu NHBu
(CHg)q

[Ru(phen)?*

phen = 1,10-phenanthroline
241

Ru polypyridyl complexes have also been used to create self-oscillating gels [77].
In contrast to conventional stimuli-responsive gels, these swell and contract peri-
odically at a constant temperature like a “beating heart” without the need for ex-
ternal stimuli. The gels were constructed from a copolymer 2.42 of N-isopropyla-
crylamide and a vinyl Ru bipy monomer together with a crosslinker. Immersion
in a solution of Ce'/Ce™ induced the oscillatory Belousov-Zhabotinsky reaction,
which led to oxidation and reduction of the Ru" complex and self-oscillation of
the gel (Fig. 2.5) [77]. A related approach has been used to prepare analogous Ru-
containing polymers that alternate between being soluble and insoluble in a sol-
vent [78].
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Fig. 2.5 Self-oscillating gels based on Ru bipy polymers. (Adapted from [77b])

Side-chain redox polymers derived from poly(vinylpyridine) have also received
significant attention. For example, the Os" polycation 2.43 has been used as an
electrode mediator for electron transfer between an electrode and the redox cen-
ters of several enzymes [79-81]. Polycation 2.43 (M,, x 6 x 10%) forms an electro-
static complex with the polyanionic enzyme glucose oxidase at low ionic
strengths, which brings the Os'/Os"" redox center and enzyme redox centers
within range for electron transfer [79]. Interestingly, covalent attachment of the re-
dox polymer to the enzyme was found to be necessary for complex formation at
high ionic strengths. In the absence of complexation, a negligibly slow electron-
transfer rate was observed. Adsorption of the polycationic redox polymer 2.43 on
an electrode thereby offers the possibility of creating a device that functions as a
glucose sensor [79]. In a further development, the use of the same Os-containing



2.3 Other Side-Chain Metallopolymers
N

7 =

0]
N+N

|
Me  [Os(bipy),Cl]+

bipy = 2,2'-bipyridine

243

b) L
Fig. 2.6 Schematic of a microsensor; (a) gold wire (diameter
0.25 mm), (b) polyimide cladding (5 um thick), (c) platinum black
with adsorbed enzyme (5 pm thick), (d) Os-based redox hydrogel é
(50 pum thick). (Reproduced from [80]) a)——"

polymer in combination with pyruvate oxidase allows the construction of an am-
perometric sensor utilizing a gold electrode to detect pyruvate in biological fluids
[80]. This is shown schematically in Fig. 2.6.

The use of another Os"-containing polymer analogous to 2.43, in combination
with the enzyme soybean peroxidase (SBP), has made it possible to detect a single
base pair mismatch in an 18-base oligonucleotide [81]. This was achieved by cova-
lent attachment of a single-stranded 18-base probe oligonucleotide to the Os redox
polymer film on a microelectrode and attachment of target single-stranded 18-
base oligonucleotides to the enzyme. Hybridization of the probe and target oligo-
nucleotides led to an increase in current, which was larger in the case of a com-
plementary 18-base target oligonucleotide attached to SBP than for analogs with
single or multiple base mismatches (see Fig.2.7). The current detected resulted
from the electrocatalytic reduction of H,O, to water. These studies suggest that
such devices may ultimately be used in gene detection arrays.
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233
Polymers with Other Pendant Metal-Containing Units, Including the Area
of Polymer-Supported Catalysts

Many other metal-containing groups have been attached to organic polymers.
Polymers 2.44 containing Pd—C o-bond linkages have been successfully prepared
by the radical polymerization of p-substituted styrene derivatives (Eq. 2.20) [82].
Substituents bearing main group metals have been appended to vinyl polymer
backbones. For example, polymethacrylates with SnBuj substituents can be pre-
pared by free radical copolymerization of the respective monomers or by treat-
ment of poly(methyl methacrylate)-r-poly(methacrylic acid) with (Bus3Sn),O [83].
These materials have been explored as antifouling paints on ships and offshore
oil platforms. Oxotitanium clusters have been similarly incorporated to generate
novel inorganic-organic hybrid polymers [84]. Polyaminophosphazenes with coordi-
nated PtCl, units are of interest as tumor-inhibiting materials [85]. In addition,
ROMP of norbornenes bearing pendant cationic organoiron substituents bound
through arene-metal bonds has yielded redox-active organoiron polymers such
as 2.45 (Eq. 2.21). These materials show reversible one-electron reduction waves at
—-50°C by cyclic voltammetry, whereas the electron-transfer process to generate 19-
electron neutral iron sites is irreversible at room temperature [86].

Of particular significance is the large number of catalytically active metal com-
plexes that have been bound to polymer supports (such as cross-linked polysty-
rene) by various methods [87]. Much of the work has been stimulated by the dis-
covery of solid-phase peptide synthesis that was introduced by Merrifield in 1963
and culminated in his award of the Nobel Prize for Chemistry in 1984. This area
is of intense interest for the preparation of polymers and also, more generally, in
organic synthesis as separation of the products from the catalyst is, in principle,
achieved cleanly and easily. Such systems are of particular significance for combi-
natorial chemistry as they generally offer the possibility of rapid screening of li-
braries of catalysts. However, it should be noted that in certain cases polymer-sup-
ported organic reactions can show significant differences from standard reactions
with respect to substrate selectivity, rate, product distribution, and product stereo-
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chemistry [87]. In addition, leaching of the metal complex from the polymeric
support over time is a common problem.

The vast area of polymer-supported catalysts is too broad to cover systematically
in this monograph. In addition, as the loadings of metal ions on the polymers are
generally very low, the cited reviews are a more appropriate source of information
[87]. We have already discussed supported catalytically active metallocene com-
plexes in earlier sections (2.2.1.2 and 2.2.2.2). Some illustrative examples of the
types of transformations that have been achieved are shown in Table 2.1.

Here, we discuss a typical example that involves the use of rhodium-containing,
polymeric water-soluble hydroformylation catalysts, which clearly demonstrates
the exciting potential of this area [88]. Rhodium polymers of proposed structure
2.46 were prepared from poly(pentenoic) acid (M, ~ 5000) by acylation of the
amine HN(CH,CH,PPh,), using dicyclohexylcarbodiimide (DCC) as the coupling
agent, followed by metallization with [Rh(1,5-cod)Cl], (Scheme 2.4). The Rh-con-
taining material proved to be water-soluble and was isolated as a yellow powder. It
was characterized by means of NMR spectroscopy, although the exact identity of
the coordination environment at Rh remained unclear. The loading of Rh com-
plexes per side group was ca. 10%, and the polymer possessed a molecular weight
(My,) of 7700 with a PDI of 3.1 by GPC in THF (versus polystyrene standards).
The Rh polymer was found to be an excellent catalyst for the hydroformylation of
alkenes and represents the first polymeric metal complex capable of converting viny-
larenes to 2-arylpropanals in a highly chemoselective and regioselective manner [88].
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Table 2.1 Representative reactions with polymer-supported catalysts

Catalytic metal Polymer support Catalytic reaction Reference
Ru, Rh Phosphinated polystyrene Alkene isomerization 89
Rh Phosphinated polystyrene Alkene hydroformylation 90
Rh Cyclopentadienyl ligand on Pyridine synthesis 91
polystyrene
Pd Cyanomethylated Alkene oxidation 92
polybenzimidazole
Ni P/O ligand on polystyrene Ethene polymerization 93
Cu Nitroxide-functionalized Oxidation of alcohols 94
polystyrene
DCC

fon—gr HN(CH,CH,PPh,), -[—CHz—CH—— —CHg—(}H—]»n
n

=z _O/\/

0 COLH
COgH
PhoP  PPhy
) [Rh(1,5-cod)Cl,, <[—CH2-—CH-/—CH2— CH CHy— CH——}”
ii) NaHCO,

COH
o}

0
C\N PhyP—Rh—O

\/ PPhy
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Block Copolymers with Pendant Metal-Containing Groups

Block copolymers exhibit outstanding potential for a variety of applications as a re-
sult of their self-assembly into supramolecular structures (see Chapter 1, Section
1.2.5). However, the exploration of metal-containing multiblock materials was only
begun in the early 1990s. Block copolymers derived from the living anionic poly-
merization of vinylferrocene were already mentioned in Section 2.2.1.1. In this
section, side-chain metal-containing block copolymers are surveyed. Examples of
block copolymers with metals in the main chain will be discussed in Chapter 3
(Section 3.3.8) and Chapter 7 (Section 7.2.3).
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2.3.41 Approaches using Ring-Opening Metathesis Polymerization (ROMP)

ROMP provided the first examples of block copolymers with pendant metal-con-
taining groups. As discussed earlier, ROMP of substituted norbornenes has been
used to prepare block copolymers with ferrocene side groups (see Section 2.2.1.2).
The technique of using norbornenes with pendant metal-containing groups is
very versatile and also allows the preparation of block copolymers which contain
Sn, Pb, Zn, Pd or Pt in the side-group structure [95-97]. The procedure in the
case of Sn is illustrated in Scheme 2.5 [95]. Addition of the Sn-containing norbor-
nene derivative to living polynorbornene generated with a tungsten alkylidene cat-
alyst, followed by capping with 1,3-pentadiene, which is unreactive towards the Sn
sites but reactive with the chain end, afforded diblock copolymer 2.47. Thin films
of the air-sensitive, metal-containing block copolymers were characterized by
TEM, which showed the presence of phase-separated microdomains in which the
metal was confined to the domains derived from the metal-containing block.

[W=CH-Bu] Cat. (W +Bu
/ m

NR
/ | t-Bu
N/SnCIz W1
R n m
RN\S _NR

n
Cls

1,3-pentadiene

(- [W=CHCH=CHCH,])

2.47 Scheme 2.5

Phase-separated, metal-containing block copolymers formed by ROMP offer in-
teresting possibilities for the controlled formation of semiconductor and metal na-
noclusters, which are of intense interest as a result of their size-dependent elec-
tronic and optical properties, as well as their catalytic behavior. Zinc-containing
block copolymers generated by ROMP have been shown to form ZnS nanoclus-
ters within the phase-separated organozinc domains upon treatment with gaseous
H,S [96]. The cluster sizes generated were up to 30 A, and their small size led to
quantum size effects. For example, a band gap of 5.7 eV was measured for the

63



64 | 2 Side-Chain Metal-Containing Polymers

Fig. 2.8 TEM images of thin films of a block copolymer 2.48 (M=Pd) showing a lamellar mor-
phology (a) before and (b) after treatment with H,, showing the growth of Pd nanoclusters in
the phase-separated Pd-containing domains. Regions containing Pd are dark as a result of the
efficient electron scattering by this element (scale bar represents 25 nm) (Reproduced from [97])

roughly spherical 30 A clusters, which is substantially larger than that for bulk
ZnS (3.5 eV). Similarly, the Pd- or Pt-containing materials 2.48 were prepared by
sequential ROMP of a metal-containing norbornene and methyltetracyclodecene
[97]. Subsequent treatment of the Pd- or Pt-containing materials with molecular
H, led to the formation of metallic nanoclusters within the microphase-separated
domains. TEM images of the Pd-containing materials, which possess a lamellar
morphology, before and after H, treatment, are shown in Fig. 2.8.

|
Miy

M =Pdor Pt

2.48

2.3.42 Coordination to Pyridyl Substituents in Preformed Blocks

Vinylpyridine undergoes living anionic polymerization, which allows the prepara-
tion of block copolymers containing coordinating pyridine units. Such systems
have attracted significant attention. For example, polystyrene-b-poly(4-vinylpyri-
dine) (PS-b-P4VP) has been used to coordinate a variety of transition metals. Reac-
tion with ReCl(CO);(bipy) in the presence of Ag[ClO,] yielded the Re-substituted
block copolymer 2.49 with an ionic Re-containing block [98]. The loading of Re in
the PVP block was relatively low (10-20%). In solvents that are selective for the
Re-coordinated PVP block, a variety of morphologies were observed by TEM after


Administrator
ferret
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solvent evaporation. These included spheres and cylinders with cores of PS and
coronas of the Re-containing PVP block. The morphologies observed were depen-
dent on the relative block lengths and the polarities of the chosen solvents. The
pendant Re groups are luminescent and further studies of these systems should
be of clear interest.

n
]
>
|
[Re(bipy)(CO)3]+

2.49

The attachment of Au units to the P2VP units of similar block copolymers has been
explored as a means of accessing nanolithographic templates [99, 100]. Dissolution of
polystyrene-b-poly(2-vinylpyridine) in toluene leads to spherical micelles with a core
of P2VP and a corona of PS. Treatment of such solutions with HAuCl, leads to pro-
tonation to afford 2.50 with electrostatically bound [AuCl,]™ anions.

N
m n
SN AN -
| | [AuCl4]
S S
2.50

Films of densely packed spherical micelles can be prepared by dipping substrates
such as GaAs wafers into the solutions, and these can be utilized in nanolithography
to create islands or holes in substrates. The use of an Ar" beam resulted in slower
etching of the PS-covered Au-containing micellar cores relative to the GaAs sub-
strate and islands of diameter 20 nm were created (Fig. 2.9). On the other hand,
Au-loaded block copolymer micelles in which prior reduction of Au'" to a single par-
ticle of elemental Au in the core had taken place gave different results. In films of
these micelles, the cores were selectively etched faster than the PS corona by an
Ar" beam as the sputtering probability is proportional to the square of the mass
number of the element, and polymer-Au interactions are reduced in this case. This
generated 10 nm diameter holes in substrates such as GaAs, which were rapidly
etched relative to PS (Fig. 2.10) [99].

Similar synthetic strategies involving the attachment of Pd complexes to the
PVP block, followed by reduction to yield catalytically-active metal nanoparticles in
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a) b)

150.000 nm

Fig. 29 (a) Schematic and (b) scanning force microscope image showing the formation of islands
using a nanolithographic micellar mask based on Au-containing block copolymer 2.50. Relative
etch rates: substrate GaAs 30, PS 15, P2VP 15, P2VP/HAuCl, 36 A min™ (Ar* beam normal to
substrate, 1.1 keV energy, 12 pAjcm? current density). (Adapted from [99])

a) .« & % b) g
— g

[}

£ %S B S

1.2 um

Fig. 2.10 (a) Schematic and (b) scanning force microscope images showing the formation of holes
using a nanolithographic micellar mask based on Au-containing block copolymer 2.50 containing a
single gold particle due to reduction prior to film formation. Relative etch rates: substrate GaAs 30,
PS 15, P2VP 15, Au 360 A min™ (Ar* beam normal to substrate, 1.1 keV energy, 12 uA/cm2 current
density). (Adapted from [99])

the micellar core, have also been explored by several groups. Applications in the
Heck reaction have been studied in detail and advantages over the use of low mo-
lecular weight Pd catalysts in terms of stability and ease of use have been demon-
strated [101].

2.3.4.3 Coordination to Other Substituents in Preformed Blocks

The coordination of metals to various other pendant sites present in block copoly-
mers has also been explored. For example, metal coordination to the olefinic
groups present in the polybutadiene blocks of polystyrene-b-polybutadiene (PS-b-
PB) diblock and PS-b-PB-b-PS triblock copolymers has been reported [102]. This
was achieved by the reaction of the block copolymers with various metal com-
plexes such as Fes3(CO)q,, [Rh(u-Cl)(CO),],, PdACl,(NCMe),, and PtCl,(NCMe), to
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afford materials with Fe-, Rh-, Pd-, and Pt-containing blocks. Intermolecular cross-
linking was possible, but solubility in organic solvents was maintained and micel-
lization was observed in most cases. However, on solvent removal and drying,
many of the polymers became insoluble.

The pendant phosphino groups of polystyrene-b-poly(vinyltriphenylphosphine)
(PS-b-PVTPP) have also been used to coordinate Pd salts [103]. Complex aggrega-
tion phenomena were observed in solution due to the possibility of intermolecular
cross-linking reactions, and reduction with hydrazine or other reductants was
shown to yield Pd nanoparticles.

As a final example, the anionic sites generated from polyacrylic acid core-form-
ing blocks within cross-linked micelles of triblock copolymers in water have also
been used to bind Pd** ions [104]. In this case, subsequent reduction with hydra-
zine yielded Pd nanoparticles, which were shown to catalyze the hydrogenation of
alkenes.
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3
Main-Chain Polymetallocenes with Short Spacer Groups

3.1
Introduction

Although the first polymers with metals in the side chains were prepared as early
as the mid-1950s, the development of main-chain metal-containing polymers has
been much slower. This is particularly the case when the metal atoms are linked
together by short spacers and their close spatial proximity might be expected to
give rise to interesting properties due to the presence of metal-metal interactions.
This chapter focuses on materials of this type which contain metallocene units in
the main chain, as polymers possessing these organometallic moieties dominate
this particular area. Analogous materials with longer spacers, defined as those
having more than three atoms between the 7n-coordinated metal centers, are struc-
turally much more diverse but, in general, less well-studied. These polymers will
be discussed in Chapter 4.

As in the case of side-chain metal-containing polymers (Chapter 2), the develop-
ment of main-chain polymers that incorporate metallocene units has represented
a major area of research. Since the discovery and structural elucidation of ferro-
cene, the prototypical metallocene, a vast organic chemistry has been demonstrated
for this species, and the reversible one-electron oxidation to the blue ferrocenium ion
has been much exploited [1-3]. The exciting possibilities for polyferrocenes with
short spacers between the metal-containing units are illustrated by the results of de-
tailed studies of dimeric species. Thus, oxidation of biferrocenes and biferroceny-
lenes has provided access to mixed-valent species such as 3.1 and 3.2, respectively,
in which the unpaired electrons are delocalized on a variety of time scales depend-
ing on substituent, counterion, and solid-state environmental effects [4, 5]. Many of
the other properties of molecular ferrocenes also make their incorporation into poly-
mer structures highly desirable. For example, liquid-crystalline ferrocenes have been
prepared and ferrocene-based charge-transfer materials such as 3.3 have attracted
considerable attention with respect to their cooperative magnetic properties [6, 7].
Equally encouraging are the facts that ferrocene is easy to prepare, cheap and com-
mercially available, and air-, moisture-, and thermally-stable.

As described in Chapter 2, attempts to incorporate ferrocene into the side-chain
structure of polymers have been very successful. In this case, a variety of high
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molecular weight materials have been prepared with either organic or inorganic
main chains by means of subtle modifications of existing synthetic methodolo-
gies. The incorporation of ferrocene into the main chain of polymers, where the
organometallic groups are joined by long spacers (i.e. with three or more atoms)
has also been productive, as discussed in Chapter 4. In such cases, advantage can
be taken of the facile derivatization of ferrocene to access well-defined difunc-
tional monomers, which can then be productively used in step-growth polycon-
densation reactions. High molecular weight polymeric materials result, provided
that the coupling methodology is compatible with the presence of the organome-
tallic nucleus. In contrast to the situation with side-chain polymers and main-
chain materials with long spacer groups, until the early 1990s the synthesis of
main-chain polymers containing ferrocene units in close proximity to one another
had met with very limited success. The problem regarding the synthesis of such
materials arises from the fact that suitable, well-defined difunctional monomers
are difficult to prepare in a high degree of purity. Under such conditions, step-
growth polycondensation reactions are prone to yield low molecular weight oligo-
meric products. The discovery of ring-opening polymerization (ROP) routes to
such materials in 1992 represented a key solution to this problem (see Sections
3.3 and 3.4) [8]. As discussed earlier (Chapter 1, Section 1.5.2.2.3), such polymeri-
zations proceed by a chain-growth route, which tends to yield high molecular
weight polymers without the stringent stoichiometry and conversion requirements
characteristic of step-growth polycondensations.

Nevertheless, despite these breakthroughs, it is very apparent that the incorpora-
tion of metallocenes other than ferrocene into polymer structures has been devel-
oped to a much lesser extent, and for the 21st century, this still remains a sub-
stantial synthetic challenge. This is despite the fact that many other metallocenes
are readily accessible, stable, and also exhibit interesting physical, redox, and cata-
lytic properties [2, 4, 9]. The lower ease of derivatization of most other metallo-
cenes compared to ferrocene and, in some cases (e.g. that of ruthenocene), the
problem of relative expense, have clearly been important factors which have held
back synthetic developments in this area. Nevertheless, it is anticipated that the
development of main-chain polymers based on other metallocenes is likely to be
very fertile ground for future research.

Excellent, critical reviews of the general field of main-chain metallocene-based
polymers were published as early as 1970 [10]. At this time, the authors were
more than aware of the limitations in the characterization of the vast majority of
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the materials being reported. Indeed, the authors stated that many of the struc-
tures assigned to the polymers in the article were “hypothetical and need rigorous
analytical verification” and added that “the description of experimental procedures
and polymer properties more often than not has been superficial or has been lack-
ing altogether” [11]. Although the earlier, pioneering work in the area will be men-
tioned, this chapter will focus on the more recent developments, as many of the
materials reported earlier were of very low molecular weight, showed poor solubil-
ity, and were inadequately characterized.

3.2
Polymetallocenylenes and Polymetallocenes
with Short Spacers Obtained by Condensation Routes

3.2.1
Polymetallocenylenes

The earliest routes to polyferrocenylene involved poorly defined free-radical recom-
bination processes (Eq. 3.1). In 1960, the polymerization of molten ferrocene at
200°C in the presence of approximately stoichiometric amounts of t-butyl perox-
ide, +-BuOOt-Bu, as the radical source was described [12-14]. The yields of soluble
material of idealized structure 3.4 were low (ca. 5-15%), as were the molecular
weights (<7000).

:| RO-OR ] H
! z ~2 ROH ; z (3.1)
A== < |,
3.4

A later reinvestigation of the original work that used elemental analysis, IR and
NMR spectroscopy, and thermogravimetric analysis to characterize the products
confirmed the uncontrolled nature of the polymerization [15, 16]. It is presumed
that ferrocene radicals 3.5 are generated by hydrogen abstraction from the cyclo-
pentadienyl rings by +-BuO" species formed upon initiator thermolysis. Although
the former can subsequently recombine to form ferrocenylene oligomers, the solu-
ble polymer product of idealized structure 3.4 was found to contain both homoan-
nular (1,2- and 1,3-) and heteroannular (1,1-) ferrocene units. This is attributed to
the presence of the multiple C-H sites on the metallocene that can participate in
radical generation. Moreover, the reinvestigation also provided evidence for the
presence of alkoxy substituents derived from the recombination of ferrocene-based
radicals with +-BuO" species (Scheme 3.1) [15, 16].

Subsequently, a series of different radical reactions were reported, such as mixed
Ullmann reactions of halo- and 1,1"-dihaloferrocene with copper bronze [17, 18], cou-
pling reactions of lithio- and 1,1'-dilithioferrocene with cobalt chloride in the pres-
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ence of organic halides [19-21], and the treatment of poly(mercuriferrocenylene) with
metallic silver [22], or heating in molten ferrocene [23], or the use of glow-discharge
polymerization [24]. All routes led to oligomers with molecular weights in the range
M, =1000-3500, with poorly defined structures and paramagnetic behavior. The lat-
ter property may arise from the presence of impurities or oxidized iron sites within
the oligomer chain [10]. In the case of glow-discharge polymerization, cross-linked
polyferrocenylene was produced. Other reported methods, such as polyrecombina-
tion processes involving chloromercuri- and bis(chloromercuri)ferrocene assisted
by palladium salts [25], or the direct reaction of dilithioferrocene - TMEDA with co-
balt chloride [26], resulted in the formation of paramagnetic oligomers in low yields
together with biferrocenylene resulting from internal cyclization processes.

The conductivity of unoxidized oligo(1,1"-ferrocenylene), prepared by the radical
recombination of ferrocene, was studied, and this led to the conclusion that the
material was an insulator [27-29]. However, upon partial oxidation with iodine or
quinones, the presence of mixed-valence states led to a dramatic increase in con-
ductivity from a value of 107* Scm™ for the pristine material to a maximum of
10°-10® Scm™ at room temperature. Similar values have been determined for
biferrocenylene and biferrocene salts [30-32].

Arguably the most impressive early results on polyferrocenylenes in terms of
product yield, molecular weight, and purity were obtained in 1979 using the step-
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growth polycondensation reaction of equimolecular amounts of dilithioferro-
cene - TMEDA with diiodoferrocene at temperatures not exceeding 25°C (Eq. 3.2)
[33]. Using this method, a yield of 85% of light-tan, soluble, spectroscopically
well-defined (all heteroannular), amorphous and diamagnetic polyferrocenylene
(3.6) was produced with M, <4000 (determined by vapor-pressure osmometry,
VPO). Subsequent fractionation yielded small quantities of samples with M, val-
ues of up to ca. 1x10*

>
<l
<S> :
| T i
< 77X
— MgX, n
X =Br, | 3.6

Following this development, dehalogenation of dihaloferrocenes with magnesium
was shown to produce semicrystalline polyferrocenylene 3.6 in good yield (Eq. 3.2)
[34, 35]. When a benzene-insoluble fraction of the product (M, =4600) was partially
oxidized with 7,7,8,8-tetracyanoquinodimethane (TCNQ), the electrical conductivity
of the resulting material (¢ ~ 107> Scm ™) was found to be higher than that observed
previously for the amorphous polyferrocenylene [35], presumably as a consequence
of an appreciable degree of crystallinity detected in the former [36]. Rapid electron
transfer between the Fe'' and Fe'! sites was also detected for these TCNQ-doped
crystalline materials on the Méssbauer spectroscopic time scale (ca. 107 s) at room
temperature [35]. This is illustrated in Fig. 3.1, in which the individual quadrupolar
doublets for the Fe'' and the Fe'"" environments, which are still resolved at =196 °C,
are seen to merge at 28 °C. On the other hand, analogous studies of I,-oxidized ma-
terials indicated hole localization on the Mdssbauer time scale and lower conductiv-
ities (¢ &~ 107* Scm™). This was attributed to the amorphous nature of the materials,
as indicated by powder X-ray diffraction (PXRD) studies. These observations were
supported by electrochemical studies of polyferrocenylene-modified electrodes, in
which the presence of multiple or broad peaks was interpreted in terms of some
degree of hole delocalization among the iron atoms on the cyclic voltammetric time
scale [37]. Further detailed studies on the electronic structure of polyferrocenylene
3.6 by UV photoelectron spectroscopy suggested that the appreciable rather than
high conductivity of these polymers is a consequence of limited hole mobility [38].
The occupied orbitals for 3.6, based on this work, are shown in Fig. 3.2. As ex-
pected, the doping of polyferrocenylene was predicted to be facile, based on the
low ionization threshold energies. However, the band dispersion (or bandwidth)
was only estimated to be roughly 0.6 eV. This value is rather small compared to
the 2—4 eV typical of conjugated organic polymers such as poly(p-phenylene) and
polyacetylene. Thus, the narrow bands would be expected to result in a relatively lim-
ited degree of hole delocalization, and this led to the description of the system as
having intermediate delocalization between that of 7-conjugated conducting poly-
mers such as polyacetylene and o-localized insulating polymers such as polyethy-
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o e Fig. 3.1 M®&ssbauer spectra of
Mixed Valent Ry - the adduct of polyferrocenylene
e (3.6) with 0.81 equivalents of
TCNQ, showing that the quadru-
polar doublets for the Fe'" and
Fe"" environments, which (a) are
a still resolved at =196 °C, (b)
merge at 28 °C due to hole deloca-
lization on the timescale of the ex-
periment (ca. 107 s). (c) The
Méssbauer spectrum of polyferro-
cenylene at room temperature is
shown for comparison and fea-
tures a single Fe'' quadrupolar
doublet. (Adapted from [35])
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Fig. 3.2 Qualitative representation of the occupied orbitals of polyferrocenylene
(3.6) and ferrocene based on ultraviolet photoelectron spectroscopic data, as-
suming a staggered conformation of the metallocene units. (Adapted from [38])

lene. It should be noted that, although the hole delocalization is limited in polyfer-
rocenylene 3.6, as discussed above, it can become apparent using “slow” techniques
with relatively long time scales, such as Méssbauer spectroscopy (ca. 107 s).

In 1996, an alternative synthetic methodology was developed, which permits the
synthesis of more soluble n-hexyl-substituted polyferrocenylenes. This involved
the reaction of the dihexylfulvalene dianion with [FeCl,(THF),] (Eq.3.3) [39].
Although this step-growth polycondensation method does not generate high mo-
lecular weight materials in large quantities, a fraction of poly(1,1"-dihexylferroceny-
lene) (3.7) with M,, ~ 5000 and PDI=1.2 was isolated in very low yield. In addi-
tion, when oxidized with TCNQ or tetracyanoethylene (TCNE), this material exhib-
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ited photoconductivity and acted as a p-type semiconductor. The electrochemistry
of both the polymer and individual oligomers is consistent with the presence of
substantial metal-metal interactions [39].

g e [F
—r 2 R

o % i (3.3)
R = C¢Hys R
3.7

Copper-mediated polycondensations of diiodoferrocenes and bis(stannyl)ferro-
cenes at 150-180°C have also been used to prepare fairly low molecular weight,
well-characterized polyferrocenylenes with substituents on the Cp rings (Eq. 3.4)
[40]. Yellow-orange to tan-colored polyferrocenylenes 3.8 with solubilizing groups
such as methyl or trimethylsilyl substituents were prepared. These polymers pos-
sess molecular weights in the range of M, ~ 1500-3600 (PDI ~ 1.5-3.0). Cyclic
voltammetric studies showed two waves with a very large redox-coupling (0.46—
0.485V) indicative of the presence of substantial metal-metal interactions
(Fig. 3.3), with the first wave representing initial oxidation at alternating iron sites
(see Section 3.3.6.3 for a more detailed discussion on related systems). However,
although the TCNE adducts of 3.8 showed broad intervalence electron-transfer
bands in the near-IR region, their Mdssbauer spectra were consistent with a
trapped valence state (i.e. discrete Fe'' and Fe'"
technique (ca. 107 s) [40].

sites) on the time scale for this

Cu powder,
150-180 °C

Fe 3.8

R = Me, SiMe,4

Apart from the case of polyferrocenylenes, very little work has been reported on
analogous materials containing directly linked metallocene units. The synthesis of
very low molecular weight polyruthenocenylenes 3.9 (M, ~ 1400) using, for exam-
ple, Ullmann coupling has been briefly described (Eq. 3.5). The few results on oli-

77



78 | 3 Main-Chain Polymetallocenes with Short Spacer Groups

-1200 -800 -400 0.0 400 800
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Fig. 3.3 Cyclic voltammograms of polyferrocenylene 3.8 (R=Me) at
various scan rates (0.1 M [BuyN][PF¢] in CH,Cl;) showing two revers-
ible oxidation waves separated by a redox coupling AE; ), of ca. 0.47 V.
(Adapted from [40])

gomeric materials in this area are summarized in an excellent review that covers
work on polymetallocenylenes prior to 1981 [41].

<o .
| Cu Rl
Ru —— u
ch_, 130—150°C ks (3.5)
n
39
3.2.2

Other Polymetallocenes with Short Spacers Obtained by Polycondensation Routes

Polymetallocenes with single-carbon spacers (i.e. 3.10) have been the focus of nu-
merous investigations. Polycondensation routes developed in the 1960s involved
the reaction of aldehydes with the corresponding metallocenes (M =Fe, Ru), as well
as the cationic polymerization of carbinols. These and related routes have been cri-
tically reviewed in detail [10]. Both methods were carried out using Lewis- or protic-
acid catalysts and yielded similar products. The materials obtained were oligomeric
and consisted of a mixture of heteroannular (1,1'-) and homoannular (1,2- and 1,3-)
metallocene units. Crosslinking was also noted at high temperatures and resulted in
an increase in the number of methylene bridges per repeat unit.

A similar route was reported in the mid-1960s for the synthesis of polyferrocenes
with phosphorus spacers (3.11, 3.12) [42, 43]. Reaction of ferrocene with PPhCl,,
P(O)PhCl, or P(S)PhCl, in the presence of a Lewis acid catalyst such as ZnCl, in
the melt or in solution at 80-170°C yielded low molecular weight materials
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(Mp<6000 by VPO and generally <3500). The composition of the materials de-
pended on the reaction conditions. Again, this work has been reviewed in detail [10].

In 1982, well-defined materials of structure 3.11 were obtained from the re-
ported polycondensation reaction of 1,1'-dilithioferrocene - TMEDA with PPhCl,
[44]. The molecular weights of the polyferrocenylphosphine products were found
to depend on the reaction conditions. For example, products with M, =8900 (by
light-scattering) were reported when the reaction was performed in dimethoxy-
ethane at 25°C, while high molecular weights (My=131,000-161,000) were ob-
tained in diethyl ether at 25°C or in dimethoxyethane at —40°C. The high molecu-
lar weights in the latter cases are highly unexpected as dilithioferrocene is ex-
tremely reactive and difficult to purify, and polycondensation reactions require ex-
act reaction stoichiometries in order to achieve appreciable chain lengths (see
Chapter 1, Section 1.5.2.2.2). Significantly, more recent work in the mid-1990s has
shown that these high molecular weight products probably arise from a chain-
growth reaction, rather than from a polycondensation, which involves the anionic
ring-opening polymerization of a phosphorus-bridged [1]ferrocenophane generated
in situ (see Section 3.3.3) [45].

The air- and thermally stable (to >350°C) polyferrocenylphenylphosphine 3.11
was shown to react with low concentrations of Co,(CO)s, leading to products con-
taining chelated cobalt centers [46]. According to IR and *'P NMR data, three Co—
P bonds were present per metal atom, and the cobalt environments possessed a
pseudo-trigonal bipyramidal geometry. The catalytic potential of the materials in
the hydroformylation of 1-hexene was studied and was shown to be similar to that
of the complex HCo(CO)3;PPhy;.

Polyferrocenylsilanes (3.13) of very low molecular weight were first described in
two patents in the 1960s [47, 48]. The polymers were prepared from dilithioferro-
cene by a reported polycondensation reaction with the appropriate dihaloorganosi-
lanes (Me,SiCl, or Ph,SiCl,) in polar solvent mixtures at 0-25 °C. The resulting ma-
terials were described as black or chocolate-brown in color. Although clearly impure,
the partially soluble polymers were reported to be reasonably thermally stable (to
>250°C). VPO gave molecular weights M, of 1700-3400 (R=Me) and 2400-7000
(R=Ph), which correspond to ca. 5-19 repeat units [48].

This work was preceded by an investigation of an alternative route involving the
condensation of FeCl, with Li,[(CsH,),SiMe,], which afforded even lower molecular
weight samples of 3.13 (R=Me) that should be termed oligo(ferrocenyldimethyl-
silane)s [47]. Recently, slightly higher molecular weight materials with M,, up to
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4100 have been reported using this route [49]. The low values of M,, obtained are to
be expected for step-growth polycondensation processes involving dilithio reagents,
which are difficult to obtain in a high degree of purity (see Chapter 1, Section
1.5.2.2.2). The synthesis of low molecular weight polyferrocenylstannanes (3.14)
with My, up to 4600 has also been reported using an analogous polycondensation
pathway involving dilithioferrocene [50, 51].

Poly(ferrocenylenevinylene) derivatives (3.15) with M, values of 3000-10,000
and polydispersities of ca. 2.2-2.8 (determined by GPC) were synthesized in 1995
in high yields by a titanium-induced McMurry coupling reaction of the corre-
sponding alkylferrocenyl carbaldehyde monomers (Eq. 3.6) [52]. Characterization
of these soluble polymers by NMR and IR revealed the presence of trans-vinylene
units. The UV}/vis spectra of the polymers are similar to those of the monomers
and this indicates a fairly localized electronic structure in the former. The relative-
ly limited electron delocalization is also reflected in the electrical and optical prop-
erties. For example, the values for iodine-doped conductivity (¢=10" S cm™) and
nonlinear third-order optical susceptibility (*)=1-4x107'? esu) are lower than
those of linear conjugated polymers such as poly(1,4-phenylenevinylene)
(6=2.5x10> S cm™, s =8x107"* esu).

R—@l—CHO Zu/TiCl, R—@—CH:CH
Fe Fe
OHC—@—R 5 r
. (3.6)
3.15

R =CyH;, CgHy3, CoHas

Ferrocene-acetylene polymers 3.16 with the metallocene units linked through
their 1,3-positions have been prepared by a Pd-catalyzed polycondensation process
(Eq. 3.7) and their properties have been investigated in some detail [53, 54]. Frac-
tions of 3.16 (R=CH,;NMe,) with molecular weights of up to M, ~ 4300 and
PDI ~ 1.7 were successfully prepared, and UV}/vis spectroscopy provided evidence
for significant electron delocalization in these interesting 1,3-substituted materials.
More detailed studies were conducted on polymers 3.16 (R=CH,0Me) with pro-
posed molecular weights of ca. 10,000. The relationship between A, for the fer-
rocene d—d band transition versus 1/n (n=number of ferrocene-acetylene repeat
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units) was found to be linear, with a limiting value of A,,x=472 nm for n=c0. In
addition, electrochemical studies indicated the presence of redox couplings (ca.
0.15 V) that provided further evidence for substantial electronic communication
between the metallocene units [54].

| R R
@CECH ) c=c

| Pd cat., Cul, i-Pr,NH
Fe

n (3.7)

3.16

R = CH,0Me or CH,NMe,

Disulfide-bridged oligoferrocenes 3.18 (M,, <3500) were prepared in an attempt
to copolymerize ferrocenedithiol with norbornadiene in the presence of AIBN in
toluene [55, 56]. Rather than the expected radical-induced polyaddition [57] to give
3.17 (Eq. 3.8), condensation of the ferrocene monomer was observed with norbor-
nene and nortricyclane units as end-groups (Eq. 3.9). The isolated oligomers (3.18)
were characterized by NMR spectroscopy and field-desorption mass spectrometry,
and possessed a chain length of 2-12 repeat units as determined by GPC.

<{&2>-sH ms—@ @—T‘ (3:8)
|
Fe

s )//' J;L&

+

/E AIBN Lb, szb (3.9)
J toluene =2
<758
n

3.18
n=1-11

Another group of polymers to consider at this point are polymetallocenes in
which metallocene fragments are connected through the metal via spacers involv-
ing oxygen or other elements. Most of the research in this area has involved tita-
nium derivatives and was carried out with the ultimate aim of exploiting the cata-
lytic properties that the TiCp, unit can introduce to the polymer. For example, sev-
eral attempts have been made to synthesize polytitanoxane 3.19, but with very lim-
ited success. Thus, the synthesis of 3.19 has been claimed by means of the se-
quential reduction (with zinc) and oxidation (with oxygen) of titanocene dichloride
in organic solvents, since the use of basic aqueous conditions leads to facile me-
tal-ring bond cleavage [58]. The yellow solid obtained, however, was an insoluble
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crosslinked material with poor thermal and hydrolytic stability, from which some
of the cyclopentadienyl substituents had still been eliminated. The characteriza-
tion was limited and the structure (3.20) was postulated mainly on the basis of
elemental analysis. A linear polymer product was postulated when [Cp,Ti], or
Cp,Ti(CO), was used in a reaction with oxygen, but in these cases insoluble
materials were also obtained and a peroxo-bridged structure was suggested [59].

~|!'i“‘o Cl—Ti—0 Tli-—O Cl
& | <= [ o ]

3.19 3.20
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Ring-Opening Polymerization (ROP) of Strained Metallocenophanes

3.3.1
Thermal ROP of Silicon-Bridged [1]Ferrocenophanes

ROP reactions generally occur by a chain-growth mechanism (Chapter 1, Section
1.5.2.2.3) and therefore represent a particularly desirable route for the preparation
of high molecular weight polyferrocenes. As is clear from the polymers described
so far in Sections 3.1 and 3.2, such materials are rare if the ferrocene groups are
in close proximity to one another so as to permit substantial metal-metal interac-
tions. The first syntheses of polymetallocenes by ROP methods were reported in
early 1992. A novel atom-abstraction-induced ROP process for [3]trithiaferroce-
nophanes was described early in that year and these results are discussed in Sec-
tion 3.5 [60]. Thermal ROP of strained metallocenophanes, which is discussed in
this section, was reported a few months thereafter [61].

A key general requirement for most ROP processes is a strained cyclic mono-
mer. Ferrocenophanes, in which a single atom bridges the two cyclopentadienyl li-
gands (i.e. [1]ferrocenophanes), have been known since 1975 and fit this require-
ment [62]. In contrast to the situation in ferrocene, where the planes of the cyclo-
pentadienyl (Cp) ligands are parallel to one another, in these species the Cp li-
gands are forced into a tilted higher-energy arrangement by the presence of a sin-
gle bridging atom. However, although stoichiometric ring-opening reactions were
described for silicon-bridged [1]ferrocenophanes in the late 1970s [63], no success-
ful ROP reactions for these species were reported until 1992.

The first examples of the use of ROP of strained metallocenophanes to prepare
high molecular weight polymetallocenes (M,>10°) involved silicon-bridged
[1]ferrocenophane monomers 3.21 [61]. Specifically, polyferrocenylsilanes (PFSs)
3.22 (R,R'=Me or Ph) were prepared by the thermal ROP of strained, ring-tilted
silicon-bridged [1])ferrocenophanes 3.21 (R,R'=Me or Ph) in the melt, at 130-
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Fig. 3.4 Molecular structure of sili-
con-bridged [1]ferrocenophane 3.21
(R=R'=Me) as determined by single-
crystal X-ray diffraction; the planes of
the Cp ligands are tilted by 20.8°.
(Reproduced from [64])

N
A%
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220°C in evacuated Pyrex glass tubes (Eq. 3.10). This type of monomer possesses
tilt angles of 16-21° between the planes of the Cp ligands and strain energies of
ca. 70-80 kJ mol™" according to DSC measurements [64, 65]. The strain present is
illustrated by the Cp ring-tilted molecular structure of 3.21 (R=R'=Me) deter-
mined by single-crystal X-ray diffraction (Fig. 3.4) [64].
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The thermal ROP route is very general and a wide range of semicrystalline and
amorphous polyferrocenylsilanes 3.22 have thereby been prepared with different
substituents at silicon and/or on the Cp rings [66]. These thermally ring-opened
materials have been fully characterized using a wide range of spectroscopic and
analytical methods. Also, their molecular weights have been established by abso-
lute methods, such as static light scattering, to be in the range of M,,=10°-10°.
Detailed studies of the properties of these materials are described in a later sec-
tion (3.3.6).

Spirocyclic [1]ferrocenophanes have also been shown to thermally polymerize and
these species function as crosslinking agents that allow access to polyferrocenylsi-
lanes with controlled crosslink densities [67]. Amber, solvent-swellable gels are avail-
able by this route (see Section 3.3.6.4). The [1]dichlorosilaferrocenophane 3.23 repre-
sents a very useful precursor to [1]ferrocenophanes 3.24 with alkoxy (or amino) sub-
stituents, and subsequent ROP allows access to, for example, polyferrocenylalkoxy-
silanes 3.25 (Eq. 3.11) [68]. In addition, polymers with Si-H or Si-Cl groups have
been prepared, and these provide opportunities for post-polymerization modifica-
tion by hydrosilylation and nucleophilic substitution, respectively [66].
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The mechanism of the thermal ROP of silicon-bridged [1]ferrocenophanes is
not yet known in definitive detail. However, studies of the polymerization of
monomers with unsymmetrically substituted Cp ligands indicate that ROP pro-
ceeds with cleavage of the Cp-Si bond [69]. It is possible that traces of nucleophil-
ic impurities initiate the polymerization, although a mechanistic process involving
radicals cannot be completely ruled out [70].

The thermal ROP of silicon-bridged [1]ferrocenophanes requires moderately
high temperatures (100-250°C) and there is little or no molecular weight control.
In addition, the molecular weight distributions are quite broad (My/M, ~ 1.5-
2.5). This polymerization method has now been superceded in many ways by am-
bient temperature ROP methods that involve the use of anionic initiators (see Sec-
tion 3.3.3) or transition metal catalysts (see Section 3.3.4).

332
Thermal ROP of Other Strained Metallocenophanes

The thermal ROP methodology established for silicon-bridged [1]ferrocenophanes
has been extended to many other strained metallocenophanes, which has allowed
access to high molecular weight polyferrocenes with different spacer groups. As
discussed later (see Section 3.3.7), this permits modification of the properties of
the polymer, such as the extent of the metal-metal interactions.

Thermal ROP of germanium-bridged [l]ferrocenophanes 3.26 was reported
shortly after that of the silicon-bridged analogues, and high molecular weight
polyferrocenylgermanes 3.27 (M,,=10°-10°) were obtained at ca. 120°C or higher
temperatures (Eq. 3.12) [71].
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Polyferrocenylphenylphosphines 3.29, analogous to those previously synthesized
by polycondensation routes (Section 3.2.2), have also been prepared by thermal
ROP of phosphorus-bridged [1]ferrocenophanes 3.28 (Eq. 3.13) [72]. The solubility
of the materials was observed to increase when the cyclopentadienyl rings were
substituted with n-butyl or trimethylsilyl groups. Sulfurization was carried out in
order to facilitate their characterization by GPC, as the polyferrocenylphosphine
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precursors 3.29 were found to adsorb to the porous material (styragel) generally
used in GPC columns. Polymers with trimethylsilyl substituents on the cyclopen-
tadienyl rings, however, could be analyzed by GPC without the need for sulfuriza-
tion. A comparison between unsulfurized (3.29, R'=SiMe;, R=Ph) and sulfurized
(3.30, R'=SiMe;, R=Ph) polymer samples from the same batch revealed that
these materials possessed essentially the same molecular weight, which indicated
that chain cleavage does not occur during the sulfurization step.

S
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R'= H, n-Bu, SiMe;

Thermal ROP of highly strained sulfur-bridged [1]ferrocenophanes (3.31), which
possess tilt angles between the planes of the Cp rings of ca. 31°, has been shown
to yield the polyferrocenylsulfides (3.32) [73]. The unsubstituted polymer 3.32
(R=H) is insoluble in organic solvents, but random methylation of the Cp rings af-
fords soluble materials 3.32 (R=Me) [73]. First row element bridged [1]boraferro-
cenophanes (3.33) have also been reported. These highly strained species possess
very large tilt angles (ca. 32°) and undergo ROP to give polyferrocenylboranes
(3.34) [74]. The synthesis of [1]stannaferrocenophanes with bulky substituents at
tin, followed by thermal ROP at 150°C, has led to high molecular weight polyferro-
cenylstannanes 3.35 (M,,>10°, PDI ~ 1.5), a new class of bimetallic polymers [75].
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Strained [2Jmetallocenophanes can also function as ROP precursors. For example,
hydrocarbon-bridged [2]ferrocenophanes 3.36 (M=Fe, E;=E,=CH,) were found to
undergo ROP at 300°C, providing access to polyferrocenylethylenes 3.37 (M =Fe,
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E;=E,=CH,) (Eq. 3.14) [76]. The ferrocenylethylene polymers 3.37 were found to be
insoluble when R=H, but were readily soluble when R=Me. In the latter case, a bi-
modal molecular weight distribution was detected, with both an oligomeric fraction
(M,,=4800) and a high molecular weight fraction (My=9.6x10% being present.
Analogous strained monomers that contain ruthenium instead of iron, [2]ruthe-
nocenophanes 3.36 (M=Ru, E;=E,=CH),), possess ring-tilt angles of ca. 30°, signif-
icantly larger than that present in the [2]ferrocenophanes 3.36 (M=Fe,
E;=E,=CMe,) (23°). Not surprisingly, the Ru monomers have been found to under-
go ROP at lower temperatures (220°C) to yield polyruthenocenylethylenes 3.37
(M=Ru, E;=E;=CH,, R=H or Me) [77]. The thermal ROP of [2]ferrocenophanes
with C-P and C-S bridges has also been reported, but analogous monomers with
C-Si bridges are resistant to thermal ROP due to insufficient ring strain [78].
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The use of thermal ROP also allows access to a range of random copolymers. For
example, polyferrocenylsilane-r-polysilane materials (3.38) (Eq. 3.15) have been pre-
pared by the thermal ring-opening copolymerization of silicon-bridged [1]ferroce-
nophanes with cyclic tetrasilanes [79]. These copolymers are particularly interesting
since they contain ferrocene moieties linked by o-delocalized oligosilane segments.
It is noteworthy that these photosensitive materials are inaccessible by thermal ROP
of ferrocenophanes with oligosilane bridges due to insufficient ring strain [64].
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Thermal copolymerization of different [1]ferrocenophanes has also been reported
to give polyferrocenylsilane random copolymers [80]. In addition, random copolymers
3.39 derived from [1]ferrocenophanes and silicon-bridged bis(benzene)chromium
complexes have been synthesized (Eq. 3.16) [81].
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333
Living Anionic ROP of Strained Metallocenophanes

¢

Anionic ROP reactions of metallocenophanes were first reported in 1994 [82]. Sili-
con-bridged [1]ferrocenophanes 3.21 (R=R'=Me) were shown to undergo polymer-
ization in the presence of an anionic initiator such as lithioferrocene or n-Buli
[82]. When extremely pure monomer and solvents were used, the living anionic
ROP of 3.21 (R=R'=Me) could be achieved [82, 83]. The reaction involves the for-
mation of an anionic polymer 3.40, the living end of which can be subsequently
terminated with various capping agents to afford polyferrocenylsilanes 3.41
(Scheme 3.2). Since the initiation process is rapid and no chain transfer or uncon-
trolled termination occurs, polyferrocenylsilanes with very narrow polydispersities
(PDI<1.10) are accessible. The molecular weights of the resulting polymers (M,
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Scheme 3.2

87



83 | 3 Main-Chain Polymetallocenes with Short Spacer Groups

100000

80000
60000
Mn

40000

20000

o] 50 100 150 200 250 300
Ratio of Monomer : Initiator

Fig. 3.5 Plot of M,, vs. monomer:initiator ratio for the living anionic
ROP of silicon-bridged [1]ferrocenophane 3.21 (R=R'=Me) with n-BulLi
as initiator and H,O as terminator. (Reproduced from [83])

up to ca. 120,000) depend on the monomer-to-initiator ratio, as this governs the
number of chain propagating sites (Fig. 3.5) [82, 83]. The living anionic ROP pro-
cess appears to be very general for silicon-bridged [1]ferrocenophanes and has
been extended to a range of different monomers [84].

Although early attempts to induce the anionic ROP of phosphorus-bridged
[1)ferrocenophanes only generated a mixture of oligomers [44], living anionic ROP
has been achieved by the use of highly purified monomers [45]. Thus, polyferroce-
nylphosphines 3.11 with controlled molecular weights (up to M, ~ 36,000) and
narrow polydispersities (PDI=1.08-1.25) have been prepared using organolithium
initiators. It was reported in the early 1980s that high molecular weight polyferro-
cenylphosphines 3.11 were generated under certain conditions in a polycondensa-
tion reaction of dilithioferrocene - TMEDA with PhPCI, [44]. The results from
studies of the anionic ROP of phosphorus-bridged [1]ferrocenophanes suggest,
however, that the high polymers 3.11 generated in these cases were almost cer-
tainly formed via a chain-growth route, namely the anionic ROP of a [1]ferroce-
nophane generated in situ under the reaction conditions (Eq. 3.17) [45, 85]. It is
plausible that similar anionic ROP reactions occur, at least to some extent, in the
condensation routes to polyferrocenylsilanes described in patents in the 1960s
[45, 85, 86].

= PhPCl, ,@ 3 &y &7

Fe -TMEDA ——— < Fe Py

QL}——L' THF s/ P THF . (3.17)

3.11

TMEDA = Me;NCH,CH,NMe,
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Highly purified monomer and solvents are necessary for living anionic ROP
since the concentration of highly reactive propagation sites is extremely low. How-
ever, living polymerizations are exceptionally useful as they allow the preparation
of well-defined homopolymers with controlled molecular weights and narrow mo-
lecular weight distributions (PDI<1.2). Even more significantly, they allow the
synthesis of block copolymers by, for example, the addition of another monomer
to the living anionic polyferrocene chain ends. The use of this technique to pre-
pare polyferrocene block copolymers, and the properties of these materials, are
discussed in Section 3.3.8.

334
Transition Metal-Catalyzed ROP of Strained Metallocenophanes

A very convenient, transition metal-catalyzed ROP route to polymetallocenes from
strained metallocenophanes was reported in 1995 [87, 88]. Various Rh', Pd", Pd°,
Pt", and Pt° complexes were found to catalyze the ROP of [1]silaferrocenophanes
3.21 in solution at room temperature to yield high molecular weight polyferroce-
nylsilanes 3.22 (M, ~ 10°) (Eq. 3.18). A major advantage of these transition metal-
catalyzed processes is that, in contrast to anionic polymerization, ambient tem-
perature polymerization can be achieved without the need for extremely pure
monomers and solvents. Copolymerization of silicon-bridged [1]ferrocenophanes
with other monomers is also possible. For example, transition metal-catalyzed
ROP of silicon- and germanium-bridged [1]ferrocenophanes afforded random co-
polymers with both silicon and germanium atoms in the main chain [88, 89],
whereas reactions of silicon-bridged [1]ferrocenophanes with cyclocarbosilanes
yielded polyferrocenylsilane-r-polycarbosilane random copolymers [90]. The use of
the mild, transition metal-catalyzed ROP route is especially advantageous in the
case of [1]ferrocenophanes with halogen substituents at the bridging silicon. Un-
like the alkyl- or aryl-substituted [1]ferrocenophanes, which typically undergo ther-
mal ROP at 120-150°C, the halogen-substituted analogues thermally polymerize
at a much higher temperature (>250°C). However, in the presence of a transition
metal catalyst, these monomers also undergo facile ROP at room temperature to
give the corresponding polymers in high yields [91].
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Studies have shown that unsymmetrical [1]ferrocenophanes, in which only one
of the cyclopentadienyl rings is methyl-substituted, yield regioregular polyferroce-
nylsilanes upon transition metal-catalyzed ROP, whereas thermal ROP of the
same monomers yields regioirregular materials [69, 90].
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In the absence of additives, transition metal-catalyzed ROP of silicon-bridged
[1)ferrocenophanes yields high molecular weight materials with no appreciable con-
trol of molecular weight. However, the addition of hydrosilanes such as Et;SiH per-
mits molecular weight control, and the polymers thus obtained (3.42) have been
shown to possess an M, value of ca. 10°~10* with polydispersities typically in the
range 1.3-1.6 (Fig. 3.6) [90]. Characterization of the low molecular weight polymers
by NMR and IR spectroscopies confirmed the nature of the end groups. Similarly,
the use of poly(methylhydrosiloxane) as the source of Si-H bonds yields novel graft
copolymers 3.43 [90]. This methodology can also be extended to the preparation of
star and block structures, including water-soluble materials [90, 92, 93].
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Research has also focused on understanding the mechanism of the transition
metal-catalyzed ROP reactions of [1]ferrocenophanes. A logical first step in the po-
lymerization is insertion of the transition metal into the strained Cp-carbon-bridg-
ing element bond in the ferrocenophane. Polymers 3.42 formed in the presence
of hydrosilanes are believed to result from competitive oxidative-addition between
the Si-H bond of the hydrosilane and the strained Cp-Si bond of the ferroceno-
phane at the catalytic center, followed by reductive elimination. Detailed work has
indicated that colloidal metal is the likely catalyst in the ROP reactions [94].
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Fig. 3.6 Plot of molecular weight vs. the ratio of monomer: Et;SiH for the
Pt-catalyzed ROP of silicon-bridged [1]ferrocenophane 3.21 (R=R'=Me) in
the presence of Et;SiH. (Reproduced from [90])
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Metal-catalyzed ROP has also been reported for a [2]ferrocenophane with a Ge-
Ge bridge, whereas the analogous species with an Si-Si bridge resists polymeriza-
tion [95]. The presence of weak Cp—Ge bonds may be important in the successful
ROP observed in the former case.

335
Other ROP Methods for Strained Metallocenophanes

Cationic ROP has been demonstrated for highly reactive [1]stannaferrocenophanes
[96] and [2]ferrocenophanes with a C-S bridge [78]. [1]Stannaferrocenophanes
have also been shown to undergo ROP in the presence of nucleophiles such as
pyridine at room temperature [96]. Photochemically-induced ROP of phosphorus-
bridged [1]ferrocenophane 3.28 (R=Ph, R'=H) (see p. 85) has also been reported
and, after subsequent sulfurization of the resulting polyferrocenylphosphine 3.29,
poly(ferrocenylphenylphosphinesulfide) 3.30 with M,=1.9x10°> and PDI=1.72
was isolated [97]. In addition, this reaction has been reported to occur when tran-
sition metal fragments are coordinated to the bridging phosphorus atom. For the
tungsten species 3.44 (ML,=W(CO)s, R=Ph), polymer 3.45 (ML,=W/(CO)s,
R=Ph) with M,=1.8x10* and a PDI=1.67 was isolated; for the manganese spe-
cies 3.44 (ML,=Mn(CO),Cp, R=Ph), polymer 3.45 (ML,=Mn(CO),Cp, R=Ph) was
obtained with M,=1.1x10* and PDI=2.0 (Eq.3.19). Silicon-bridged [1]ferroce-
nophanes have been reported to undergo ®°Co y-ray-induced ROP in the solid
state, and this allows access to stereoregular polyferrocenylsilanes [98].
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3.3.6
Properties of Polyferrocenylsilanes

ROP methods have allowed access to a wide variety of high molecular weight
polyferrocenes, of which the polyferrocenylsilanes are the prototypical example.
Studies of the latter materials have provided an excellent opportunity for the sys-
tematic and detailed examination of a class of main-chain metal-containing macro-
molecules; representative examples are included in Table 3.1. This section surveys
some of the properties of these interesting polymers.

91
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Table 3.1 Thermal transition and GPC molecular weight data for selected polyferrocenylsilanes
3.22 [66, 68, 117]

R R T, (Tn) (°C)° M, PDI
H H 16 (165) o o
Me Me 33 (122-145) 3.4x10° 15
Et Et 22 (108) 4.8x10° 1.5
n-Pr n-Pr 24 (98) 8.5x10* 2.7
n-Bu n-Bu 3 (116,129) 3.4x10° 2.6
n-Pen n-Pen -11 (80-105) 3.0x10° 1.6
n-Hex n-Hex -26 7.6x10* 1.6
Me H 9 (87,102) 4.2x10° 2.0
Me Et 15 3.0x10* 1.3
Me CH,CH,CF, 59 8.1x10° 3.3
Me CH=CH, 28 7.7x10* 2.1
Me n-CygHs; 1 (16) 5.6x10° 2.5
Me Ph 90 1.5x10° 2.0
Me Fcd 99 7.1x10* 2.3
Me 5-norbornyl 81 1.1x10° 1.5
OMe OMe 19 (80-103) 1.5%10° 2.0
OFt OFt 0 3.8x10° 2.1
OCH,CF; OCH,CF; 16 2.2x10° 1.2
OBu OBu —43 3.9%10° 2.1
OHex OHex -51 0.9%10° 2.6
O(CH,)1;CH; O(CH,)1;CH; (-30) 1.9%10° 2.5
O(CH,)1,CH; O(CHy)1,CH; (32) 2.3x10° 21
OCg¢Hs OCg¢Hs 54 2.3%x10° 2.0
OC¢H,-p-'Bu OC¢H,-p-'Bu 89 1.9%10° 1.9
OCgH4-p-Ph OC¢H,-p-Ph 97 5.4x10* 2.0
Me? Me? 93 2.8x10° 15
Me?® Me?® 116 2.3x10° 1.4

a Obtained from analysis of polymer solutions in THF using polystyrene standards.
b DSC data collected at a heating rate of 10°C/min.

¢ PDI=M,/M,.

d Fe= (3-CsH.)Fe(y-CsH).

e Insoluble polymer.

f One Me group on each Cp ligand.

g One CsMe, ligand and one CsH, ligand.

3.3.6.1 Polyferrocenylsilanes in Solution

The vast majority of polyferrocenylsilanes are soluble in common organic solvents
and GPC has proven useful in the determination of the molecular weights and mo-
lecular weight distributions of these metal-containing polymers. However, the deter-
mination of absolute values of M,, by static light-scattering methods has shown that
the use of GPC with polystyrene calibration standards significantly underestimates
the molecular weights of these materials. For example, detailed solution studies have
been performed on a series of well-defined poly(ferrocenyldimethylsilane)s 3.22
(R=R'=Me) with PDIs <1.2 that spans a molecular weight range of 10,000
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100,000 g mol™ [99]. Using a gel-permeation chromatograph equipped with refrac-
tive index, viscometry, and light-scattering detectors, it was shown that, in THF,
poly(ferrocenyldimethylsilane) possesses a more compact random-coil conforma-
tion than polystyrene of the same molecular weight in the same solvent. This ex-
plains the 30% underestimation of the true molecular weight of polyferrocenylsi-
lanes by conventional GPC methods using polystyrene standards, as the latter tech-
nique separates molecules on the basis of hydrodynamic size. Thus, Mark-Houwink
parameters were also established for PFS 3.22 (R=R'=Me) in THF at 23°C, and the
a value of 0.62 is typical for flexible chains in a fairly poor solvent. In contrast, the
value for polystyrene in THF is larger (0.72). In this study, a universal calibration
curve in THF was also established [99].

Solution characterization by NMR has proved to be an invaluable tool as these
polymers possess 'H, *C, and ?°Si NMR-active nuclei in the polymer backbone.
In several cases, high-resolution NMR has been used to investigate the tacticity of
polyferrocenylsilanes [91].

3.3.6.2 Polyferrocenylsilanes in the Solid State:
Thermal Transition Behavior, Morphology, and Conformational Properties

Glass transitions for poly(ferrocenylalkyl/arylsilanes) 3.22 determined by DSC cov-
er a wide range of temperatures (ca. —51 to 150°C) (Table 3.1). As expected, long
flexible substituents on silicon lead to the lowest T, values, whereas the replace-
ment of hydrogen on the Cp ligands by groups such as Me or SiMe; leads to a
very significant increase in T,. Symmetrically substituted polyferrocenylsilanes
3.22 (R=R) often show a propensity to crystallize, and several examples have
been studied in detail by a range of techniques including DSC, WAXS, atomic
force microscopy, and X-ray and electron diffraction analyses of fibers and films
[66]. As for other semicrystalline polymers, the morphology of many of these ma-
terials shows a dependence on thermal history. Their crystallinity has been ob-
served to increase over time, especially when samples are annealed above the T,.
On the other hand, polyferrocenylsilanes that are unsymmetrically substituted at
silicon are generally amorphous, presumably as a consequence of their atactic
stereostructure.

Polyferrocenylsilanes can be fabricated into films, shapes, and fibers using
conventional polymer processing techniques. The dimethyl derivative 3.22
(R=R’=Me), which has been studied in the most detail, is an amber, film-forming
thermoplastic (Fig. 3.7a) which shows a T, at 33°C and melt transitions (Tj,) in
the range 122-145°C. The multiple melt transitions arise from the presence of
crystallites of different size, which melt at slightly different temperatures [65,
100]. Poly(ferrocenyldimethylsilane) 3.22 (R=R'=Me) can be melt-processed above
150°C (Fig. 3.7b) and can be used to prepare crystalline, nanoscale fibers (diame-
ter 100 nm to 1 pm) by electrospinning. In this method, an electric potential is
used to produce an ejected jet from a solution of the polymer in THF, which sub-
sequently stretches, splays, and dries. The nanofibers of different thickness show
different colors due to interference effects similar to those seen in soap bubbles
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Fig. 3.7 Polyferrocenyldimethylsilane 3.22 (R=R'=Me) as (a) a solvent cast film,
and (b) melt-extruded shapes.

Fig. 3.8 View of the crystal-packing arrangement of pentamer molecules 3.46 parallel to the
[011] planes showing three pairs of molecules. The terminal ferrocenyl groups are twisted in
opposite directions perpendicular to the interior, trans-planar, zig-zag units. (Reproduced from
[102a])

[101]. As with the dimethyl material, other symmetrically substituted polyferroce-
nylsilanes 3.22 (R=R’) with short (C,-Cs) alkyl chains at silicon also crystallize,
and similar melting behavior is observed (Table 3.1) [66]. In contrast, the n-hexyl
analogue 3.22 (R=R’=n-hexyl) is an amber, amorphous gum with a T, of —26°C.
Apparently, regular packing of polyferrocenylsilane chains is no longer possible
once the length of the alkyl chains on silicon exceeds five carbon atoms.

R; ,R
N
I
Fe

n
3.22

The possible conformations of PFS chains in the solid state have attracted sig-
nificant interest from several research groups, and much work has also focused
on the prototypical material, poly(ferrocenyldimethylsilane) 3.22 (R=R’'=Me). One
contribution towards an understanding of the conformations adopted by
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poly(ferrocenyldimethylsilane) chains involved X-ray structural studies of well-de-
fined oligomers. In particular, a model pentamer 3.46 was successfully character-
ized by single-crystal X-ray diffraction [102]. The pentamer molecules possess a
trans-planar zig-zag conformation, in which the end ferrocenes are twisted out of
the plane (Fig. 3.8). Interestingly, the powder diffractogram of the pentamer is
similar to that of the analogous high polymer, with an intense diffraction peak at
d=6.37 A, and this suggests a similar structure in the crystalline domains in the
solid state of the latter. The planes giving rise to this peak in the pentamer, the
(011) planes, are shown in Fig. 3.8. Further important insight has been provided
by means of a molecular mechanics study of oligomeric models of polyferrocenyl-
silanes [103]. The calculations showed that the molecules are conformationally
flexible, and that in the lowest-energy conformations there is an electrostatic at-
traction between the positively charged iron atoms and the negatively charged Cp
ligands that are in close proximity. As expected, for the isolated molecules the con-
formations were found to be governed by intramolecular interactions, whereas in
the solid state intermolecular interactions were predicted to be more important.
Significantly, although it was concluded that a trans-planar structure analogous to
the central portion of the pentamer 3.46 is possible for the polyferrocenylsilanes
(Fig. 3.8), twisting of some of the ferrocene units out of the plane in a manner
similar to the end groups in the pentamer was also viewed as being favorable as a
result of inter-chain iron-Cp interactions.
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Detailed work on the morphology of polyferrocenylsilane 3.22 (R=R'=Me)
using X-ray diffraction techniques on films and fibers has revealed the coexistence
of a 3-D monoclinic crystalline polymer phase and a 2-D mesophase with hexago-
nal or tetragonal packing of the macromolecules [104]. It is suggested that the co-
existence of these phases is most likely a result of the close energies of the var-
ious conformations of the polymer backbone. The results for the 3-D monoclinic
phase also support earlier suggestions that the linear polymer chains possess a
trans-planar zig-zag conformation in the solid state, as found for the low molecu-
lar weight pentameric analogue 3.46 (see Fig. 3.8). Studies on electrospun nanofi-
bers (diameter 100-1000 nm) of 3.22 (R=R’=Me) using single-fiber electron-dif-
fraction techniques were also consistent with the assignment of a monoclinic unit
cell [101].

Alkoxy-substituted polyferrocenylsilanes (3.25) (see Eq. 3.11) are generally amor-
phous, and T, values as low as —-51°C have been detected when OR =n-hexyloxy.
Polyferrocenylsilanes symmetrically substituted with long alkoxy side chains (3.25,
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OR=n-octadecyloxy) have been found to crystallize and to form lamellar structures
with interdigitated side groups [68]. As noted above, polyferrocenylsilanes with un-
symmetrical substitution on the bridging silicon (3.22, R#R’) possess tacticity and
offer the possibility of forming stereoregular polymer structures. The materials
prepared by either thermal or transition metal-catalyzed ROP that have been studied
to date have, nevertheless, been atactic. Interestingly, however, ®°Co y-irradiation
of single crystals of the monomer 3.21 (R=Me, R'=Ph) yields a poly(ferrocenyl-
methylphenylsilane) 3.22 (R=Me, R'=Ph) which clearly exhibits appreciable stereo-
regularity by NMR and is probably syndiotactic [98].

Hydrosilylation reactions have been performed with polyferrocenylsilanes contain-
ing Si-H functionalities in order to attach mesogenic azobenzene groups. This has
allowed the preparation of calamitic thermotropic side-chain liquid-crystalline mate-
rials that display a nematic mesophase between ca. 53 and 250°C [105].

The T, values of polyferrocenylsilanes, which can be as low as ca. -50°C, are re-
markable for a polymer structure with a bulky unit such as ferrocene in the main
chain. Even when the influence of the side groups is small, the T, values are still
close to ambient temperature (e.g., for 3.22 (R=R'=H), T,=16°C). By contrast,
the T, of poly(vinylferrocene) is reported to be high (185 or 233°C; Chapter 2, Sec-
tion 2.2.1.1). The ability of the iron atom in each ferrocene unit to act as a freely
rotating “molecular ball-bearing” [106] probably plays a key role in generating the
observed conformational flexibility in polyferrocenylsilanes. This aspect has been
explored by means of variable-temperature solid-state “H NMR studies on PFSs
3.22, which were specifically deuterated either on the Cp rings or in the side
groups [107].

3.3.6.3 Electrochemistry, Metal-Metal Interactions, Charge-Transport,
and Magpnetic Properties of Oxidized Materials

A key characteristic of polyferrocenylsilanes is the presence of two reversible oxida-
tion waves due to Fe''/Fe' redox processes in the cyclic voltammograms of the
materials in moderately polar organic solvents, as illustrated for the case of PFS
3.22 (R=R'=Me) in Fig. 3.9 [61, 108, 109]. This is in contrast to the situation for
ferrocene and side-chain polymers such as polyvinylferrocene, for which a single
oxidation wave is detected (see Chapter 2, Fig. 2.1, Section 2.2.1.1). The proposed
explanation for polyferrocenylsilanes invokes initial oxidation at alternating iron
sites as a consequence of significant interactions between the iron atoms. Thus,
as one iron center is oxidized at potential Ej/,(1), the neighboring sites become
more difficult to oxidize and therefore do so at a higher potential E;/5(2). As a
consequence, two oxidation waves with a redox coupling AE;;=E;;5(2) — Ei2(1)
result. This process is depicted in Scheme 3.3.

Detailed electrochemical studies on model oligoferrocenylsilanes that possess
two to nine ferrocene units fully support this explanation [102]. The peak separa-
tions for the different polymers, which provide a useful estimate of the degree of
interaction between the metal centers, are generally in the range AE;,;=0.20-
0.25V in CH,Cl, with [BuyN][PF¢] as supporting electrolyte, with some depen-
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Fig. 3.9 Cyclic voltammogram of polyfer-
rocenyldimethylsilane 3.22 (R=R'=Me)

(0.1 M [BuyN][PFe] in CH,Cly) at scan rates
of 500 and 1000 mV s™', showing two re-
versible oxidation waves separated by a re-
dox coupling AE, of ca. 0.24 V.
(Reproduced from [108])
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dence on the substituents present at silicon. This corresponds to a comproportio-
nation constant K. of ca. 10%, which is consistent with class II mixed-valence be-
havior. Class I materials have K.=0 and show no signs of electron transfer,
whereas class III materials generally have K.>10> and the valence electrons are
completely delocalized. Oxidation of oligo- and polyferrocenylsilanes yields mixed-
valence materials, which display an intervalence electron-transfer band of signifi-
cant intensity at ca. 1300 nm due to hopping of electrons (or more correctly
holes) between the Fe'' and Fe'" centers [102]. The valence electrons in these ma-
terials are localized on the Mossbauer timescale (ca. 107 s), and hence the Méss-
bauer spectra show resolved Fe'' and Fe'" sites. These results are also consistent
with class II behavior [110, 111].

The nature of the interaction between the iron centers in polyferrocenylsilanes
is an important question which has sparked significant attention. It does not ap-
pear to be simply an electrostatic or coulombic effect whereby a positive charge
on one iron center influences the ease of electron removal from another in close
proximity. Indeed, studies of linear and cyclic oligomers (and the corresponding
high polymers, see Section 3.3.7) show that there is a strong dependence of AE; ),
on the nature of the bridging elements as well as the distance between the iron
sites [75]. Although, in principle, d-n-o conjugation through the Fe—Cp-Si orbitals
is possible, the degree of ground-state electron delocalization of this type in poly-
ferrocenylsilanes appears to be rather low. Thus, in contrast to n-conjugated poly-
mers such as polyacetylenes and o-conjugated polymers such as polysilanes and
polystannanes, which show a decrease in band gap with increased chain length as
the HOMO-LUMO transition moves to lower energy, an analogous effect for poly-
ferrocenylsilanes has not been detected by UV/vis spectroscopy [65]. Thus, the
Amax and extinction coefficient for the linear dimer FcSiMe,Fc, the cyclic dimer
[fcSiMe,],, and the high polymer 3.22 (R=R’'=Me) are very similar. As an explana-
tion, it has been advocated that the variation of the metal-metal interactions de-
pends on the nature of the bridging group, which influences the “molecular-scale
dielectric constant” of the medium between the iron centers [112]. As the dielec-
tric constant of the medium determines the interactions detected, more polariz-
able atoms would be expected to lead to increased redox coupling, which has in
fact been observed in practice.

When polyferrocenylsilanes are oxidized, they undergo a color change from am-
ber to blue. This interesting, reversible, electrochromic behavior has been studied
in some detail for several polymers [110, 113]. Pristine high molecular weight
polyferrocenylsilanes are insulating (6=10""* S cm™); when partially oxidized or
“p-doped” by I,, the amorphous samples exhibit conductivities in the weak semi-
conductor range (6=10%-107 S cm™), whereas for the oriented crystalline sam-
ples (3.22, R=R’=n-Bu) the conductivities are in the semiconductor range (up to
ca. 2x107* S cm™) [79]. Detailed studies have indicated that iodine-doping is par-
tially reversible and, at high I, concentration, an [Is]” species forms, which may
play a role in mediating metal-metal interactions and charge transport [111, 114].

The semiconductive nature of polyferrocenylsilanes makes them excellent candi-
dates for applications where some conductivity is needed but high values are not
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Fig. 3.10 (a) Schematic representation of a split specimen device used in char-
ging experiments with PFS films. The Mylar surface coated with the polymer
film was cut in half and, with one half inverted, was placed in the device.

(b) Arc discharge tracks for the 50 pm thick Mylar sample, half of which (left)
has been coated with a 15 um thick layer of 3.22 (R=Me, R'=Ph). The circular
aperture is 4.5 cm in diameter. (Reproduced from [115])

desirable due to the associated effects of magnetic fields. For example, amorphous
PFSs, such as 3.22 (R=Me, R'=Ph), possess appreciable hole mobilities (ca. 107
cm? V™' s7) [79] and appear promising as charge dissipation materials with po-
tential applications as protective coatings for dielectrics [115]. Thus, on exposure
to low-energy electrons (20 keV), an apparent combination of electron scattering
by the iron atoms and some degree of electron conductivity in the polymer film
prevents appreciable charge build-up. In contrast, for insulating organic polymers
such as Mylar, poly(ethylene terephthalate), an accumulation of the negative
charge in the material leads to arcing, which will inevitably result in material
breakdown. Fig. 3.10 illustrates the effect of coating a 50 pm thick Mylar layer
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with a 15 pm thick film of amorphous poly(ferrocenylmethylphenylsilane) in
charging experiments; here, arc-discharging was clearly evident on the exposed
Mylar surface, but not on the polyferrocene-coated surface.

The magnetic properties of TCNE-oxidized, low molecular weight polyferroce-
nylsilanes (My &~ 1500) have been investigated. These studies indicated the pres-
ence of electron delocalization and, in some cases, the presence of ferromagnetic
ordering at low temperature [116]. Attempts to reproduce this behavior with a vari-
ety of high molecular weight samples were reported to be unsuccessful [117].
Photooxidation of PFS in the presence of chloroform has also been demonstrated,
and the resultant oxidized materials were found to be photoconducting [118].

3.3.6.4 Redox-Active Polyferrocenylsilane Gels

The incorporation of transition metals into crosslinked polymer networks leads to
gels with interesting properties. Ultimately, such materials represent possibilities
for the formation of electrochemical actuators or switches. Controlled crosslinking
of polyferrocenylsilanes has been achieved to yield redox-active gels that swell in
solvents [119]. A crosslinked network 3.48 [(x+y):2=1:0.02-0.15] can be obtained,
and the degree of crosslinking can be controlled by using appropriate amounts of
the spirocyclic [1]ferrocenophane 3.47 in the thermal polymerization mixtures
(Eq. 3.20). From the measurement of the swelling response in various solvents,
the solubility parameter (6) for the linear poly(ferrocenyldimethylsilane) 3.22
(R=R’=Me) was estimated to be 18.7(7) MPa'/? [119].
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The metal-metal interactions in the polymer network were investigated by con-
trolled potential electrolysis with the aid of an optically transparent thin-layer elec-
trochemistry (OTTLE) cell. In the visible/near-IR spectrum of the fully reduced
deep-red/orange gel the lowest-energy visible band is assigned to a d—d transition.
Upon oxidation, two new absorption peaks emerge: one at 640 nm is due to a li-
gand-to-metal charge-transfer (LMCT) of the ferrocenium moiety, whereas the
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other peak, a broad absorption band centered at 1300 nm, is assigned to an inter-
valence electron-transfer (IVCT). The color of the gel was observed to darken to a
deep-blue with increasing oxidation. The reversibility of the process was demon-
strated by reversing the potential and allowing the gel to return to the fully re-
duced state, as indicated by its original deep-red/orange color and the disappear-
ance of the LMCT and IVCT bands of the oxidized polymer [119].

The swelling of the polyferrocenylsilane gel in an organic solvent depends on
the degree of oxidation of the iron sites. This has allowed the development of pla-
nar colloidal photonic crystal devices, in which silica microspheres are periodically
arrayed in a matrix of a cross-linked polyferrocenylsilane [120]. The optical Bragg
diffraction peak (stop-band) position, width, and intensity could then be tuned
over a broad wavelength range through reversible redox processes or by changing
the solvent as a result of an anisotropic expansion of the photonic lattice. The op-
tical response of the material was exceptionally fast, and it attained its fully swol-
len state from the dry shrunken state on a sub-second time scale.

By means of an alternative sol-gel hydrolytic approach, poly(ferrocenylalkoxy-
silane)s have also been incorporated into gels and oxide matrices. For example,
poly(ferrocenylalkoxysilane)s 3.25 (OR=OMe, O'Pr, or OCH,Ph) (see Eq. 3.11,
p- 84) were hydrolyzed in water using fluoride catalysts to afford orange, insoluble
solids, which retained the electrochemical properties of the ferrocene units [121].

3.3.6.5 Thermal Stability and Conversion to Nanostructured Magnetic Ceramics

The use of processable polymeric ceramic precursors is an attractive way of cir-
cumventing the difficulty inherent in the processing of ceramic materials into de-
sired shapes (see Chapter 1, Section 1.3.2). Ceramics obtained as films, coatings,
fibers, or bulk shapes are especially appealing for practical applications. Polymers
are of interest as precursors to ceramic monoliths, films, and fibers, provided that
the yield on pyrolysis is high. Polyferrocenylsilanes such as 3.22 (R=R'=Me) are
thermally stable up to 350-400°C. Above 500 °C, magnetic ceramic composites are
formed, which consist of iron particles in an essentially amorphous SiC/C matrix
[122]. However, the ceramic yields are low (only 35-40% at 1000°C). The insol-
uble, semicrystalline poly(ferrocenyldihydrosilane) 3.22 (R=R’'=H) and materials
with acetylenic side groups, e.g. 3.22 (R=Me, R'=C=CPh), give the highest
ceramic yields, with weight retentions of 63% and 81% at 1000°C and 900°C,
respectively [80, 123].

The use of highly crosslinked polyferrocenylsilane networks 3.48 (x=y=0) leads
to much improved ceramic yields (ca. 90%) and the pyrolytic formation of shaped,
magnetic ceramics is efficient. The crosslinked network can be formed by heating
the [1]silaferrocenophane, 3.47, in a mold (for 7 h at 150°C and then for 16 h at
180°C). The shape of the resulting crosslinked network 3.48 (x=y=0) resembles
the mold used, such as a pentagon (Fig. 3.11).

Pyrolysis of molded samples of 3.48 (x=y=0) above 500°C leads to ceramics
with a very small associated weight loss and contraction (<10%), which allows re-
tention of the overall shape (Fig. 3.11a) [124, 125]. Furthermore, at 600 °C, the for-
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Fig. 3.11 (a) Photograph of a bulk
organometallic polymer cast in a pen-
tagonal Teflon mold before (bottom)
and after (top) pyrolysis at 600°C.
The ceramic retains the shape of the
precursor polymer and shows only a
small contraction after pyrolysis (pyr-
olysis was not performed in a mold).
(b) SEM micrograph of a micron-
scale patterned polymer film made by
soft lithographic techniques. Micro-
molding of 3.47 within soft-lithogra-
phically patterned and anisotropically
etched channels housed inside sili-
con wafers enables the formation of
pre-determined designs of the cross-
linked polyferrocenylsilane network
3.48 (x=y=0) following thermal ROP.
(c) SEM micrograph of the resulting
patterned ceramic film following
pyrolysis at 600°C under nitrogen.
(Reproduced from [125])

mation of small iron clusters dispersed within an amorphous “carbosilane” matrix
is apparent. As the pyrolysis temperature is further raised to 1000°C, an increase
in iron particle size is detected by PXRD and TEM. Magnetization measurements
on ceramics formed at 650°C and 850°C show evidence for smaller, superpara-
magnetic Fe, clusters, while for those formed at higher temperatures (1000 °C)
the size of the Fe, clusters is large enough for ferromagnetic behavior to be dis-
played. Flexible films could also be formed from 3.48 (x=y=0), and subsequent
pyrolysis at 600°C provides a route to rigid, superparamagnetic ceramic films.
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The polymer precursor approach can also be used in conjunction with soft-
lithography techniques to permit the formation of micron-scale magnetic patterns
[125]. For example, micromolding of monomer 3.47 within anisotropically etched
channels in a silicon wafer followed by thermal ROP yielded patterned polyferro-
cenylsilane films, and subsequent pyrolysis yielded a patterned magnetic ceramic
film with 10% feature size contraction (see Fig.3.11b and c). Honeycomb-like
cross-linked polyferrocenylsilane inverse opal structures have been prepared by
the thermal ROP of spirocyclic [1]silaferrocenophanes such as 3.47 confined with-
in the interstitial void spaces of sacrificial colloidal crystal silica templates. These
organometallic polymer inverse opals were converted in high yield to honeycomb-
like magnetic ceramic replicas through pyrolysis at 900°C [126]. Such approaches
may allow the formation of shaped ceramic structures of interest for photonics ap-
plications, catalysis, nanofiltration, or as magnetically actuated components of mi-
croelectromechanical systems (MEMS).

The pyrolysis of polyferrocenylsilanes within the channels of the mesoporous si-
lica MCM-41 and the creation of nanostructured magnetic ceramic nanocomposite
materials has also been achieved [127]. In addition, the use of sacrificial porous
alumina templates yields organometallic and magnetic ceramic nanofibers [128].
Hyperbranched polyferrocenylsilanes have also been synthesized, and pyrolysis of
these interesting materials has been found to lead to superparamagnetic ceramics
[129]. Furthermore, pyrolysis of polyferrocenylsilanes with pendant Co clusters
yields ceramics containing hybrid Fe/Co alloy nanoparticles [130].

3.3.6.6 Charge-Tunable and Preceramic Microspheres

Microspheres based on metal-containing polymers should exhibit interesting re-
dox, semiconductive, and photonic properties intrinsic to the polymeric materials,
and may prove useful for a variety of applications. The most common methods
for microsphere preparation involve the use of steric stabilizers, which may ad-
versely affect the properties of the resultant materials. This problem can be
avoided by the use of a precipitation polymerization methodology, which allows
the autostabilization of the polymer microspheres without addition of stabilizers.
This approach, which has been used for the formation of crosslinked polystyrene
microspheres, has been adapted to allow the preparation of microspheres com-
prised of polyferrocenylsilane [131].

PFS microspheres comprising 3.48 (x+y=1, z=1) can be formed by the reaction
of monomers 3.21 (R=R'=Me) and 3.47 in a 1:1 ratio in a mixture of xylenes
and decane containing a Pt(0) catalyst at 60°C. Under gentle agitation, over a peri-
od of 18 h polymer microspheres with diameters of ca. 2 um are formed with a
reasonably narrow size dispersity (Fig. 3.12a). Chemical oxidation of the resulting
microspheres with iodine leads to positively charged particles, which electrostati-
cally self-assemble with negatively charged silica nanospheres (diameter ca. 0.4
pm). SEM revealed the formation of composite superstructures in which the larg-
er polyferrocenylsilane core was surrounded by the smaller, negatively charged si-
lica particles (Fig. 3.12D).
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Fig. 3.12 SEM micrographs of: (a) Polyferrocenylsilane microspheres formed by precipitation
polymerization methods with average particle diameters of 2.1 um; (b) oxidized polyferrocenylsi-
lane microspheres self-assembled with negatively charged silica particles. The silica particles
become electrostatically bound to the surface of the oxidized, organometallic microspheres,
which are circumscribed by regions of silica particles when deposited on the surface of a silicon
wafer; (c) ceramic particles obtained by pyrolysis of the polyferrocenylsilane microspheres at
900°C that display ordering in an external magnetic field. Long strands of magnetic ceramic
microspheres are formed, which align parallel to the applied magnetic field lines. (Reproduced
from [131])
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The development of magnetic particles is of intense interest for theoretical stud-
ies, as well as for potential applications in recording media and imaging. The
crosslinked PFS microspheres can be used as precursors to spherical magnetic
ceramic particles. Upon pyrolysis at either 600°C or 900°C, there is a contraction
of the microspheres from 2 pm to 1.7 pm in diameter (Fig. 3.12¢). Furthermore,
the magnetic properties of the microspheres were found to be dependent on the
pyrolysis conditions. As with the bulk crosslinked material 3.48 (x=y=0), at lower
temperatures (600 °C) smaller, superparamagnetic Fe clusters are formed, while at
higher temperatures (900°C) the resulting clusters are larger and display room
temperature ferromagnetic behavior. As a result of the magnetic properties asso-
ciated with the particles, their assembly into well-ordered arrays by interaction
with an applied magnetic field becomes feasible [131].

3.3.6.7 Water-Soluble Polyferrocenylsilanes: Layer-by-Layer Assembly Applications
Water-soluble organic polymers are of considerable commercial importance,
whereas few examples of water-soluble metal-containing polymers have been re-
ported. Both cationic and anionic water-soluble polyferrocenylsilanes have been pre-
pared by a variety of different synthetic methodologies [132-138]. These materials
are of potential interest as electrode materials and as redox-active polymeric electro-
lytes, the ionic conductivity of which might be tuned by oxidation of the iron centers.
Based on the potential formation of micellar aggregates, these materials may also
prove useful as redox-active encapsulation agents [139]. Furthermore, various
water-soluble ferrocenium salts have been shown to display anti-cancer activity [140].

A typical water-soluble PFS polyelectrolyte, the cationic polyferrocenylsilane
3.50, can be prepared by thermal ROP of monomer 3.49 followed by quaterniza-
tion of the resulting polymer with Me,SO, (Eq. 3.21) [133].

MeSO;
@
Me’—. NMej
N
od e . ROP | (3.21)
ép Fe
N
2. Me,SO,
Me \Me 2504 R
3.49 3.50

A key application for these materials involves the creation of electrostatic superlat-
tices by layer-by-layer assembly [135-138]. The technique involves the sequential ad-
sorption of polycationic and polyanionic monolayers from aqueous solutions to form
nanoscale multilayer polymer films of controlled thickness. Such film architectures
can be manipulated to achieve unique physical properties, and orchestrated for the
construction of a range of devices. For example, well-characterized organic/organo-
metallic polymer electrostatic superlattices have been prepared by alternate adsorp-
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Fig. 3.13 (a) 30 Bilayer film of an all-organometallic superlattice imaged by TEM; (b) SEM im-
age of hollow PFS microspheres. (Reproduced from [137])

tion of anionic poly(styrenesulfonate) (PSS) and cationic PFS 3.50 on Si and Au sub-
strates [135]. The wettability of the film surface is dependent on the outermost layer
of the multilayer assembly, as shown by the advancing contact angle measurements.
All-organometallic superlattices constructed from cationic and anionic polyferroce-
nylsilane polyelectrolytes have also been prepared [137, 138], and a cross-section
of such a film on Au can be visualized by TEM after the film surface is sputtered
with a layer of Au (Fig. 3.13a) [137]. In addition, superlattices can be prepared on
negatively charged silica microspheres. Subsequent selective etching of the silica
with HF yields hollow organometallic microspheres (Fig. 3.13b) [137].

3.3.6.8 Applications as Variable Refractive Index Sensors
and as Nonlinear Optical Materials

Polyferrocenylsilanes are promising materials as coatings for optical-fiber gas sen-
sors [141]. These devices function on the principle that environmentally induced
changes in the refractive index of a thin (ca. 0.4 pm) PFS coating lead to changes
in the power transmitted through the optical fiber. An example of NH3-sensing by
a device that uses a polyferrocenylsilane coating (3.22, R=Me, R'=Ph, see Eq.
3.10) is shown in Fig. 3.14. The sensor also works well for CO,, but not for N,0.
In addition, Langmuir-Blodgett films of polyferrocenylsilanes have been studied
and are of potential interest as chemomechanical sensors, where changes in me-
chanical properties are induced by analytes [142]. Potential applications as second-
order NLO materials have also been investigated [143].

33.7
Properties of Other Ring-Opened Polymetallocenes and Related Materials

Similar ROP methods to those described for silicon-bridged [1]ferrocenophanes have
been successfully used for germanium-bridged [1]ferrocenophanes [89, 144]. The re-
sulting high molecular weight polyferrocenylgermanes 3.27 (see Eq. 3.12) are amber
materials that exhibit similar electrochemical and thermal transition behavior to
polyferrocenylsilanes but with slightly lower T, values [89, 144]. Polyferrocenylger-
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under vacuum, points 2 mark the introduction of NHs, and at points 3
reevacuation was initiated. (Reproduced from [141])

manes that are symmetrically substituted on germanium also tend to crystallize, as
in the case of polyferrocenylsilane analogues. Random copolymers of polyferrocenyl-
germanes and polyferrocenylsilanes have been prepared from mixtures of [1]germa-
and [1]silaferrocenophanes using either thermal or transition metal-catalyzed ROP
(88, 89].

Tin-bridged [1]ferrocenophanes have also been successfully prepared by the use
of sterically bulky substituents at the bridging element, and undergo ROP to yield
polyferrocenylstannanes 3.35 [75, 145]. Polyferrocenylphosphines 3.29 (see Eq.
3.13), polyferrocenylphosphinesulfides 3.30, and polyelectrolytes derived from the
ROP of phosphonium-bridged [1]ferrocenophanes have also been studied [45, 72,
146, 147]. The polyferrocenes with organophosphorus spacers appear to be amor-
phous, presumably due to their atactic nature. The redox properties of the polyfer-
rocenylphosphines seem, in some cases, to be more complex than those of the
corresponding polymers with Group 14 element spacers. This appears to be a con-
sequence of possible electron removal from the lone pair at phosphorus in addi-
tion to that from the ferrocene moieties [148]. Polyferrocenylphosphines with nar-
row polydispersities have been prepared by living anionic ROP of [1]phosphafer-
rocenophanes and have also been studied [146].

Polyferrocenylsulfides 3.32 have been prepared by the ROP of highly strained sul-
fur-bridged [1]ferrocenophanes and, based on electrochemical measurements, appear
to possess more substantial metal-metal interactions (redox coupling AE; ,>0.30 V)
than the analogous polyferrocenylsilanes [73]. Polyferrocenylboranes 3.34 are sensi-
tive to moisture, which has hindered detailed studies of their properties [74].

Disilane-bridged [2]ferrocenophanes are insufficiently strained to undergo ROP
[64]. However, random polymers 3.38 with ferrocenylsilane and oligosilane units
in the main chain have been prepared by the thermal copolymerization of silicon-
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bridged [1]ferrocenophanes and cyclic tetrasilanes (see Eq. 3.15). The resulting co-
polymers show interesting properties. For example, the Si-Si bonds in these mate-
rials can be photochemically cleaved by UV light, and the conjugation in the back-
bone only appears to involve the g-delocalized oligosilane segments. The random
copolymers also possess appreciable hole mobilities [79].

ROP of hydrocarbon-bridged [2]ferrocenophanes yields polyferrocenylethylenes
3.37 (M=Fe, E;=E,=CH,, R=H or Me) (see Eq. 3.14). Due to the more insulat-
ing hydrocarbon bridge in these materials, only slight communication between
the iron centers is observed by cyclic voltammetry (redox coupling of AE;,=
0.09 V). Nevertheless, cooperative magnetic behavior has been reported in TCNE-
oxidized materials at low temperature [149].

3.3.8
Polyferrocenylsilane Block Copolymers

3.3.8.1 Synthetic Scope

Living anionic ROP of strained silicon-bridged [1]ferrocenophanes (Section 3.3.3)
provides an excellent route to PFS block copolymers with controlled block lengths
and narrow polydispersities (PDI <1.1) [82-84]. Diblock, triblock, and more com-
plex architectures are now known for a wide variety of organic, inorganic, or even
other polyferrocene coblocks. The prototypical materials prepared in the mid-
1990s were the diblock copolymers polyferrocenylsilane-b-polydimethylsiloxane
(PES-b-PDMS) 3.52 and polystyrene-b-polyferrocenylsilane (PS-b-PFS) 3.54 [83].
As shown in Scheme 3.4, initial anionic polymerization of monomer 3.21
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(R=R’=Me) gives a living polyferrocenyllithium species 3.51, which can be subse-
quently used to initiate the ROP of a comonomer such as a cyclic siloxane to pre-
pare 3.52. The ROP of ferrocenophane 3.21 can also occur in the presence of the
living anions of a preformed block. For example, copolymer PS-b-PFS 3.54 can be
prepared by anionic polymerization of styrene followed by ROP of 3.21, initiated
by the lithiated polystyrene species 3.53 (Scheme 3.5).

PFS block copolymers can also be accessed by transition metal-catalyzed ROP of
silicon-bridged [1]ferrocenophanes (Section 3.3.4) in the presence of a polymer ter-
minated with a reactive Si-H bond [90]. This technique has been successfully used
for the synthesis of both diblock and triblock copolymers. For example, water-soluble
PES-b-PEO 3.55 (PEO =poly(ethylene oxide)) has been prepared from monomer 3.21
(R=R’=Me) and commercially available poly(ethylene glycol) modified at the end
group (Scheme 3.6) [92]. In such cases, the polydispersity of the PFS blocks is high-
er than that obtained from anionic ROP (typically PDI=1.4), and the polydispersity
of the coblock is determined by that of the original Si-H functionalized material.
Nevertheless, block copolymer syntheses that use the transition metal-catalyzed
approach are very convenient, as the stringent purification and experimental require-
ments for living anionic polymerizations are unnecessary.

3.3.8.2 Self-Assembly in Block-selective Solvents

Based on the studies of organic block copolymers (see Chapter 1, Section 1.2.5),
polyferrocenylsilane block copolymers can be expected to self-assemble in solvents
which are selective for one of the blocks. In the case of organic block copolymers,
most studies have led to the identification of spherical structures, where the less
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soluble block constitutes the core within a corona formed by the more soluble
block. Only since the mid-1990s have non-spherical structures become more com-
monly reported [150].

Initial studies on the solution micellization of PFS block copolymers involved in-
vestigations of the aggregation of PFS-b-PDMS block copolymers 3.52 in a selective
solvent for the PDMS block [151]. Interesting cylindrical micellar architectures can
be generated by simply dissolving the amber, tacky block copolymer in n-hexane at
room temperature (Fig. 3.15). Worm-like micelles were obtained in the case of a ma-
terial with a PFS:PDMS block ratio of 1:6. These structures maintain their integrity
after solvent evaporation, and the iron-rich cores can be readily visualized by trans-
mission electron microscopy (TEM) (Fig. 3.16a). When the micelles are prepared
above the T, of the poly(ferrocenyldimethylsilane) block (ca. 120-145 °C), spherical
aggregates are formed. Spherical structures are also generated when an amorphous
poly(ferrocenylmethylphenylsilane) or poly(ferrocenylmethylethylsilane) block is
used in the copolymer. These results suggest that the crystallization of the core poly-
mer is the driving force for the unexpected formation of worm-like micelles below
T [152]. In the case of even longer corona-forming PDMS blocks, cylindrical struc-
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Fig. 3.15 Schematic cross-sectional diagram of
PFS-b-PDMS (3.52) cylindrical micelles showing the
polyferrocenylsilane core and a poly(dimethylsiloxane)
corona.

o

300 mim

Fig. 3.16 (a) Transmission electron micrograph of cylindrical micelles of PFS-b-PDMS 3.52
(M,=35,100, PDI=1.1) aerosol-sprayed from n-hexane solution onto mica. The cylinders have an
average contour length of 440 nm and an average diameter of 20 nm. The micrograph shows a
region where the cylinders are starting to pack and form a two-dimensional film and regions
where there are isolated cylinders. No staining of the sample is necessary as the PFS cores are
readily observable due to high electron density contrast. (b) Scanning force micrograph after the
oriented deposition of PFS-b-PDMS diblock copolymer cylinders along pre-patterned grooves on
a resist film, lift-off with acetone, followed by hydrogen plasma treatment. This process leads to
aligned nanoscopic lines with a height of approximately 4 nm, composed of cylindrical clusters
of Fe, Si, O and C. (Reproduced from [151] and [157])

tures that possess an appreciably hollow cavity are formed (e.g. for a PFS:PDMS
ratio of 1:12) [153].

The lengths of the cylindrical structures can be increased to over 10 um by con-
trolling the preparation technique. The cylinders show considerable stability in so-
lution and are unchanged in size after heating to 80°C. However, ultrasonication
of samples of the cylindrical micelles leads to a shortening of their length, as indi-
cated by light-scattering and TEM studies.

Cylindrical and tape-like morphologies have been identified in the case of PI-b-
PFES (PI=polyisoprene) where the PFS block crystallizes [154]. Water-soluble poly-
ferrocenyldimethylsilane-b-poly(aminoalkylmethacrylate) copolymers of narrow
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polydispersity have also been prepared, and cylindrical micelles have been identi-
fied [155]. Block copolymers generated by transition metal-catalyzed ROP, such as
PFS-b-PDMS-b-PFS triblock materials, have been shown to self-assemble in hex-
anes to yield a variety of remarkable architectures that include flower-like assem-
blies in which the PFS block is semicrystalline [156]. In several systems, morphol-
ogies such as vesicles and compound micelles in addition to spheres and cylin-
ders have been identified.

The cylindrical micelles formed by PFS-b-PDMS consist of a wire-like core of
PFES surrounded by a sheath or corona of insulating poly(dimethylsiloxane) and
are of interest as semiconducting nanowires and as precursors to magnetic wire-
like ceramic structures. These structures are sufficiently stable to permit fabrica-
tion by spin- or dip-coating onto substrates. The cylindrical micelles have been po-
sitioned on the surface of a GaAs wafer by capillary forces along grooves that had
previously been formed by electron-beam etching of the surface [157]. After reac-
tive ion etching of the micelles with hydrogen plasma, connected ceramic lines of
reduced size, with potentially interesting conductive and magnetic properties,
were generated (Fig. 3.16D). In some cases, such a technique allows the formation
of lines that have widths of less than 10 nm and lengths greater than 500 nm
through this combined “top-down/bottom-up” approach [158]. It should be noted
that structures of such small dimensions are difficult to fabricate using other tech-
niques. Furthermore, these well-defined aggregates may be of use as etching re-
sists for semiconducting substrates such as GaAs or Si, and offer potential access
to magnetic or semiconducting nanoscopic patterns on various substrates. As the
accessibility of smaller and smaller width scales by conventional lithographic tech-
niques becomes limited, the use of such methods becomes attractive. For exam-
ple, the formation of micellar etching resists for use in the production of quan-
tum wires with large aspect ratios in semiconducting substrates may be possible.

3.3.8.3 Self-Assembly in the Solid State

Polyferrocenylsilane block copolymers in which the blocks are immiscible (which
is generally the case) would be expected to self-assemble to form phase-separated
organometallic domains in the solid state. Based on the classical behavior of or-
ganic block copolymers, thin films of polyferrocene diblock copolymers would be
expected to form domains such as spheres, cylinders, double diamonds (or gyro-
ids) (or their antistructures), or lamellae (Chapter 1, Section 1.2.5). The preferred
domain structure would be expected to be controlled by the ratio of the blocks,
their degree of immiscibility (as defined by the Flory-Huggins interaction parame-
ter x), and the overall molecular weight of the block copolymer [159].

The first studies of polyferrocenylsilane block copolymer films were reported in
1996 and utilized DSC and TEM to analyze the phase separation in the materials
[83]. In the case of PS-b-PFS (3.54) and PFS-b-PDMS (3.52), it was demonstrated
that the electron-rich Fe atoms of the polyferrocenylsilane block cause sufficient
electron scattering to provide contrast with the organic or inorganic coblocks, so
that selective staining of one of the blocks, which is generally required for all-or-
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Fig. 3.17 TEM image of films of PS-b-PFS !
(block ratio=ca. 1:1) after annealing at \
180°C showing lamellar ordering (domain \
spacing of 31 nm). The white regions are
PS domains while the darker regions are
PFS domains. (Reproduced from [160])

\ ’ 100 nm

-———

ganic materials, is unnecessary [83, 151]. Detailed systematic studies confirmed
that spherical, cylindrical, and lamellar domains are formed by using the expected
block ratio variations [160-163]. An example of the formation of a lamellar struc-
ture by a PS-b-PFS block copolymer is shown in Fig. 3.17. A detailed analysis of
the thermodynamic interactions in PS-b-PFS (3.54) using birefringence, SAXS,
and neutron-scattering techniques has also been performed [164]. The phase-sepa-
ration can be influenced by the crystallization of the polyferrocenyldimethylsilane
block, and analogous materials with amorphous PFS blocks that order more read-
ily without the need to anneal above the T, have therefore also been studied [84].

The difference in etch-resistance between the blocks in a copolymer can be
used to pattern surfaces on the nanometer scale through exposure of phase-sepa-
rated thin films to etching plasmas [165]. Such processes are particularly efficient
if one of the blocks contains inorganic elements [166]. Block-selective ablation of
thin films of phase-separated PFS block copolymers would therefore be expected
to be useful for the nanopatterning of surfaces [161]. An example that elegantly il-
lustrates this approach utilizes PS-b-PFS materials (3.54), which provide a spheri-
cal PFS morphology within a matrix of PS [167]. The high relative etching resis-
tance of the PFS block compared to the PS block has allowed the production of
lithographic templates from such films upon plasma treatment. Subsequent use
of the template in patterning substrates such as cobalt metal has generated arrays
of magnetic cobalt nanodots with potential applications in data storage (Fig. 3.18)
upon plasma treatment.

Pyrolysis of phase-separated PFS block copolymer films also allows the forma-
tion of metal-rich nanostructures. For example, pyrolysis of a thin film of PS-b-
PFS, with cylinders of the amorphous PFS block oriented perpendicular to the
substrate within a crosslinked PS matrix, at 600°C yields iron-containing dots of
size ca. 20 nm on a substrate (Fig. 3.19) [168].
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Fig. 3.18 (a) Single-domain cobalt
dot arrays with high magnetic particle
density, patterned over large areas
(e.g., 10 cm diameter wafers) using
self-assembled block copolymer litho-
graphy with PS-b-PFS 3.54 as a tem-
plate. A thin film consisting of
spheres of PFS in a matrix of PS is
cast on a multilayer of silica, tung-
sten, and cobalt. The exposed PS is
removed by O, reactive ion etching
(RIE), and then the silica is patterned
using a CHF3-RIE. The tungsten is
patterned using a CF,+ O, RIE, and
the silica and residual polymer are re-
moved by high-pressure CHF3-RIE in
an ashing step. The cobalt dots are
formed by ion-beam etching. (b) A
tilted SEM image of a typical array of
Co dots with tungsten caps obtained
by this procedure. (Reproduced from
[167] with permission. We thank Prof.
C.A. Ross and J.Y. Cheng (Dept. of
Materials Science and Engineering,
Massachusetts Institute of Technol-
ogy) for the figures.)
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Fig. 3.19 AFM images (2 umx2 pm) of (a) a thin film (200 nm) and (b) a
pyrolyzed (600°C, 2 h, N,) sample of a thin film (25 nm) of PS-b-PFS in which the
PS matrix had been crosslinked by UV radiation.
PFS=poly(ferrocenylmethylethylsilane). (Reproduced from [168])

3.3.9
Polyferrocenylphosphine Block Copolymers

It is also possible to form block copolymers by living anionic ROP of phosphorus-
bridged ferrocenophanes (Section 3.3.3) [45, 146]. Diblock copolymers such as PI-
b-PFP (3.57) (PFP=polyferrocenylphosphine) can be prepared by the sequential
anionic polymerization of isoprene and the ferrocenophane 3.56 (Scheme 3.7).
These materials yield spherical micelles in n-hexane with an amorphous PFP core
and a PI corona. The PI corona can be cross-linked by radical reactions to yield a
permanently crosslinked shell, which retains its integrity even in good solvents
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for both blocks [169]. With PFP block copolymers, the possibility of the coordina-
tion of various transition metal moieties to the phosphorus centers may prove
useful for catalysis and for materials science applications.

3.4
Transition Metal-Catalyzed Ring-Opening Metathesis Polymerization (ROMP)
of Metallocenophanes

The synthesis of poly(ferrocenylenevinylene) by ring-opening metathesis polymer-
ization (ROMP) of the vinylene-bridged [2]ferrocenophane (3.58) was reported in
1997 [170]. The monomer was obtained from the McMurry coupling of 1,1'-ferro-
cenedicarbaldehyde. In the presence of a molybdenum ROMP catalyst, 3.58 was
found to undergo polymerization (Scheme 3.8) to give an insoluble orange pow-
der 3.59, which exhibited a conductivity of 10 Scm™ after iodine-doping. Par-
tially soluble block copolymers 3.60 were also obtained from ferrocenophane 3.58
and norbornene via the ROMP route (Scheme 3.8). When a ratio of [Mo]-cata-
lyst:norbornene:3.58 =1:10:10 was used, the reaction gave a red gel and a solu-
ble fraction with an My, value of 1710, as determined by GPC analysis (vs. polysty-
rene standards) and a slightly higher M, of 3000 by end-group analysis. Similar
material generated from a reaction mixture with a catalyst:norbornene:3.58 ratio
of 1:50:10 showed a considerably higher M,, of 21,000 by GPC. The cyclic vol-
tammograms of 3.60 showed two reversible redox waves with a separation of 0.25
mV, which is similar to that of polyferrocenylsilanes 3.22 (AE;;;=0.20-0.25 V),
thus indicating a significant degree of interaction between the Fe centers [170].
Also of relevance at this juncture due to the analogous synthetic approach,
ROMP of [4]ferrocenophane 3.61 (R=H) with unsaturated -C=C-C=C- bridges
(Eq. 3.22) has been used to obtain related polyferrocenylenedivinylenes 3.62
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Scheme 3.8
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(R=H) with a n-conjugated structure [171]. These materials are rather insoluble,
but copolymerization with sec-butylcyclooctatetraene yields more soluble materials
with molecular weights up to M,,=24,400 (PDI=2.1). ROMP has also been used
to prepare soluble, high molecular weight materials 3.62 (R=¢-Bu) (M >300,000)
from substituted [4]ferrocenophane 3.61 bearing a solubilizing t-butyl group [172].

R R
I N [Mo or W) | N/
Fe gz
;>i . (3.22)
3.61 3.62
R=HortBu
3.5

Atom Abstraction-Induced Ring-Opening Polymerization
of Chalcogenido-Bridged Metallocenophanes

In early 1992, a novel atom-abstraction-induced ROP process was described [60].
Using this method, the synthesis of well-defined poly(ferrocenylene persulfide)s
(3.64) was achieved by desulfurization of [3]trithiaferrocenophane (3.63) with
PBus (Eq. 3.23). The resultant yellow materials proved to be soluble only when
the ferrocene unit was substituted with alkyl groups. The rate of the desulfuriza-
tion reaction and the nature of the resultant polymers have been reported to be
solvent-dependent [173-175]. The molecular weights have been determined to be
in the range M,=12,000-359,000 for 3.64 (R=n-Bu, R'=H) and 25,000 in
the case of a less soluble copolymer formed from monomers 3.63 with
(R=R'=H):(R="Bu, R'=H) in a ratio of 53:47 [173, 175]. Polymerization of
mono- and disubstituted t-Bu derivatives yielded highly soluble polymers 3.64
with M, values of up to 26,000 (R=t-Bu, R'=H) and high polydispersities
(PDI=1.9-7.9) [174]. These polymers have been fully characterized and exhibit
very interesting properties. The materials are air-stable in the solid state but are
photosensitive in solution. The persulfide bond can be reductively cleaved with
Li[BEt;H] and subsequently regenerated upon oxidation with I, [174]. Electroche-
mical studies of 3.64 (R=R’=t-Bu) showed two reversible oxidation waves, as ob-
served for polyferrocenylsilanes, that can be attributed to initial oxidation of alter-
nating iron sites along the polymer chain [174, 175]. A wave separation of AE; ;=
ca. 0.29 V (Fig. 3.20) suggests that the interaction between iron sites is slightly
greater than that observed in polyferrocenylsilanes (Fig. 3.9) [108].
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500 pA

Fig. 3.20 Cyclic voltammograms
of poly(ferrocenylene persulfide)s
3.64 (top: R=R’=t-Bu; bottom:
R=t-Bu, R'=H) showing two re-
versible oxidation waves sepa-
rated by a redox coupling AE; of
ca. 0.29 V for both polymers (in
L - . . . : — 0.1 M [BusNJ[PFg] in CH,Cl,).
+1.25 E (V) +0.475 (Reproduced from [174])

This atom-abstraction route has also been used for the preparation of polymeric
networks from alkylated [3,3']bis(trithia)ferrocenophanes [173]. A bimodal molecu-
lar weight distribution, with maxima at M, ~ 5000 and 5x10°, was obtained by
GPC for the material, from which a polymer fraction was isolated (M,=8.5x10°).
Low molecular weight poly(ferrocenylene perselenide)s have also been prepared
from the selenium analogue of 3.63. These materials also undergo photodegrada-
tion upon exposure to UV light in air [175].

3.6
Face-to-Face and Multidecker Polymetallocenes Obtained by Condensation Routes

Multidecker sandwich structures can be classified in the forms shown in
Fig. 3.21(a) and (b) and contrast with the linear polymer structures discussed so
far (Fig. 3.21¢).

Several attempts have been made to synthesize these types of polymeric struc-
tures, but in most cases dimeric complexes, or double- or triple-decker structures,
were produced. A synthesis of novel polymeric metallocenes (Fig. 3.21, type b)
held face-to-face by naphthalene or binaphthyl spacer groups has been developed.
The condensation route involved palladium-catalyzed cross-coupling of chlorozinc-
ferrocenes or ruthenocenes with 1,8-diiodonaphthalene [176, 177]. Since the ferro-
cene reagent is very reactive and cannot be prepared in pure form, it is difficult to
achieve the exact stoichiometry of reactants required for a high degree of polymer-
ization. Also, the rigidity of the polymer framework makes these materials rela-
tively insoluble and, consequently, only materials with M,, up to 4000 have been
prepared. Crystallographic studies on a trimetal oligomer, as a model for a seg-
ment of the polymer, showed a cisoid arrangement of the naphthalene rings. Ex-
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Fig. 3.21 Polymeric Multidecker Sandwich Complexes (a) and (b) and the Structure of Linear
Polymetallocenes (c) for comparison

trapolation would suggest a helical structure for the polymer [178]. An alternative,
more successful route, in which a ferrocene monomer (3.65) is polymerized by
treatment with sodium bis(trimethylsilyl)Jamide and FeCl, at room temperature
(Eq. 3.24), has been reported by the same group [179]. The introduction of long
hydrocarbon chains as substituents in the monomer unit clearly improves the sol-
ubility; thus, polymers 3.66 (M =Fe) with values of M,, up to 18,000 can be easily
prepared and, in some cases, components of higher molecular weight were also
detected.

CeHiz  CoHis CeHiz  CeHis
R ) THF, NaN(SiMes), >
C v Fe_ C MX,, 25 °C M_ el |
Q0 QO QL QO (.24
3.65 3.66

M=Fe,Co X=Cl
M=Ni, X=CH;C00
R =H, 2-octyl

This is a more general route to these materials and allows access to polynickelo-
cenes by the reaction of alkylated bis(cyclopentadienyl)naphthalene with a nickel
(IT) reagent. Mixed nickel-iron or cobalt-iron structures can also be prepared in a
similar fashion from 3.65 and the corresponding metal salts. However, to date,
only low molecular weight products (M,<4000 for nickelocene polymers and
<2000 for the heterometallic materials) have been described [180]. The electrical
and magnetic properties of these polymers have been investigated. When the
iron-based polymers were partially oxidized with I,, an increase in the electrical
conductivity from less than 107'* Scm™ to 6.7x107° Scm™ was detected, reflect-
ing semiconductor behavior. This value is almost two orders of magnitude lower
than that for the analogous crystalline poly(1,1'-ferrocenylene) (Section 3.2.1). The
electrochemistry of oligomers reflects some degree of electronic interaction and
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Higher oligomers 3.67

charge delocalization between the metal centers of the partially oxidized species
(AE;/,=0.10-0.20 V at 50 V s7"). The corresponding I,-doped polymers appear to
be weakly interacting mixed-valent systems by Mdssbauer spectroscopy. The bulk
magnetic susceptibility was determined for the paramagnetic nickelocene polymer
and heterometallic copolymers. For all of the polymers, the values were found to
be greater than those for the corresponding nickelocene or cobaltocene, which
was interpreted in terms of cooperative magnetic behavior [180].

The synthesis of multidecker structures (Fig. 3.21 (a)) with stacked architectures
has also been explored. Tetra-decker sandwich oligomeric materials 3.67 contain-
ing carborane C,B; rings have been synthesized by successive deprotonation of
the reactive C,B3 end groups followed by metathesis reactions with the appropri-
ate metal salts (Scheme 3.9) [181]. Oligomers having 5-17 metal atoms have been
synthesized via this route. Cyclic voltammetry studies of these compounds sug-



3.6 Face-to-Face Polymetallocenes Obtained by Condensation Routes

3.68

gested little inter-sandwich electronic communication, but gave good evidence for
electronic delocalization within the individual tetra-decker stacks [182].

Among recent attempts to obtain polymers of combined type a and c (Fig. 3.21), in
which the successive metal-ring bonding is laterally displaced, is the interesting syn-
thesis of materials of structure 3.68 [183]. The preparation of soluble helical cobalto-
cenium oligomers (3.68, up to six units) was achieved in high yield, following the
elaborate synthesis of [9]helicene hydrocarbon dianions, by treatment with
CoBr, - DME and anion metathesis. These are the first examples in which metallo-
cenes are joined by fused conjugated aromatic systems. Electrochemical studies on
their properties showed a weak interaction between the metals (AE;,=0.13 V), sim-
ilar to that in the face-to-face polymers described above.
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4
Main-Chain Metallopolymers Containing #-Coordinated Metals
and Long Spacer Groups

4.1
Introduction

Polymers with main-chain metal-containing units in close spatial proximity (i.e.,
when the spacer groups comprise three atoms or fewer), in which the metal
atoms can interact, are dominated by metallocene-based materials, and this area
was the focus of the previous chapter. Macromolecules in which longer spacer
groups are present between the metal centers have also been explored. The chem-
istry that has been successfully used to prepare metal-containing polymers with
long spacers is much more diverse, and a variety of m-hydrocarbon ligands other
than cyclopentadienyl groups have been productively utilized. Nevertheless, apart
from several impressive exceptions, the studies reported to date have been, in gen-
eral, less in-depth and relatively few properties and applications have been investi-
gated in detail. This chapter surveys work in this general area.

4.2
Polymetallocenes with Long Insulating Spacer Groups

4.2.1
Organic Spacers

The thermal stability and interesting physical properties of ferrocene provided the
initial motivation for the inclusion of ferrocene moieties into polymer chains [1-
3]. In the 1960s, numerous attempts to produce ferrocene-containing organic poly-
mers, which included polyketones, polyesters, polyamines, polyamides, polyure-
thanes, polyureas, and materials with heterocyclic groups, were reported [4]. The
synthetic methodologies that were used involved polycondensation methods at
high temperatures, and frequently involved side reactions that led to impure
materials or cross-linking. In general, the resulting polymers were very poorly
characterized and were of low molecular weight (M, <6000). Often, no analytical
data or structural characterization was provided. Room temperature interfacial
polycondensation methods were also investigated as a convenient alternative to
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Scheme 4.1

classical polycondensations. Such methods were first reported for the preparation
of polyamides and polyesters by the reaction of 1,1'-ferrocenyldicarbonyl chloride
with several diamines and diols [5]. The synthesis of polyurethanes using this
technique was also reported and involved the condensation of 1,1'-ferrocenedi-
methanol and 1,1"-bis(dihydroxyethyl)ferrocene with diisocyanates. Once again,
however, these polymers possessed low molecular weights [6]. The early research
in these areas has been summarized and critically reviewed [4] and will not be dis-
cussed further here.

In the 1980s, the successful synthesis of elastomeric polyamides (4.1) of high mo-
lecular weight (M, =10,000-18,000) was reported by the polycondensation of 1,1'-
bis(f-aminoethyl)ferrocene with diacid chlorides (Scheme 4.1) [7]. Also, polyureas
(4.2) were prepared from the same ferrocene monomer and diisocyanates, and poly-
esters and polyurethanes were prepared from 1,1'-bis(f-hydroxyethyl)ferrocene.
However, the latter materials had much lower molecular weights and were charac-
terized only by scanning electron microscopy, X-ray elemental analysis, and IR spec-
troscopy. The introduction of ferrocenes in which the functional groups are separated
from the cyclopentadienyl ring by at least two methylene units was crucial in order to
reduce steric effects and to avoid the instability found previously in polymers of a-
functionalized ferrocene due to the a-ferrocenyl carbonium ion stability [8].

The same type of methodology was also used to prepare ferrocene-containing
arylidene polyesters (4.3) in good yields from dicarboxyl ferrocenes and organic
diols. These materials were characterized by elemental analysis, IR spectroscopy,
viscometry, and WAXS [9]. The polymers were found to be semicrystalline, but
were soluble in polar organic solvents. Conductivity studies showed an n-type
semiconductor behavior (¢=3x107"" Scm™ at room temperature) that followed a
one-term Arrhenius-type equation with increasing conductivity over the range 25—
220°C.
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Ferrocene-containing polymers with long spacers have been prepared as new
nonlinear optical (NLO) materials for second harmonic generation (SHG) applica-
tions (e.g. frequency doubling) [10]. The use of ferrocene derivatives in this area
is attractive as a result of their demonstrated large hyperpolarizability values com-
bined with their thermal and photochemical stabilities [11]. These factors make
polyferrocenes desirable candidates for use as processable NLO materials. The
polyurethane copolymer 4.4 was synthesized using a functional ferrocene mono-
mer (Eq.4.1) and has been well-characterized; the molecular weight was esti-
mated by GPC to be M,=7600. The two possible orientations of the ferrocene
NLO chromophore monomer unit, which correspond to opposite dipole orienta-
tions, were both present in the main chain.

OCN-(CH,)s-NCO
CONH(CH,)gNHCO -/~ OCH, <>

+ |
heat Fe
HoCH, (> dioxane @\/COdCszO
Fe CN n
@NCOz(CHz)QOH
CN 2 orientations
4.4

(4.1)

Contrary to previous results concerning related materials with a single orienta-
tion of the ferrocene-based NLO chromophores in the main chain, copolymer 4.4
displays SHG activity after corona poling at 150°C with reasonable stability of the
SHG signal [12]. This suggests that the chain packing in the solid state, that can-
cels dipole additive effects in the former materials, does not operate for the latter
polymers, which leads to a positive response to poling.

A range of well-characterized ferrocene-containing copolyesters, such as 4.5,
have been prepared by Ti(O'Pr),-catalyzed melt polycondensations at 140-170°C
[13]. The polymers had molecular weights in the range 9000-30,300 (by capillary
viscometry) and were analyzed by NMR, IR, and DSC. When ferrocene groups
were incorporated into the main chain of the polyesters, an increase in the oxida-
tion potential by &~ 40mV was detected, presumably due to a charge-transfer
through-space interaction between the electron-poor ester group and the ferrocene
unit as the separation was four to six g-bonds. The first study of the rheological
consequences of the incorporation of ferrocene groups into the main chain of a
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polymer was performed using dynamical mechanical analysis (DMA). Compari-
son with analogous iron-free polyesters demonstrated the strong influence of the
ferrocene unit on the rheological properties, with unusual, rubber-like behavior
being observed. A tentative explanation was proposed in terms of the metallocene
functioning as a large but highly flexible unit that lowers the critical entangle-
ment molecular weight.

Me (0]
0—<CH2)2-0—@9@0 (CHy)z~0—C—(CHy)y=<G2>-Me
Me Fl
° 0

Mo~ e (CHl—

n

A wide variety of group 4 (Ti, Zr, Hf) metallocene-containing polyethers, poly-
thioethers, polyesters, polyamines, polyoximes, and polyamidoximes have also
been reported [14, 15]. Their synthesis, which is based on the polycondensation
(with HCl elimination) of Cp,MCl, with difunctional organic species such as
diols, dithiols, etc. (Scheme 4.2), was carried out either in aqueous solution or by
using interfacial condensation techniques, depending on the solubility of the di-
functional base [16-19]. The materials varied in color from yellow to orange for ti-
tanium and from white to light-grey for zirconium and hafnium. Molecular
weights ranged from values characteristic of oligomers up to ca. 10, although the
solubility of the polymers was generally low. Characterization was often limited to
IR, which showed characteristic bands for both the metallocene and organic frag-
ments. This allowed an estimation of metal content since, in most cases, elemen-
tal analyses for carbon were inconsistent with expected values, possibly due to the
high stability of thermal degradation products.

An interesting variant of the polycondensation approach involved the use of flu-
orescent dyes as the difunctional organic monomers [20, 21]. Thus, soluble, high
molecular weight titanium polydyes (e.g. M, =5.3x10° by light-scattering mea-
surements for the titanium polymer derived from the diphenol monomer bromo-
phenol blue) were synthesized in yields that depended on the reaction conditions
and the dye used. Structural characterization was achieved by IR and, in some
cases, by elemental analysis. Their claimed advantage over monomeric dyes and
dye/polymer dispersions was their potentially permanent, non-leaching nature.
These metallopolymeric dyes are fluorescent and, when used as coloring or dop-
ing agents in paper, cloth, paint, and plastic, they provided access to materials in
which this property was retained [20, 21].

The synthesis of polymers containing main-chain cobaltocenium units has also
been studied as this 18-electron organometallic moiety is isoelectronic with ferro-
cene. The synthesis of partially soluble polyesters (4.6, E=O, R=(CH,),,
CH,C¢H,CH;) was reported using solution condensation polymerization tech-
niques, and the soluble fractions were of low molecular weight (M,, ~ 2500-4000,
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with some material up to M,=8000) (Eq. 4.2) [22-24]. The products contained mix-
tures of [PFg]” and CI” ions and were characterized by IR spectroscopy. Thermally-
induced polycondensations at 175-200°C were also performed, but failed to lead
to the formation of soluble materials with substantially higher molecular weights
(extensive decomposition was noted). Similar results were obtained when attempts
were made to extend the synthetic routes to the formation of the analogous polya-
mides 4.6 (E=NH) [24].

0 0
1]
@_8‘x <&S7>—C—E—R
| " I

o Co" PFy  + HE—R—EH Ax o Co* PFg

1 It $
Lo <> ]
4.6
X = OH, Cl, OMe E=0 E=0;R = (CHp)s CHoCsH4CHy,
E=NH Cp,Ti, CpoZr, RaSn, RySb

E=NH;R= CgHs CeHsCHaCoHa
(4.2)

Attempts to produce soluble high molecular weight polyesters by the polycon-
densation copolymerization of cobaltocenium 1,1'-dicarboxylic acid with titano-
cene, zirconocene, tin, and antimony dihalides (4.6; E=0, R=Cp,Ti, Cp,Zr, R,Sn,
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R3Sb) were reported in the 1970s [24]. These materials were isolated in 30-80%
yields and were characterized by IR, TGA, and DSC, but showed limited solubility
in organic solvents or water. Nevertheless, molecular weights (by intrinsic viscosi-
ty measurements in 2-chloroethanol) of approximately 80,000 (for R=Cp,Ti or
Cp,Zr) and 5000 (for R=R,Sn and R3;Sb) were determined [24-28]. TGA indicated
a temperature for 10% weight loss (Ty0) of around 350°C for the Co/Ti and Co/
Zr polymers and of around 250°C for the lower molecular weight Co/Sn and Co/
Sb materials. Hydrolytic instability of all of the polymers was noted on stirring
with aqueous salt solutions [24].

Well-characterized cobaltocenium polyamides 4.6 (E=NH), on the other hand,
have been successfully prepared by the reaction of aromatic diamines with 1,1'-di-
carboxylcobaltocenium chloride in molten antimony trichloride at 150-175°C [29].
The products were isolated as [PFq|” salts upon treatment with [NH4][PF4], and
were characterized by IR, "H NMR, and elemental analysis, all of which sup-
ported the assigned linear polyamide structure. Unfortunately, although the
materials were soluble in DM SO and acids, and were slightly soluble in water and
ethanol, viscosity and VPO measurements proved inconclusive due to polydisso-
ciation in solution. The authors based the assignment of their polymeric nature
on their film-forming properties, and the low concentration of carboxyl end
groups with respect to that of the NH groups as detected by IR [29].

Well-characterized polymers with ferrocene units connected by sulfur-containing
moieties containing an alkyl spacer between the ferrocene and the thiol groups,
have also been reported [30]. Thus, polyaddition of 1,1"-bis(2-mercaptopro-
pylthio)ferrocene to divinylsulfone afforded a soluble, orange, low molecular weight
(M, =~ 3000) material in 90% yield that was characterized by NMR and elemental
analysis. A series of sulfur-containing ferrocene polymers has also been prepared
from 1,1’-dimercaptoferrocene by base-catalyzed polyaddition to activated diolefins
containing electron-withdrawing substituents (e.g. 4.7) or by interfacial condensa-
tion with acid dichlorides for the synthesis of poly(thioesters) (e.g. 4.8). This af-
forded yellow, soluble polymers with low molecular weights (M, <5000 by GPC;
PDI & 1.6-5.0) that were characterized by several analytical and spectroscopic meth-

ods.

0] @]
L5 (CHo)a} 505 CH=CH C :
| = 2 @S—C—(%)z—o

F
° Fe

CH,=CH soz—(CHz)z-s—@ s CE::

4.7 48
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422
Organosilicon Spacers

Structural modification of polysiloxanes (silicones) has also been an important area
of interest and ferrocene has been introduced into organosilicon polymers, including
siloxanes and carbosilanes. The first approaches to such siloxanes were made in the
1960s by means of the controlled hydrolysis of diethoxysilyl- or chlorosiloxanylsilyl-
ferrocene derivatives [31, 32]. Unfortunately, the products were oils with very low
molecular weights, due in part (in the former case) to intramolecular condensation
side reactions [4]. The first examples of well-characterized, high molecular weight
polyferrocenylsiloxanes (4.9) were reported in 1974, prepared by the condensation
reaction in melt or solution, at 100-110°C of 1,1"-bis(dimethylaminodimethylsilyl)
ferrocene with three different disilanols [33]. Molecular weights (M,) were in the
range 9000-20,000 (by GPC), with melt polymerization giving the highest values
and narrowest distributions. Intramolecular cyclization is favored over intermolecu-
lar condensation when using diphenylsilanediol. DSC studies revealed sharp melt
transitions between 40 and 80°C for these soluble, fibrous polymers. The polymer
4.9b was found to be as thermally stable (up to 400°C) and as stable to hydrolysis
(in THE/H,0) as the corresponding arylene polysiloxane without ferrocene moieties
in the backbone.

ITh
Nie —Gj— a
@——Sli—o—R—O F|>h
| R=
Fe Me |v||e l\/lle
) (<D) ) =1,b
Cg —Si Si— X_ ?
n | M | X—2,C
Me Me

4.9

The use of Diels-Alder and platinum-catalyzed polyaddition reactions of divinyl
ferrocene derivatives to prepare ferrocene-containing polycarbosilanes has also
been described [32, 34, 35]. These reactions were also used to prepare materials
with additional functional groups that led to ferrocene- and silicon-containing
polyesters, polyamides, and polyurethanes. Molecular weights varied in the range
3800-6000 and products were liquids or elastomers. The authors only carried out
comparative studies of the thermal stabilities of these polymers.

Novel organometallic accordion-type copolymers [36] were prepared in 1992
through the Knoevenagel polycondensation of a bis(ferrocene aldehyde)silane with
several bis(cyanoacetate)s [37]. The reaction produced soluble copolymers (4.10)
that consisted of biferrocenylsilane units with long organic spacers in isomeric (E/
Z) mixtures. They were fully characterized by spectroscopic and analytical meth-
ods and possessed reasonably high molecular weights (M= 9100-26,600).
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An efficient and versatile approach to yellow-orange, film-forming ferrocene-
and silicon-containing polyamides such as 4.11 and 4.12 has been developed [38].
Solution or interfacial polycondensation reactions at room or low temperature, be-
tween difunctional ferrocene acid chlorides and diaminosiloxanes or between fer-
rocene diamines and difunctional arenesiloxane acid chlorides, yielded materials
for which molecular weights (M,) of 10,600-12,500 were determined by VPO.
These polymers were very well-characterized structurally by a range of techniques
including NMR and IR. The iron centers are non-interacting, as shown by the
presence of a single reversible oxidation wave in a cyclic voltammogram (Fig. 4.1).
The polymers are of interest for the chemical modification of electrodes; evapora-
tively-deposited films on different electrodes (Pt, glassy carbon) exhibited the char-
acteristic behavior of surface-confined redox couples.
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4.12

An interesting Rh- and Ru-catalyzed dehydrocoupling approach to polyferro-
cenes has also been reported [39]. The reaction involved treatment of ferrocene-
dithiol with diarylsilanes (Eq. 4.3), and the resultant polymers 4.13 possessed M,
values of 2700-4600 and PDI values of 1.4-1.6.
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Fig. 41 Cyclic voltammogram of a film of ferro- 5o
cene-containing polyamide (4.11) evaporatively
deposited on a Pt-disc electrode measured in
CH3CN/0.1 M [BuyN][PFg]. Inset shows a plot of
current versus scan rate. (Adapted from [38]) o w0
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Siloxane Spacers

The synthesis of polymetallosiloxanes by controlled hydrolytic condensation of
Cp,MX, (M=Ti, Zr, Hf; X=Cl or OR) with dichloro- or dialkoxysiloxanes has been
investigated based on the possible improvements in heat resistance that might be
realized through the introduction of the metal moiety into the polysiloxane back-
bone. The results obtained in the area were critically reviewed, since partial cleavage
of the metal-ring bond occurred in all the cases and viscous, putty-like products were
produced; these were poorly characterized, with virtually no data being provided [40].
Only when Cp,Ti(SH), and dichlorosiloxanes were used as reagents in the presence
of triethylamine were linear oligomers (4.14, n=6) formed with minimal M-Cp
bond cleavage. Even in this case, the materials were hydrolytically sensitive [41].

An interesting new approach in this area has been reported with the synthesis
of novel polymeric zirconocene-silsesquioxanes (4.15) with R=cyclohexyl [42, 43].
The condensation of zirconocene derivatives with polyhedral silsesquioxanes led
to amorphous polymers in high yields (& 90%) that were characterized by NMR
spectroscopy and elemental analysis. These high molecular weight (M, =14,000)
materials exhibited high thermal stability (to ca. 475-515°C) and, surprisingly,
4.15a was found to be stable to both air and hydrolysis.
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4.3

Polymetallocenes with Long Conjugated Spacer Groups

Polyferrocenylene exhibits significant electrical conductivity when doped (see
Chapter 3, Section 3.2.1) and, thus, the introduction of ferrocene units into the
main chain of polymers with ¢-, g-n- or 7-conjugation in the backbone is a poten-
tially appealing research objective. Studies of materials with short spacers were re-
viewed in Chapter 3; here, we focus on polymers with spacers longer than three
atoms.

Conjugated organic polymers such as polyacetylene, poly(p-phenylene) or
poly(p-phenylene vinylene) are typically insoluble, rigid materials that are difficult
to process. Several attempts have been made to introduce skeletal ferrocene units
into the main chain of these materials, where they might be expected to increase
both the flexibility and solubility [44-50]. Unfortunately, most of the materials re-
ported still had low molecular weights (M,,<5000) and poor solubility. An impor-
tant development has been the effective use of metal-catalyzed polycondensations
to make such materials. For example, the successful use of a Pd-catalyzed cou-
pling procedure has been reported for the preparation of high molecular weight,
soluble polyferrocenes with p-oligophenylene spacers such as 4.16 (Eq. 4.4), with
molecular weights (My,) up to 35,500 as determined by light-scattering [50]. Such
studies revealed that the presence of the ferrocene unit adds significant chain flex-
ibility relative to the rigid-rod organic polymer analogue poly(p-phenylene). It was
suggested that the presence of the ferrocene units introduces kink angles of at
least 60° into the polymer backbone. DSC and polarizing microscopy studies of
4.16 showed the materials to be semicrystalline, and TGA curves showed that they
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possess improved thermal stability with regard to weight loss when compared to
their poly(p-phenylene) analogues.

Fe
s )~
. [Pd] cat.

R = n-hexyl or n=dodecyl

R
<HO)QBB<OH>2
R

(4.4)

A wide range of analogous polymers (e.g. 4.17) with acetylenic spacers have been
prepared by Pd-catalyzed polycondensation reactions between diiodoferrocenes and
diethynyl arenes, and these have been very well characterized [51]. While polymer
4.17 (R=H) was found to be only partly soluble in organic solvents, the alkyl-substi-
tuted analogue 4.17 (R=C;,H,s) and related species with diethynylthiophene
spacers were reported to be completely soluble. An analogous material with a diethy-
nylpyridine spacer was found to be partly soluble in organic solvents, but dissolved
completely in formic acid. Structural characterization was achieved by NMR and IR
spectroscopy. Light-scattering analysis of the soluble fraction of 4.17 (R=H) in
CHCI; gave an M, value of 1.5x 103, and for 4.17 (R=Cy,H;,s) GPC gave an My, val-
ue of 6.9x 10> with a PDI=1.47 relative to polystyrene standards. The highest molec-
ular weight values were found for the materials with diethynylthiophene and diethy-
nylpyridine spacers (M,, up to 3.4x10* by light-scattering). TGA showed that poly-
mers 4.17 (R=H or C,H;s) are stable to weight loss up to ca. 400°C under nitro-
gen. Cyclic voltammetry showed single, broad oxidation waves at 0.23-0.25 V vs. fer-
rocene/ferrocenium. The authors attributed the broadening of the CV peak to an
exchange of electrons (ca. 1 s on the CV time scale) between metal centers through
the 7m-conjugated chain. However, Mdssbauer spectra of an I,-oxidized sample of
polymer 4.17 (R=H) showed no coalescence of the Fe'' and Fe'"" quadrupolar doub-
lets at ca. 0°C, and indicated only slow exchange of electrons between the Fe'' and
Fe'"" sites on the time-scale of this experiment (107 s). The unoxidized samples of
polymers 4.17 (R=H) were found to be insulating (¢=1.0x10""?Scm™); however,
upon oxidation with I,, the electrical (presumably p-type) conductivity increased to
1.3x107* Scm™. Interestingly, an Na-doped sample of the analogous polymer with
a diethynylpyridine spacer exhibited an electrical conductivity of 1.2x107> Scm™,
which suggested n-type behavior.

The red-orange polymer 4.18 and analogous materials were also prepared by
Pd-catalyzed polycondensation reactions, and analysis by cyclic voltammetry
showed the presence of weak metal-metal coupling (AE;,,=0.07-0.12 V) between
the widely spaced iron centers [49]. Low molecular weight ferrocene polymers
4.19 with fluorinated arene ligand spacers have also been prepared and, intrigu-
ingly, show no detectable metal-metal communication [52, 53]. Low molecular
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weight metal-containing polycarbosilanes 4.20 (M,, <4000) with ferrocene moieties
in the main chain have been prepared in high yield by polycondensation routes
that involve the use of the di-Grignard reagent of diacetylene and 1,1
bis(chlorodiorganosilyl)ferrocenes as difunctional monomers [54]. These materials
were characterized by NMR and IR spectroscopies, and elemental analysis. Pyroly-
sis of the ferrocene-containing polycarbosilanes 4.20 at 1350°C under argon af-
forded complex multiphase Fe,Si,C, ceramics in high yield (75-85%). Such high
yields suggest that excellent shape retention would occur if shaped polymer sam-
ples, such as fibers or films, were used. The high ceramic yields were attributed
to a facile thermally-induced crosslinking via the acetylenic groups [54].

-

4.17
R=HorCysHys

F

2
F

F
Fe F
9

4.1

4.20

Polyferrocenes with hexasilane spacers (4.21) have also been synthesized in an
attempt to obtain polymers in which ferrocenes are joined to o-delocalized polysi-
lane segments in a regular alternating structure [55]. The condensation of dilithio-
ferrocene and 1,6-dichlorododecamethylhexasilane gave a soluble, well-character-
ized polymer that showed a monomodal molecular weight distribution by GPC
with a maximum at M, ~ 3500. After doping with I, conductivity values
(6=3x10"> Scm™) were three orders of magnitude higher than that of octadecasi-
lane. This suggested that conjugation between ferrocene and the hexasilanediyl
linker contributes to the conductivity, although the values observed were lower
than those for the corresponding polyferrocenylenes [56].

Me
Sii
|
CFQ Me s
n
4.21

Thiophene units have also been employed in order to bridge ferrocenes so as to
obtain conjugated polymers [57]. The reaction of a di-zinc ferrocene derivative
with dibromothiophene afforded a polyferrocenylenethienylene (4.22) with moder-
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ate molecular weight (M, = 4500) that was characterized by NMR spectrometry
and elemental analysis. Studies on doped materials with [SbCl¢]”, [BF.]", and
[TCNQ]™ counteranions showed the presence of weak antiferromagnetic interac-
tions.

Condensation routes to well-characterized polyferrocenes with arene (4.23) and
thiophene (4.24) spacers have been developed (Egs. 4.5 and 4.6) [58, 59]. These
materials are soluble, with molecular weights (M) of 42,000-52,000 and broad
polydispersities (PDI=10-15). (Analogous materials formed by ROMP were de-
scribed in Chapter 3, Section 3.4.)

A i) 2 BuLi
R it} Fel,
R— O < 7R —
(4.5)
R = Me, R' = n-Hex
i) 2 BuLi
R s R ii) Fel,
R— W < 7R —
(4.6)

R = Me, R' = n-Hex

The magnetic properties of the oxidized materials have been studied, and were
interpreted in terms of the temperature dependence of the magnetic moment of
the ferrocene units. Cyclic voltammetry studies on 4.23 (Fig. 4.2) and 4.24 showed
the presence of two reversible oxidation waves with redox couplings AE of 0.17 V
and 0.19V, respectively. This is consistent with the presence of moderate Fe - - - Fe
interactions.

The nature of the metal-metal interactions in 4.23 and 4.24, and in related poly-
meric materials, has been analyzed in terms of a published theoretical analysis
[58]. The conclusion reached was that the bridging groups affect the molecular
scale dielectric constant between the metal sites, which, in turn, mediates the es-
sentially through-space interaction. Based on this concept, more polarizable atoms
would be expected to lead to stronger metal-metal coupling, and this has indeed
been observed. For example, the less polarizable fluorinated arene groups in 4.19
lead to no detectable Fe - - - Fe interaction by cyclic voltammetry, whereas polariz-
able atoms such as sulfur (see Chapter 3, Section 3.3.7) lead to large AE;, values.
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Fig. 42 Cyclic voltammogram of a solution of
20 polyferrocene 4.23 in CH,Cl, containing 0.1 M
[BuyN][PFg], obtained at a scan rate of
100 mV s~ with ferrocene (E=0) as a reference.
0+ (Adapted from [58])
<
o
20 -
a0
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600 400 200 0 -200
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4.4

Other Metal-Containing Polymers with #-Coordinated Metals
and Long Spacer Groups

4.4.1
n-Cyclobutadiene Ligands

Cyclobutadiene moieties in the main chain provide a useful site for the attach-
ment of metals to polymeric structures. For example, a variety of well-character-
ized rigid-rod organocobalt polymers 4.25a with complexed cyclobutadiene units
in the main chain have been prepared by Pd-catalyzed Heck coupling (Eq. 4.7),
whereby M, values of 7400-65,000 and PDIs of ca. 1.7-5.0 (by GPC) were
achieved [60]. These materials were isolated as yellow solids and were found to ex-
hibit interesting thermotropic liquid-crystal behavior (Fig. 4.3) [60].

Fig. 4.3 Schlieren texture of a film of
polymer 4.25a (R”=hexyl, R'=SiMe;) at
165 °C under a polarizing microscope.
(Adapted from [60a])
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The use of acyclic diyne metathesis (ADIMET) provides an alternative synthetic
approach to analogous Co polymers of type 4.25b with M,, values of 1.3x10° to
3.1x10° (PDI=2.9-3.7) (Eq. 4.8). These materials showed lyotropic liquid-crystal-
line phases and chiroptical properties as a result of aggregation in poor solvents;
TEM and polarizing microscopy studies indicated the formation of lamellar or ir-
regular honeycomb-shaped morphologies (Fig. 4.4). The results indicate that the
presence of the organocobalt substituents leads to fundamentally different behav-
ior from that of the parent poly(p-phenylene)s [60].
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Mo(CO);,
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R? / R?
n

CpCo  R'

4.25b
R'=SiMes; RZ= hexyl, 2-ethylhexyl, (S)-3,7-dimethyloctyt, dodecyl

Analogous ochre-yellow polymers 4.26 that contain thiophene in the main
chain (M,,=11,300-35,300; PDI=1.5-2.7) have also been prepared [61]. Upon slow
concentration of their solutions in chlorinated solvents, such as chloroform, lyo-
tropic nematic liquid-crystalline phases form. In one case, a lyotropic smectic
state was identified.

4.26
R' R2= H, hexyl, dodecyl
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Fig. 4.4 Schlieren textures of the frozen
lyotropic phase of (a) polymer 4.25b
(R?=2-ethylhexyl, R'=SiMes), (b) poly-
mer 4.25b (R?=(S)-3,7-dimethyloctyl,
R'=SiMej;) under cross-polarizers. The
baton texture of polymer 4.25b (R?=(S)-
3,7-dimethyloctyl, R'=SiMes) shown in
(c) is indicative of a higher, lamellar or-
dered structure. (Adapted from [60b])

Materials with butadiene bridging units in the main chain (4.27) and with
DP,>17 have been prepared by Hays oxidative coupling of diterminal alkyne
monomers [62-64]. Organocobalt polymers 4.27 possess a conjugated backbone,
as shown by the decrease in wavelength of one of the lowest-energy visible absorp-
tion peaks relative to small molecule analogues. Thus, studies of the optical prop-
erties of linear model oligomers 4.27 (n=2 to 7) showed a bathochromic shift in
the UV/vis absorption with a concomitant increase in peak intensity as the chain
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length increased [64]. The effective conjugation length appeared to be achieved at
n=7 (heptamer), since the UV/vis spectrum of this species is almost superimposa-
ble with that of 4.27 (n=8 or 9) and polymeric 4.27. The optical properties of the
polymers 4.27 have been studied in detail and the involvement of the metal in the
electronic transitions has been elucidated [65, 66].

SiMeg
T &Con_
SiMeg

4.27

Polymers 4.29 containing cyclobutadiene units in the main chain have also
been obtained by the rearrangement of main-chain metallocyclopentadiene units
of polymers 4.28 (see Chapter 5, Section 5.3) (Eq.4.9) [67-72]. The similarity of
molecular weights found for 4.28 and 4.29 indicated that no significant chain
cleavage or side reactions occurred during this process [68]. Moreover, UV/vis data
indicated that the presence of conjugated spacers R leads to a shift to longer wave-
length in the polymers relative to model compounds. This is indicative of electron
delocalization in the main chain [69].

R! R’
Q R'HaCs CoHaR'
,,"*ﬁ‘“ heat { \Aé
“co R 110 °C { P
cp PPh; " CpCo n (4.9)
4.28 4.29

R =—®— : O(CHZ)ZO’ R'=H, 2
< <)oo )~ -y

The thermal reaction of cobalt polymers 4.28 with isocyanates at 120 °C leads to 2-
pyridone-containing polymers such as 4.30 [70]. Well-characterized, yellow poly-
esters 4.31 containing skeletal (cyclobutadiene)cobalt moieties in the main chain
have been prepared by interfacial polycondensation approaches [73]. The use of so-
lubilizing alkoxy substituents R afforded materials with M, =5,400-16,300
(PDI=1.3-1.8). Analogous materials to 4.31 with a 1,3-disposition of the main-chain
substituents on the cyclobutadiene ligands have also been studied [73, 74]. Thermo-
tropic liquid crystallinity was detected by polarizing microscopy, with, in some cases,
mesophases stable over the temperature range from about 110 to >250°C.

An analogous synthetic approach based on Ni(0)-catalyzed dehalogenative poly-
condensation [75, 76] yielded, for example, yellow polymers 4.32 with M,,=8000—
13,600 and PDI=1.3-2.1 by GPC (Eq. 4.10) [76]. Comparison of the UV/vis spec-
trum of the polymer with that of the model dimer was consistent with the presence
of a n-conjugated structure. Polarizing microscopy and powder X-ray diffraction
studies suggested that a nematic mesophase was formed. For example, polymer
4.32 (R=n-dodecyl) formed a mesophase in the temperature range 146-184°C [76].
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Cymantrene-containing organometallic polymers (4.33) have been prepared by Su-
zuki coupling reactions (Eq. 4.11). These materials were unstable in air and had
molecular weights (M,) of ca. 1.1x10* and broad polydispersities of ca. 6 [77].
Analogous 1,2-substituted oligomeric (4.34) and polymeric (4.35) materials with
butadiyne bridging units in the main chain have been prepared by Hay's oxidative
coupling of diterminal alkyne monomers [78]. The brown, film-forming polymers
4.35 were also unstable in air and were found to have an M,, value of 15,200 and
a PDI of 1.58 by GPC (relative to polystyrene standards).
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Analogous materials with cyclopentadienyliron units coordinated to cyclopentadie-
nyl ligands in the main chain, but with shorter C, spacers, were described in Chapter
3, Section 3.2.2. Polymers with cyclopentadienyl cobalt groups in the main chain
have been produced by the treatment of precursor materials containing cobaltacyclo-
pentadiene groups (e.g. 4.28) first with t-butyl isocyanide and then with Mel [79].

443
n-Arene Ligands

Soluble 7-complexed aromatic polyamides (4.36) have been prepared by polyconden-
sation of (p-phenylenediamine)Cr(CO); with terephthaloyl chloride in N,N-dimethy-
lacetamide (Eq. 4.12) [80]. The highly viscous solution of 4.36 exhibited lyotropic lig-
uid-crystalline behavior with a nematic texture that was visible by polarizing optical
microscopy. The intrinsic viscosity for 4.36 in N,N-dimethylacetamide was deter-
mined to be 4.52 dL g™}, and gel-permeation chromatography analysis using a vis-
cosity detector gave an absolute molecular weight (M) of 78,000 (polydisper-
sity=1.7). The analogous polymer in which only half of the diamines are complexed
to Cr(CO); has also been reported. The trimethylphosphine derivative 4.37 was pre-
pared similarly by polycondensation of (p-phenylenediamine)Cr(CO),PMe; with ter-
ephthaloyl chloride. These materials are of importance, as the coordination solubi-
lizes poly(p-phenyleneterephthalamide) (used for making Kevlar fibers for bullet-
proof vests, etc.) in common organic solvents, but still allows for the formation of
ordered, liquid-crystalline solutions.

9 it
m—c—@—c—m
H " 1
+ E— N N—C—@—C
C| (4.12)

H2N—@—NH2 CHCO),L n

|

Cr(CO),L 436 L=CO

437 L=PMeg

Soluble 7-complexed aromatic polysulfides 4.38 have also been prepared with
(7°-CsMes)Ru moieties (Eq. 4.13) [81]. A variety of polymers with Fe(y’-CsHs)
groups attached to arene groups in the polymer main chain have been reported.
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These include polyethers, polythioethers, and polyamines [82-85]. In addition to
linear materials, star-shaped polymers such as 4.39 have been reported [86]. These
materials are redox-active as a result of the presence of the cationic ArFe(;;>-CsHs)
moieties, which undergo reversible reduction at —40°C. The materials are photo-
chemically labile and exposure to UV light of 1=200 nm results in decomplexa-
tion to afford the corresponding organic polymers.
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60°C.12h Q D
@ Me Me (4.13)
Me Ru Me Me/%Me
/@i ° n
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Fe' n 17

@ 439 n=2,3,0r4

Polymers 4.40 containing cationic (arene)Fe(;>-CsHs) units in the main chain
together with azo dyes in the side-group structure have also be developed
(Scheme 4.3) [87]. Photolysis in the presence of H,0, led to photobleaching.
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The complexation of Fe(;’-CsHs) groups to ca. 60% of the main-chain arene
moieties in low molecular weight samples (M, =1700) of poly(n-hexylphenylene)
to yield 4.41 has also been reported [88]. Interchain cross-linking appears to be in-
duced by electrochemical reduction, resulting in the formation of an insoluble
polymer film on the electrode. Attachment of the FeCp group also leads to a mod-
ification of the photoluminescence intensity and emission wavelength.

R R R R
[ n l\l/lo(CO)3 n
<55

441 4.42
R = n-hexyl R = n-hexyl

Similar polymers with around 20% of the main-chain arene groups complexed
by Mo(CO);3 (4.42) have also been reported [89]. The quenching of photolumines-
cence detected for 4.41 and 4.42 results from the presence of the metal-based
LUMO between the valence and conduction bands of the conjugated polymer
chain. This leads to a pathway for non-radiative decay after photoexcitation that in-
volves electron transfer to the 3d LUMO on the metal, which occurs prior to re-
combination with holes [88, 90].

An analogous polymer with diethynyldiphenylene spacers, 4.43, which pos-
sesses complexation of arene groups to Cr(CO); moieties, has been prepared [91].
Its solubility was low, even though molecular weights (M) of ca. 7800 were esti-
mated. In this case, the synthesis involved a cross-coupling reaction of the p-di-
chloroarene complex with the bis(trimethylstannyl)dialkyne [91]. Similar materials
with diethynylthiophene spacers have also been described [92].

|
Cr(CO)a

443 x=1lor2

444
n-Alkyne Ligands

Soluble 7-complexed polymers have also been prepared by means of coordination
to alkyne groups in a polymer main chain. Both non-conjugated (e.g. alkynylsilox-
anes [93]) and conjugated materials have been studied.

Treatment of 7-conjugated poly(phenylenediacetylene) with controlled amounts
of Pt(C,Hy)(PPh;), led to the formation of polymers 4.44 with 20-50% complexa-
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tion of the main chain alkyne groups [94]. Subsequent pyrolysis at 600°C led to
the formation of conducting glassy carbon matrixes containing coalescence-stable
Pt nanoclusters which function as catalysts for H" and O, reduction [94-97]. Com-
plexation of alkyne units of conjugated polymers to platinum can also lead to
crosslinked materials 4.45 [98-100]. These networks can possess substantially in-
creased charge carrier mobilities in comparison to the all-organic conjugated poly-
mer precursor and may lead to improved semiconductor devices [100].

RO

Pt(PPhg), /:*L R

4.44
RO n
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5
Metallopolymers with Metal-Carbon -Bonds in the Main Chain

5.1
Introduction

Polymers with metal-carbon bonds in the main chain represent one of the most
extensive, interesting, and broad classes of metal-containing polymers. Rigid-rod
transition metal acetylide polymers or polymetallaynes are the most extensively
studied subgroup of these metallopolymers. Although initial developments were
reported in this area in the 1960s, it was not until the late 1970s that a series of
well-characterized, soluble, high molecular weight materials that contained Pd
and Pt was described. The key to this success was the discovery of efficient cataly-
tic, step-growth polycondensation processes that involved difunctional monomers
which were available in high purity and that proceeded to high conversion. This
enabled the strict stoichiometry and conversion requirements necessary for the
formation of high molecular weight materials by step-growth polycondensations
to be successfully satisfied (see Chapter 1, Section 1.5.2.2.2). In the 1980s and
early 1990s, the diversity of polymetallaynes was extended to include other metals,
and a series of materials with metallocyclopentadiene units containing Co and Zr
in the main chain was also described. Various other polymers with metal-carbon
single and multiple bonds in the main chain that involve sp*>- and sp”hybridized
carbon centers, respectively, were also reported during the same period. A feature
of the work on virtually all of these materials is the excellent structural character-
ization of the polymers by means of a wide variety of spectroscopic and analytical
techniques. However, although absolute methods have been used in a number of
cases, molecular weight characterization has often relied on the convenient but
relative method of gel-permeation chromatography (GPC) with polystyrene stan-
dards for column calibration (see Section 1.2.1). For the rigid structures common
to many of the polymers discussed in this chapter, appreciable differences in hy-
drodynamic behavior from that of polystyrene would be anticipated. It is impor-
tant, therefore, to bear in mind that the molecular weight data reported for many
of the polymers is likely to be inaccurate (see Section 5.2.3.2).

Synthetic Metal-Containing Polymers. lan Manners
Copyright © 2004 Wiley-VCH Verlag GmbH & Co. KGaA
ISBN: 3-527-29463-5
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5 Metallopolymers with Metal-Carbon a-Bonds in the Main Chain

5.2
Rigid-Rod Transition Metal Acetylide Polymers

5.2.1
Polymer Synthesis

An array of versatile and efficient step-growth polycondensation methodologies
has been developed for the synthesis of transition metal acetylide polymers. In
this section, a representative review of the types of routes available and materials
accessible is given.

Polymeric Cu- and Hg-acetylides 5.1 (M=Cu or Hg, L=no substituent), pro-
duced by oxidative coupling of diyne precursors (Scheme 5.1, Eq. 5.1) were briefly
reported in the 1960s. These materials were proposed to have a linear geometry,
however, they were generally found to be intractable, which precluded their purifi-
cation and definitive characterization [1, 2]. In the mid- to late 1970s, the first sol-
uble polymetallaynes 5.1 (M=Pt) and 5.2 (M=Pd) that contained metal atoms in
the main chain were reported, and these were prepared by a similar route. Subse-
quent work resulted in the general development of this and other routes to Group
10 metal-containing polyynes. Since 1990, a variety of new routes that allow the
incorporation of metals from Groups 8, 9, and 10 into the polymer backbone have
been described.

I ]
—{-T—CEC—©—050+ —-{»I\IA—(CEC~CEC~)—]—
X
L n L n
5.1 52

The first soluble transition metal polyyne oligomers 5.1 and 5.2 (x=2) were re-
ported in 1975 and consisted of Pt(P"Bu;), and Pd(P"Bus), moieties in the main
chain connected by butadiyne and diethynylbenzene bridging units. These were
isolated as air-stable, orange-yellow solids with average molecular weights (M) of
7300 and 5700, respectively, as determined by vapor-pressure osmometry [3].
These materials were prepared by the oxidative coupling method shown in
Scheme 5.1 (a). Subsequent work, reported in 1977, showed that Group 10 metal-
acetylide polymers with improved molecular weights (M,,>10°) could be prepared
through the use of three main approaches: oxidative coupling, dehydrohalogena-
tion, and alkynyl ligand exchange (see Scheme 5.1 (a—c)) [4-12].

The first method involves oxidative homo-coupling of bis(terminal alkynyl) com-
plexes in the presence of a catalytic amount of a copper(I) halide and O, as the
oxidizing agent (Scheme 5.1, Eq.5.1) [10]. The use of this catalyst system in or-
ganic synthesis is extensive and is better known as Hay’s coupling reaction [11].
Extension of this methodology to organometallic synthesis was demonstrated by
the conversion of trans-bis(acetylide) monomers into polymeric complexes. It is
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(a) Oxidative Coupling

CuClfo
HC=C-Y-C=C-M-C=C-Y-C=CH CuClfo, _ ——{M-CEC-Y-CEC- EC—Y-CECi— (5.1)
n

TMEDA
(b) Dehydrohalogenation

MCl, + HC=C-V-C=CH —C—a—;%&» —{mc=c-v-cacl—- (5.2)
3

MCl, + HC=GC-C=C-M-C=C-C=CH —Et-}i——cﬁu—x——— —mcaccc (5.3)
3

(c) Alkyny! Ligand Exchange

NiC=CH), + HC=C-v-C=cH —3LCUX | NiCsCv-caC - + HosoH  (5.4)

R3N
M = trans-Pt(PRs),, trans-Pd(PR3),
Ni = trans-Ni(PR3),
Me

Me

Scheme 5.1

worth noting that this method is dependent only on one monomer type; stoichio-
metric balance is therefore already present, and so high degrees of polymerization
are usually obtained (see Chapter 1, Section 1.5.2.2.2).

The second method involves a polycondensation reaction between metal halides
and di-terminal alkynes by a copper(I) halide-catalyzed dehydrohalogenation pro-
cess (Scheme 5.1, Egs. 5.2 and 5.3) [3, 4-9]. The reactions are typically performed
in amine solvents, such as diethylamine or piperidine under reflux conditions,
and afford high molecular weight polymers. In the case of gaseous alkynes such
as acetylene or butadiyne, the polymers are most conveniently obtained by poly-
condensation of the corresponding mononuclear metal bis(alkynyl) complexes and
metal halides. The degree of polymerization achieved through use of the dehydro-
halogenation approach is dependent upon the exact ratio of the difunctional
monomer pairs involved.

The aforementioned two methods work well for a majority of cases, particularly
for platinum, and afford high molecular weight macromolecules, as estimated by
gel-permeation chromatography, with M, =60,000-160,000 depending on the na-
ture of the bridging alkynes. In the case of palladium, significantly lower molecu-
lar weights (M, values up to 26,000) were obtained [10]. However, neither of these
two methods is applicable to nickel due to the inherent instability of dihalonickel
complexes in amine solvents and of dialkynylnickel complexes in oxidizing media.
Thus, the analogous Ni-containing acetylide polymers (with M,=10,000-13,000 by
GPC) were prepared by means of an alkynyl ligand exchange process, which is
catalyzed by Cul in amine solvents (Scheme 5.1, Eq. 5.4) [12].
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Similar synthetic routes to those described in Scheme 5.1 have also been used
to prepare the analogous polymeric species 5.3 and 5.4, which contain mixed alky-
nyl ligands and/or mixed metals in the main chain [6, 8].

1PnBu3 PnBus

h{l*CEC——CEC-f\r'—CEC—CEC

PnBuy PnBus n
5.3
M=Pd M=Pt
Ni Pt
Pd Ni
PnBuy PnBus PnBug

I\l/I—CEC—Ar——CEC—M——CEC—CEC—M'~CEC—CEC

PnBug PnBug PnBug n

5.4
Me Et
M=Pd M =Pt
Pt Pd  Ar= 0 , ,
Pd Ni
Me Et

Although the aforementioned methods are generally applicable for the incor-
poration of Group 10 metals into metal-acetylide polymers, these approaches
could not be extended to metals from Groups 8 and 9 due to the instability of the
prospective monomer complexes in amine solvents. Research efforts building on
the molecular chemistry of hydrido-acetylide complexes of rhodium have resulted
in a facile route to Group 9 polymers 5.5 and 5.6 [13-16]. This method involves
the direct oxidative addition of terminal diynes to RhMeL, or [RhL," (L=PRj)
(Egs. 5.5 and 5.6). The reaction, which resembles that described in an earlier re-
port on the synthesis of Co(PMej)s(C=CPh) using a terminal alkyne [17], pro-
ceeds rapidly at ambient temperature to produce soluble polymers 5.6 when
L=P"Bu; or an insoluble white solid 5.5 when L=PMes. The authors did not re-
port the molecular weight for the soluble polymer. However, the formation of
free-standing films of the material upon evaporation of the THF solvent suggested
that the product was macromolecular in nature.

H
[Rh(PMeg) Me] o it
+ s /TH—CEC—X—CEC 5
HC=C-X-C=CH MesP” e n >
5.5

X= 'p'CGH4', 'D‘C6H4-CGH4-P'
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[RN(P"Bug)4JBPh, [ TL
+ RF;LCEC—< )—C=C
[L/| (5.6)
HC=C-CgH,-C=CH L n
5.6
L= P"Bus

A convenient metathesis reaction that involves trimethyltin reagents [18] has
been used to prepare polyynes that contain Group 8 (Fe, Ru, Os) [19-22], Group 9
(Co, Rh) [23, 24], and Group 10 (Ni, Pd, Pt) [23-26] metals. The polymers were
prepared through reaction of equimolar amounts of bis(trimethylstannyl acety-
lide)s and the appropriate metal halide complexes in the presence of Cul as a cat-
alyst (Scheme 5.2, Egs. 5.7-5.9). This method is quite general and is reported to
produce platinum polymers 5.7 (M=Pt, E=P or As) with slightly higher average
molecular weights compared to previously used routes as determined by GPC rel-
ative to polystyrene (M, = 82,000-210,000). The analogous Ni and Pd polymeric
complexes were obtained with much lower molecular weights (M,,=20,000-
30,000). In the case of rhodium, the polymer (5.9) was found to be a white, insol-
uble solid, similar to the polymer (5.5) produced by the aforementioned method
[14]. Insoluble polymeric materials 5.8 were also reported for Ru coordinated with
trimethylphosphine (PMes) and for Os with diphenylphosphinomethane (dppm)
and bis(ethynyl)biphenyl ligands [22].

M(E™Bug)sCla + MegSnC=C-X-C=CSnMe, -cat. Cul "[—M(EBu"a)g-CzC-X-CzC“}‘n (5.7)

5.7

M = Ni, Pd, Pt
E =P, As (Pt only)

X = nothing, -C=C- —@— ‘Q -—.—.——

cat. Cul

[M(L)sClo] + MegSnC=C-X-C=CSnMeg trans- IM(Lo)o-C=C-X-C=C}, (5.8)

5.8

M = Fe, Ru; L =PMe,, L,=depe, dppe
M = Os; Ly = dppm Me

SnMes

!PMea

Rn(PMeg)iCl + MesSnO=C-p-CoHe-C=CSnMe, <2 CBL Lo o ceHypC= c—}- (5.9)

MegP
PMeg
5.9
Scheme 5.2
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A Co-acetylide polymer without phosphine ligation at the metal center has also
been prepared through the use of this methodology. Thus, air-stable, yellow trans-
[CoN,C=C—p-CcH,—C=C], (N4=3,9-dimethyl-4,8-diazaundecane-2,10-dione diox-
ime) (5.10) with M,, = 15,800 (by GPC) was obtained through reaction of trans-
N4CoCl, with an equimolar amount of Me;Sn-C= C-p-C¢H,~C=C-SnMe; in the
presence of a catalytic amount of Cul in refluxing CH,Cl, [27].

o9
=N Ny
trans- —-{—CoN4~CsC-p-CeH4-CsC1— N, = I
n SN N7
5.10 L]

Recently, an extension of the dehydrohalogenation process to the synthesis of a
new class of heterobimetallic polyyne materials (5.11) that contain mixed metals
with alternating Ru(dppe), and Pd(P"Bus), moieties in the polymer backbone has
been reported (Eq. 5.10); these were found to have M,,=14,000 (by GPC measure-
ments) [28]. The incorporation of ferrocene units into the polymer main chain
with alternation between either Ni(PBus), (5.12) or Pd(PBus;), (5.13) moieties has
also been achieved (Eq.5.11); the molecular weights of the resulting polymers
were My, =26,100 and 21,400, respectively [28, 29].

trans-{Ru(dppe)p(C=C-CeHaC=CH)g) + (PBU"g),PaCl, - 2t Cul
Eu,NH
PrR  PPhe T”BU3
CEC—Q—CEC—IR(—CEC—Q»CEC—Td
Ph,R  PPh, PRy
\ 3 n
5.11
(5.10)
PBu"3),PdCl PBu™,),Ni(C=CH
1,1((n-CHa)oF€)(C=C-CHa-C=CH), (PBu'3),PdCl; or (PBu’;),Ni(C=CH),
cat. Cul, Et,NH
CEC—Q-CEC-@
! P"Bug
Fe ]
<csr—o=o~{_)-o=o-
P"Bug n
512 M=Ni
513 M=Pd

(5.11)
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Gold(I)-containing polyynes 5.14-5.16, with diphosphine and diacetylide
spacers, have been prepared either by the reaction of gold acetylide precursors
with the corresponding diphosphines or from the reactions of [AuCl(SMe,)] with
the appropriate diethynylarene in the presence of a base [30]. The resultant mate-
rials were found to be insoluble in most organic solvents, but were partially solu-
ble in THF, dichloromethane, and chloroform; they had average molecular
weights of 15,000-18,000, as estimated by GPC (relative to polystyrene standards).

R . .
‘!Tr I'|3r
Au—C=C CEC~Au—1I=||=
i i
K Pr Pr n

5.14 R=H
5.15 R=Me
"Frf
Pr Pr
n
5.16

The synthesis of rigid-rod oligomeric Au' complexes (5.17 and 5.18), with (iso-
cyanoaryl)acetylide bridging ligands, has been achieved by elimination of
'BuC=CH from the precursor ‘BuC=C-Au-C=N-Ar-C=CH [31, 32]. However,
direct molecular weight determinations of the resultant materials were not possi-
ble due to insolubility. Similarly, the synthesis of the insoluble polymeric materi-
als (5.19) with Au' centers bridged by diisocyanides and diacetylides has also been
described [33, 34].

R
l-BquC%Au-CENAOCEC%fH
X

5.17 R=H
5.18 R=Me

—{Au~ EC-R-CEC-AU»CN-R'-NC—+
n

5.19

R = CgHa, CeHa-CeHa, CaHoMep, CHO-CoHy-CMep-CoHg-OCH,,
R'= CgHa, CaHaMe, CgHaMey, CeMey, CoHoBup, CeHaMey-CaHaMes

A novel route to polymer chains 5.20 that contain metal moieties as terminal
groups has been reported, which involved multiple (up to 100) insertions of aryl
isocyanides into the Pd-C bond of the heterodinuclear p-acetylide complex
[C1(PR;),Pd-C=C-Pt(PR3),Cl] (Eq. 5.12) [35]. Crosslinked Pt-containing polymers
have been obtained by reacting 1,3,5-triethynylbenzene with the trans-dihalo com-

159



160 | 5 Metallopolymers with Metal-Carbon g-Bonds in the Main Chain

plexes by the dehydrohalogenation route. The 2-D hexagonal graphite-like poly-
mers (5.21 and 5.22) were found to have very low solubility [36].

PR PR3 PR3 PR3

I | —N= | |
CI-—Pld—CEC—Fl’t—CI _AN=C CI—P|d ¢ CEC—FI't—CI
PR3 PR3 PR3 ']l PRs
Ar
n (5.12)

5.20

R =FEt, "Bu
Ar = GgHg, CgHg-C4Hg-p, CgHy-CgH17-p,
CgHy-NO2-p, CeHy-CHa-p

A Py EBuz),

= I
521 E=P
522 E=As

Improved solubility was achieved by preparing polymer 5.23 through the use of
co-monomer mixtures of 1,3,5-triethynylbenzene and 2,5-diethynyl-p-xylene in var-
ious molar ratios (1:10, 1:50, 1:100) with trans-dichlorobis(tri-n-butylphosphine)
platinum. The high degree of cross-linking for the 1:10 mixture resulted in an in-
soluble material, whereas soluble copolymers were obtained with My =58,000 and
27,000 (by GPC relative to polystyrene) for the 1:50 and 1:100 molar ratios, re-
spectively [36].

— —
"BugP—Pt-P"Bug
&
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P "Bug P"Bug
i
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An interesting class of cationic polyyne polymers (5.24) was prepared by reac-
tion of the bimetallic complex u-butadiynyl-bis[trans-chlorobis(tri-n-butylphos-
phine)palladium] with an equimolar amount of 4,4'-bipyridyl in the presence of
excess K[PF¢]. The resultant polyelectrolyte 5.24 possessed alternating butadiyne
and pyridyl spacer units in the main chain (Eq. 5.13). Other analogous polyelectro-
lytes have been obtained similarly by the use of the appropriate dihalide complex
and bipyridyl derivatives [37].

"Bug "Bug

Cl—Pd—y—~Pd—Cl
P BU3

P8 PB r"sua
Uz Uz
- — P”Bu P"Bu

5.24
(5.13)
C=C-, Z = no substituent
C=C-, Z = CH,CH,
=C-C=C-, Z = CH=CH

OOO

= -CECO—CEC- » Z = no substituent

Me
Y= -CEC@— C=C-, Z = no substituent
Me

The synthesis of platinum polyynes with heteroaromatic organic spacer groups
has also been readily accomplished; for example, species (5.25) with skeletal pyri-
dyl units have been prepared either by the dehydrohalogenation method (Scheme
5.1(b)) or by an Me;SnCl elimination procedure analogous to that in Eq.5.7
(Scheme 5.2) [38]. The resultant polymers could be quaternized at nitrogen with
methyl iodide and triflate. Materials such as 5.26 with a bithiazole spacer have
also been prepared by the dehydrohalogenation method [39].

"Bus P"Bu3 t-Bu
Pt—C CO =c Pt—C c )—( c=C
n

P"BU3 nBu3
n

5.25 5.26

Electropolymerization has also been used to generate polymetallayne films on
an electrode surface. For example, the transition metal-polythiophene hybrid mate-
rial 5.27 (Eq. 5.14) has been prepared using this approach, which appears to be
highly promising for the creation of a broad range of intriguing polymers [40, 41].
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F'th'/\ PPh;

Q_O—Q—C=C_Ru_ =cﬁ_®_@ _electropolymerization

PR,

F'th'/\F'Phg
Pth‘ F‘F'hg
5.27
(5.14)

5.2.2
Structural and Theoretical Studies of Polymers and Model Oligomers

Retention of the trans configuration around the metal centers in the aforementioned
Pt-polymers such as 5.1 and 5.2 (M=Pt) is evident from spectroscopic analysis of
model compounds that contain one to six Pt centers, as well as from single-crystal
X-ray diffraction studies of representative species [5, 42, 43]. For example, a detailed
study of the molecular structures and crystal-packing arrangements for a series of
symmetric and unsymmetric bis(acetylide) complexes, [Pt(PMe,Ph),(C=CCsH4—p-
R)(C=CC¢H4—p-R')] (R, R'=0OMe, SMe, NH,, NMe,, CN, NO,), and the analogous
bis(butadiyne) complex has been described [16]. X-ray diffraction provided conclu-
sive proof of the trans configuration at the Pt center. The trans disposition of the acet-
ylide units has also been established for the Ni and Pd analogues, as well as for
Group 8 and 9 complexes such as octahedral trans-[Ru(dppe),(C=CC¢Hs),] and
mer, trans[Rh(PMe;);(H)(C = CC¢Hs),], respectively [43—45]. The binuclear Rh' com-
plex [Rh(PMe;),(C=C-C¢H,—C=C)Rh(PMej;),] has also been characterized crystal-
lographically [14]. Model compounds with organic heteroatomic spacers have also
been studied [39, 46-48]. An illustrative example of work in this general area is pro-
vided by an X-ray structural study of a Pt-oligothiophene ferrocenylacetylene oligo-
mer (5.28), the structure of which is illustrated in Fig. 5.1 [46].

PBuz !
S Y cmo—t—omo 5L V2B
. \ / s 0T s
Fe PBuy
<y
5.28

1P NMR spectroscopy has also provided an exceptional tool for the determination
of the configuration at the metal centers in polymers as well as oligomers [3-7, 10].
For example, the trans configuration of phosphine ligands in Pt-bis(acetylide) com-
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Fig. 5.1 Molecular structure of oligomer 5.28 showing the trans disposition of the ligation at the Pt
center. (Adapted from [46])

plexes gives rise to a *'P signal at =3.0 to 5.0 ppm, whereas the cis configuration
gives rise to a signal at =-2.0 to —4.0 ppm (referenced to 85% phosphoric acid).
In the Pt-containing polymers 5.1 and 5.2 and similar materials, as well as the Pd
and Ni analogues, no resonances are detected in the region assigned to the cis con-
figuration. Thus, these polymers are believed to possess a rod-like structure with an
all-trans configuration at the square-planar metal centers. Additional IR spectral
analysis was also consistent with the above assignment [5].

In a multinuclear solid-state NMR study carried out on the platinum complex
trans-[CIPt(P"Bu;),—C = C—p-C¢H,~C = C-Pt(P"Bu;),Cl] and the corresponding
polymers 5.1 (M=Pt, L=E"Buj, E=P or As), strong evidence for a trans geometry
at the Pt centers was provided by a *'P NMR study, which gave a chemical shift
of 5=4.5 and *'P-'>Pt coupling constants of 2440 Hz (dimer) and 2450 Hz (poly-
mer) in the case of L=P"Bu; [49].

Selected area electron diffraction and low-dose, high-resolution TEM imaging
techniques have also been employed to obtain structural information on the Pt
polyyne [Pt(AsBu;),—~C=C-p-CcH4—C=C], of structural type 5.1 [50, 51]. The re-
sults show a well-defined arrangement of the molecular chains into crystallites
(ca. 50 nm in diameter) with grain and dislocation defects. The proposed mono-
clinic unit cell has measured parameters of 4=2.08 nm, ¢=1.20 nm, 90°<f<93°
and a calculated value of b=1.9 nm [50, 51]. The authors attributed the variation
in f to the openness of the packing and the tendency of the polymer chains to
align upon extension.

Many studies have been directed at gaining insight into the degree of conjugation
and electron delocalization in the main chain of polymetallaynes with the aim of
controlling the band gap (Eg) and band width, and the hence electronic properties
and potential applications of these interesting materials. Studies of the bonding in
metal alkynyl, butadiynyl, and bis(alkynyl) complexes by means of photoelectron
spectroscopy and/or molecular orbital calculations [52-54] have provided much use-
ful information, and support previous calculational findings [55] that indicate that
there is considerable mixing of the filled metal d orbitals with the filled 7-system
of the alkynyl moiety [43]. The energy mismatch between the metal d-levels and al-
kynyl n*-levels, at least in cases in which there are no strong n-acceptor substituents
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in conjugation with the alkynyl moiety, apparently leads to a lack of significant z-
backbonding. However, the perturbation of the filled metal d-levels by the z-donor
character of the alkynyl groups leads to low-lying metalligand charge-transfer
(MLCT) absorptions. An in-depth compilation and analysis of data obtained primar-
ily from X-ray diffraction, electronic, and vibrational studies that aims at probing the
nature of bonding in metal-alkynyl complexes has been reported [43].

Extended Hiickel band calculations [56] on metal polyynes have indicated that
in [L,M-C=C-Ar—-C=C-; systems the highest occupied crystal orbital (HOCO,
which is roughly analogous to the HOMO in a molecular system) is predominant-
ly metal-d in character and is delocalized along the chain through the ML, groups
for n=2 (square planar) and n=4 (octahedral) geometries. The calculations indi-
cated that the lowest unoccupied crystal orbital (LUCO) is predominantly alkynyl-
7* in character. It was suggested, based on these studies, that the electrical con-
ductivity of polymetallaynes can be improved through alteration of the character
of the HOCO and the LUCO. The nature of the metal is expected to play a signifi-
cant role in affecting the HOCO energy level in such a way that the higher the en-
ergy and the more diffuse the d orbitals, the higher the HOCO level will be. On
the other hand, extending the z-conjugation length in the alkynyl spacer groups
would be expected to lower the optical (HOCO-LUCO) band gap in metal polyyne
systems, predominantly by lowering the energy of the LUCO. These calculations
indicated that electrical conductivity is favored for polymetallaynes containing
four-coordinate d® square-planar metal centers over those with six-coordinate d°
octahedral metal centers, due mainly to the greater conduction bandwidth in the
former case (by ca. 0.4 eV). Other authors have reported similar extended Hiickel
calculations on Pt-containing polymers and also concluded that the Pt centers do
contribute to some electronic delocalization along the polymer chain [57]. In addi-
tion, a vibrational spectroscopic study of these Pt polyynes, of types 5.1 and 5.2, in
the solid state has suggested that the alkyne spacer units still possess their essen-
tially acetylenic character and that m-conjugation is reduced in the presence of
phenylene rings in the polymer main chain [58].

Overall, although many details are still open to question, both theory and ex-
periment (see Sections 5.2.3.3-5.2.3.5) support the assertion that a significant de-
gree of electron delocalization is present in the polymetallayne main chain.
Furthermore, as shown below, the structure can be successfully tuned to influence
the electronic properties. However, a key challenge for the future is the develop-
ment of materials in which electron delocalization is even further enhanced.

5.2.3
Polymer Properties

A wide variety of high molecular weight polymetallaynes have been reported that
possess mainly d® square-planar metals (Ni, Pd, Pt) or six-coordinate d® octahedral
metals such as Ru. Many of these materials have been very well-characterized
and, as a group, they provide fascinating insight into the role that main-chain
metal atoms can play in influencing polymer properties.
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5.2.3.1 Thermal and Environmental Stability

Group 10 metal polyynes of types 5.1 and 5.2 are yellow solids which generally
show good stability in air in the solid state [5]. The thermal stability of samples of
these and related materials with M,, in the range 1.0x10*~1.2x10° has been in-
vestigated by means of TGA, and the results indicated that the platinum-contain-
ing polymers are considerably more stable than their palladium and nickel analo-
gues (Table 5.1). In air, the polymers decompose explosively with a weight loss of
ca. 35-60% [5]. The Pt materials are also significantly more stable than the Pd
and Ni analogues in solution. Even the Pt materials tend to lose small amounts of
the ligands (e.g. phosphine) at the metal center, and association in solution
through complexation of alkyne functionalities on neighboring chains has been
proposed on the basis of viscosity measurements [5]. Little has been reported on
polymers containing metals of Groups 8 and 9 with regard to thermal and envi-
ronmental stability.

Table 5.1 Thermal stability of Group 10 metal polyyne polymers (measured by TGA at a heating
rate of 5°C/min) [5]

Polymer M, x10°  Decomposition temp.

(<

in air in N,
[Pt(P"Bus),-C=C-C=C(], 120 270 350
[Pd(P"Bu;),-C=C-C=C(], 24 150 200
[Ni(P"Bus),-C=C-C=C], 10 150 165
[Pt(P"Bus),-C=C-C¢H4-C=CJ, 72 230 300
[Pd(P"Bu;),-C=C-C¢H4-C=Cl, 25 145 170
[Ni(P"Bus),-C=C-C¢Hy-C=C, 13 135 140
[Pt(P"Bus),(-C=C-C=C),ly 30 210 210
[Pt(P"Bus),(-C=C-CeHs-C=Cr)y]n 120 250 250
[Pt(P"Bus),(-C=C-C=C-)-Pt(P"Bu;),(-C=C-C¢Hy-C=C-)], 34 - 330

5.2.3.2 Solution Properties

The high solubility of many metal polyynes in common organic solvents, such as
benzene, toluene, tetrahydrofuran, and dichloromethane, is attributed to the pres-
ence of organic substituents on the ancillary ligands attached to the metal or or-
ganic spacer unit, which promotes good solvent-polymer chain segment interac-
tions. As noted earlier, molecular weight measurements have generally involved
the use of GPC with polystyrene standards for column calibration. This relative
technique generally provides only approximate estimates of the molecular weight
as it is assumed that the hydrodynamic size of the polymers under study is simi-
lar to that of the calibration standard (generally polystyrene) of the same molecu-
lar weight. This is clearly unrealistic for polymers with rigid backbones. However,
the sedimentation equilibrium method has been used to provide absolute mea-
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surements of the molecular weight of several platinum polyynes, and these clearly
established the macromolecular nature of these materials. For example, samples
of the representative polymer 5.2 (ML,=Pt(P"Bus),, x=2) were found to possess a
molecular weight M,,>10° by the sedimentation method [4, 7]. The intrinsic visc-
osities of this and related polymers, [7]=1.19-1.25 dL g', were found to be inde-
pendent of the nature of the solvent in the solubility parameter (J) range of 6.6—
9.7 (cal/mL)"/? [5, 7]. In addition, the a-value in the Mark-Houwink equation (ca.
1.7) was also determined, and this indicated that this type of polymer has a stiff
rod-like structure in solution [5, 7]. It is noteworthy, however, that subsequent
studies on the same polymer have led to the suggestion that the polymer chain is
more flexible and can be represented by a worm-like model [59, 60].

The generally rigid, extended nature of metal polyynes is also evident from
their tendency to form lyotropic liquid-crystalline phases [5, 61, 62]. Homometallic
polymers, as well as mixed-metal systems, that contain Pt, Ni, and Pd have all
been shown to exhibit liquid-crystalline phases in trichloroethene (Fig.5.2) [61,
62]. The formation of a nematic phase, as observed between crossed polarizers,
was reported for the platinum polyyne 5.2 (ML,=Pt(P"Bus),, x=2) (Fig. 5.3) [61].
The lyotropic liquid-crystalline phases formed by these polymers have also been
detected by high-resolution *'P NMR spectroscopy [63, 64]. The orientation of the
polymer chain exhibits a strong response to magnetic and electric perturbations,
and this leads to either parallel or perpendicular alignment with respect to the ap-
plied magnetic field. It was established that the preferred direction of the meso-
genic macromolecules with respect to the magnetic field is determined by the
magnetic anisotropy of the polymer and its structure [63, 64].

Fig. 5.2 Liquid crystals of polymetallayne 5.3 (M=Pd, M’=Pt)
observed between cross-polarizers in trichloroethene
(200x magnification). (Reproduced from [5])
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Fig. 5.3 Nematic liquid crystals of polymetallayne 5.2 (M=Pt,
L=P"Bus, x=2, n ~ 100) observed between cross-polarizers in
trichloroethene at 25°C. (We thank Prof. S. Takahashi, Osaka
University, for the figure)

5.2.3.3 Optical Properties

Metal-to-alkyne ligand charge-transfer (MLCT) transitions are a common spectral
feature in all of the linear rigid-rod metal polyynes. Their optical absorption and
emission properties have been examined in some detail [26, 50, 65-67]. The opti-
cal band gap that corresponds to the lowest-energy transition between the valence
band and conduction band varies depending upon the metal centers and their co-
ordination geometry, the ancillary ligands, and the nature of the alkyne bridging
units [65-67]. This transition was investigated as a function of chain length
for a series of materials of the type [R—(Pt(P"Bu;),~C=C-p-CcH,~C=C), 1~
Pt(P"Bus),—R] (n=2-5, R=C=CC¢Hs) [42]. It was found that the low-energy band
undergoes a red shift as n increases, but the magnitude of the shift rapidly de-
creases with increasing n value (Table 5.2). However, no further significant batho-
chromic shift was observed on moving from the pentaplatinum species
(Amax=378 nm) to the high polymer (A.x=380 nm) [7, 42]. It was also found that
the optical transitions for the polymers occur at lower energies than those for the
free alkyne ligands. These observations both suggest that appreciable n-conjuga-
tion occurs through the metal centers [67]. Further extension of the n-conjugation
within the alkyne spacer has a significant effect on the lowest-energy optical tran-
sitions, as illustrated in Table 5.3. It is apparent that the triacetylenic bridge
(m=1) exhibits a lower optical gap than the diacetylenic analogue (m=0)
(Eg=3.12 eV vs. 3.23 eV) [26], and likewise the band-gap excitation for the more ex-
tended bis(aryleneethynyl)benzene [67] is red-shifted in comparison with that of
the comparable diethynylbenzene material [26, 66] (E;=3.13 eV vs. 3.26 V). The
more extended anthracene spacer, which contains three fused benzene rings, is
most effective in promoting the delocalization of n-electrons along the polymer
backbone [67]. Thiophene and oligothiophene spacer units were also found to be
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Table 5.2 A, (nm) for the lowest optical absorption band for
a series of oligo- and polyplatinaynes [7, 42]

P"BuS r"BLa
©—0=c Pt—C_ ~@——c- Fl’t—CE C—@
P"Bua P'Bu
n-i
h }“mux (nm)
2 363
3 371
4 376
5 378
ca. 80 380

Table 5.3 Lowest optical transition measurements as a function of the alkynyl ligand spacer [26, 67]
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more effective than arene spacers, whereas, in comparison, silyl spacers (SiR,)
have been found to reduce delocalization [67-69].

Most polymetallaynes have band gaps of ca. 2.4-3.2 eV, but the value can be re-
duced substantially to ca. 1.7 eV by the use of alternating donor (bis(phosphine)plat-
inum acetylide) and acceptor (electron-deficient thienopyrazine) units in the back-
bone, as in polymer 5.29 [70]. Similarly, donor—acceptor interactions appear to be
important in polymer 5.30, which possesses a ferrocenylfluorenyl spacer and has
a band gap of 2.1 eV. In the absence of the metallocene group, the analogous poly-
mer has a substantially wider gap (E;=2.9 eV) [71].

Ph Ph

PBu3
3
femo (L ome
|

P"Bug

A5

5.30

n-Conjugated organic polymers are of widespread interest with respect to their
light-emissive properties, which permit applications in, for example, lasers, photo-
cells, and light-emitting diodes [72-74]. Light emission is possible from excited
singlet states, but is spin-forbidden from excited triplet states. The presence of
transition metals in the n-conjugated framework of polymetallaynes introduces
sufficient spin-orbit coupling for emission from excited triplet states to also be-
come significant [47]. For example, the polymers shown in Table 5.3 exhibit photo-
luminescence at room temperature and, for the lower three polymers in the table,
the emission quantum yields (4-8%) were found to be about one-tenth of those
for the free ligands (30-60%) [67]. The lower quantum yields detected for the Pt
polymers were attributed to the population of long-lived triplet states that were
easily quenched under the conditions of the experiment. Photoluminescence ex-
periments performed at liquid-helium temperature allow the observation of the
emission from the triplet states. For example, the photoluminescence spectra of
thin films of the polymetallayne 5.31 at 10 K and 300 K are shown in Fig. 5.4 [47].
The high-energy emission at 450-600 nm is assigned to fluorescence from the ex-
cited S; state and the low-energy band at 670-850 nm, which is only detected at
10 K, was assigned to phosphorescence from the excited triplet state T;.

P"Bu.
%Pt—i}C = v CEC%
§7 = s
n

P Bus

5.31
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Fig. 5.4 Photoluminescence
spectra of a thin film of poly-
platinayne 5.31 at 10 K and
300 K. The excitation wave-
length was 334-364 nm.
(Adapted from [47])
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Detailed studies have been performed on the photophysics of a range of Pt poly-
ynes [68, 75-77], and the energy-gap law for triplet states in a series of platinum poly-
ynes has been established [78]. Convincing evidence for n-conjugation between me-
tal sites in the main chain has been provided by some of the experiments [75]. The
photophysics of polymers with fluorene and carbazole spacers has also been inves-
tigated in depth, and the studies indicate that the singlet state extends over more
than one repeat unit whereas the triplet state is strongly localized [79].

Studies of polymetallaynes that contain metals other than Pt are much more
rare. However, the photophysical properties of rigid-rod, conjugated gold(I) poly-
mers 5.17-5.19 have been investigated, and these materials were found to exhibit
weak luminescence in the solid state at ca. 585 and 600 nm at room temperature
when excited with UV light [34].

5.2.3.4 Nonlinear Optical Properties

The ability to manipulate light in new ways is critical to the creation of new
photonic devices. Materials that exhibit nonlinear optical (NLO) effects offer po-
tential applications in many areas such as switching and frequency doubling or
tripling [80]. It is well known that extended n-electron-delocalized systems such as
conjugated organic polymers exhibit appreciable third-order nonlinear optical sus-
ceptibilities. Significantly, the absence of a center of symmetry is not a structural
requirement for third-order NLO materials, which provides a significant potential
advantage over second-order NLO materials [80]. Thus, metal polyyne polymers,
which possess low oxidation state transition metals with highly polarizable d elec-
trons in the conjugated backbone, should show enhanced hyperpolarizability.
Indeed, studies of the third-order nonlinear optical properties [81-87] of a series
of platinum polyynes have shown that these polymers exhibit large hyperpolar-
izabilities, comparable with those of inorganic semiconductors such as InSb
(1700x107%¢ esu) and elemental Ge (2300x107°° esu) [84]. Table 5.4 lists the third-
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Table 5.4 Third-order nonlinear optical coefficients for some Pt-polyynes [84]

Polymer n Yy 4

(1076 esu)  (107%° esu)
[Pt(P"Bus),-C = C-C¢H,-C=C], 112 102 3401
[Pt(P"Bus),-C = C-CgH,-C=C-C=C-CgH,-C=C,, >144 856 3570
[Pt(P"Bus),-C = C-CgH,(Me,)-C=Cl, 26 56 1199
[Pt(P"Bus),-C = C-CgH,(Me,)-C = C-C = C-CgH,(Me,) C=C, 52 181 4366

order hyperpolarizabilities for some platinum polyynes, measured by the optical
Kerr gate technique, along with the corresponding chain lengths. The large values
of ' (real component) and y” (imaginary component), where the former refers to
nonlinear refraction and the latter to nonlinear absorption, suggest that these ma-
terials are potentially of interest for the construction of NLO devices [84].

5.2.3.5 Electrical and Photoconductive Properties

The electrical conductivity and photoconductivity of metal polyynes have been
studied in some detail [88]. For instance, it has been demonstrated that in the un-
oxidized state 5.2 (M=Cu, L=no substituent, x=1) is an insulator (¢=10"° Scm™),
but upon doping with I, the conductivity is increased to ca. 10 Scm™ [89]. Poly-
ynes such as 5.1 (M=Ni, Pd, Pt; L=E"Bus; E=P or As) can either be oxidized
with nitric acid or doped with I, [50]. Measurements on undoped films showed
low conductivity values of ca. 107 Scm™, which improved to ca. 10 Scm™ in the
I,-doped samples [50]. The Pt-acetylide polymers 5.25 with pyridyl groups in the
spacer unit showed conductivities of 2.5x107> Sem™ upon doping with iodine.
Quaternization followed by iodine doping gave a similar value (3.4x107* Scm™).
These values appear to be the highest reported for soluble polymetallaynes [38].

Electrochemical studies of several polymetallaynes have also been reported [70,
71, 79]. Reduction of organic spacer groups can be achieved, and the oxidation of
substituents (e.g. ferrocene) can be reversible. However, electrochemical oxidation
of the platinum centers in at least some polymetallaynes appears to occur in two
irreversible redox steps (presumably involving Pt"/Pt'"" and Pt""/Pt"Y couples).
This observation suggests that the chemical doping experiments that were used to
increase the electrical conductivities of the polymers described above may not in-
volve simple processes.

The photoconductivity of platinum polyynes has been examined, and photocells
(Fig. 5.5) have been fabricated using the materials 5.32 (My,=2.9%10%, PDI=1.71)
and 5.33 (M,,=1.9x10%, PDI=2.14). The quantum efficiencies detected were ca.
0.01%, a common value for single-layer devices. The photocurrent was found to
increase with an increase in bias voltage [79]. Similar studies of Pt polyynes 5.34
and 5.35 (M,=8.3x10*-1.8x10°, PDI=1.2-3.2), with thiophene and oligothio-
phene spacers, respectively, have also been reported and quantum efficiencies
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amplifier light

VW
|

mechanical chopper

indium tin oxide (ITQ)

polymetallayne

Al

Fig. 5.5 Photocells constructed from single layers of platinum polyynes 5.32
and 5.33.

were found to be around 0.04% [68]. In analogous work, the most promising
photocurrent quantum yield of ca. 1% has been reported for the donor-acceptor
polymer 5.29. This value is unusually high for a single-layer device [70].

n- CGH13 n-CgHyz

n-!|3u
"Bus ”Bu3 N
t—C c c=C Pt —C= CCEC

P"Bu3 n
5.32 533
P Bug P Bus s
Pt—C C——Q'C =C Pt—C c«é(\ /7>—CEC
1)
P Bug ”Bus X n
5.34 5.35
x=20r3
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Polymers with Skeletal Metallocyclopentadiene Units

The first members of an interesting new class of organometallic 7-conjugated
polymers that contain metallocyclopentadiene units in the main chain were re-
ported in 1993 [90, 91]. The addition of acetylenes to CpCo(PPh;), allowed the
preparation of polymers 5.36 (Eq. 5.15). These materials were found to be intract-
able in common organic solvents; their degree of polymerization was estimated to
be ca. 20 by IR spectroscopy [90].

CpCo(PPhy),

T 1O
o n (5.15)

5.36



5.3 Polymers with Skeletal Metallocyclopentadiene Units

A similar synthetic approach was used to prepare Co polymers 5.37 (Eq. 5.16),
which possessed improved solubility as a result of the presence of flexible aliphat-
ic spacers in the main chain [91].

CpCo(PPhg)y Q p
N l\\
’ \CQXH/]/ (5~16)
RCeHsC=C~-R-C=CeHsR' cp PPhy "N
—@— CHZ)YOO—

y=86,9,10

O

, -O{CHy)y CHg
=6,10,14

Molecular weights for the soluble, orange-brown polymers 5.37 were deter-
mined by GPC (versus polystyrene standards) to be ca. M,,=9000-16,000, with
PDI values in the range 1.3-1.5 [92]. Solubility can also be enhanced through the
attachment of n-hexyl groups to the Cp ligands [93]. Regioregular polycobaltacyclo-
pentadienes 5.38 have been prepared by a nickel-catalyzed route (Eq.5.17), and
these materials possess molecular weights up to My,=5.6x10°, with PDI=2.8 [94].

t-Bu t-Bu
OO s L0004
Co 1,5- cod blpy
/\ DMF
Cp  PPhg Cp PPh3

5.38
(5.17)

The polycobaltacyclopentadienes of types 5.36-5.38 are of interest as metal-con-
taining analogues of n-conjugated organic polymers such as polythiophene and
polypyrrole. This has led to substantial interest in their physical properties [92—
97]. UV/vis studies show that there is a shift in the lowest-energy absorption band
with an increased degree of polymerization, which is indicative of a significant de-
gree of m-conjugation in the polymer main chain [92, 93]. Band gaps of ca. 2.1-
2.3 eV have been determined by measurement of the absorption edge of UV/vis
spectra, and these values are comparable with the value of 2.0 eV for polythio-
phene [93]. In the dark, polycobaltacyclopentadienes show low conductivity
(6 ~107"? Scm™). However, upon irradiation with white light a very substantial
photoconductivity effect has been demonstrated [93]. Cyclic voltammograms of the
polymers show quasi-reversible oxidations and irreversible reductions. Electro-
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chemical studies of 5.38 revealed weak metal-metal interactions with AE;,, values
around 20% of those in poly(1,1’-di(n-hexyl)ferrocenylene). The relatively weak in-
teractions were attributed to an energy mismatch between the Co d-orbitals and
the phenylene 7n-orbitals or to the lack of coplanarity for the cobaltacyclopenta-
diene and arene units [94].

Cobaltacyclopentadiene polymers undergo thermal rearrangement to the more
stable (7*-cyclobutadiene)cobalt derivatives, and reaction with isocyanates affords
new polymers containing 2-pyridone moieties in the polymer backbone (for de-
tails, see Chapter 4, Section 4.4.1) [98-100].

A novel extension of the metal-induced coupling of diynes involves the prepara-
tion of the red, moisture-sensitive zirconocene-containing polymer 5.39 (Eq. 5.18)
with M,=37,000 (PDI=2.1) by GPC (relative to polystyrene) [101]. Related organo-
silicon polymers and macrocycles derived from the zirconocene coupling of
MeC = CSiMe,C¢H,SiMe,C=CMe have also been reported [102, 103].

H3C(CH2)4—0504©7©—CEC—(CH2)4CH3 CeHale
/\_‘\
+ — 3
)42
/\

539

“Cps2r" s oD
(5.18)

The Zr polymers 5.39 are not just of intrinsic interest, but they also permit
chemical modification reactions in which the Zr atom is replaced [101, 103, 104].
This allows the introduction of diene, thiophene, phosphole, and aromatic func-
tionalities to yield novel n-conjugated organic polymers (5.40-5.43) with controlled
structures and electronic properties (Scheme 5.3).

5.4
Other Polymers with M—C g-Bonds in the Main Chain

A step-growth polycondensation route has been successfully devised to prepare well-
characterized nickel polymers 5.45 with arene spacer groups. The procedure involves
the polycondensation of the fluorinated dilithiated species 5.44 and a Ni'"" complex
(Eq. 5.19) [105]. The rod-like structure of these polymers was established by dilute-
solution viscosity measurements, and the results were similar to those reported
for the related platinum polyyne polymers 5.2 (M=Pt, L=P"Buj, x=2) (Section
5.2.3.2).

The absolute molecular weights of these materials were established by GPC by
means of the universal calibration technique that involved the acquisition of in-
trinsic viscosity data. As with the aforementioned platinum polyyne polymers 5.2
(ML, =Pt(P"Bus),, x=2), the intrinsic viscosities were found to be independent of
the nature of the solvent, and a Mark-Houwink a-value of 1.5 was determined,
which is indicative of a rod-like structure. Interestingly, it was found that in this
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n
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MeO,CC=CCO,Me
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PhPCI CH
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e
ph  4An

5.43

Scheme 5.3

case GPC using polystyrene standards underestimates the true molecular weight of
the polymers. This was attributed to the high molar mass of a repeat unit in the
Ni polymer 5.45 compared to polystyrene, which overcompensates for the effect of
the rigid-rod structure that would be expected to lead to the opposite situation. Ab-
solute values of M,, of up to ca. 1x10° were determined for the polymer samples
studied [106].

R A
= A L " TMephz T4 Td
5.44 { - \=_‘>.,_ /’_\ 5,19

+ PMePh,

n
NiiPMePhy)sBra 5.45

Polymers with M—C bonds in the main chain where the carbon atom is sp® hy-
bridized are rare. Such materials have been successfully prepared by acyclic diene
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metathesis (ADMET) polymerization, which has been used to prepare polycarbo-
stannanes 5.47 with molecular weights (M) up to 36,000 (PDI=2.1), with ethene
as the by-product (Eq. 5.20). The reaction is unusual in that the divinyl stannane
5.46 can function as both the monomer and the co-catalyst in the case of the W-
catalyzed reaction [107].

NN g N Mol or (W] Cat ’{/\/\S”M (5.20)
/ \n-Eu P n
n-Bu n-Bi

u n-Bu

5.46 547

As another interesting variant on materials with M-C linkages, formally conju-
gated polymers 5.48 and 5.49 have been prepared by polycondensation routes, and
have been characterized in the solid state [108-110]. In the case of the intriguing
metal-carbyne polymers 5.49, the materials are fluorescent at room temperature
[109], unlike monomeric species such as (RO);W =CR (R=alkyl or aryl). Polymers
such as 5.48 and 5.49 and analogues thereof [110] represent very exciting targets
for future study.

| S
N.__= l =
C\W/N 7
ro” | on C\\w""" n
OR RO/ | \OR
OR
5.49
5.5
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6
Polymers with Metal-Metal Bonds in the Main Chain

6.1
Introduction

The remarkable properties of high molecular weight polysilanes 6.1 and polyger-
manes 6.2, which were first prepared in the late 1970s and early 1980s by Wurtz
coupling procedures (Eq. 6.1), have led to considerable interest in the develop-
ment of polymer chains based on the heavier Group 14 element, tin, as well as
other metals [1-4]. To appreciate the reasons for the interest in polymers contain-
ing metal-metal bonds in the backbone, it is very useful to first consider some of
the unique features of polysilanes, which have now been thoroughly studied.

e e fi] - {3 .

E =Sior Ge

One of the most novel characteristics of the all-silicon backbone in polysilanes
is that it possesses delocalized o-electrons, a phenomenon that is virtually un-
known in carbon chemistry [3, 5-8]. This can be understood in terms of the na-
ture of the molecular orbitals associated with the Si-Si o-bonds. These are more
diffuse than those associated with C—C ¢-bonds as they are constructed from high-
er energy 3s and 3p atomic orbitals and silicon is less electronegative than carbon.
This leads to significant interactions between the adjacent Si-Si o-bonds along a
polysilane chain, a situation analogous to that for the n-bonds in z-delocalized
polymers such as polyacetylene. Thus, a band model, rather than a localized mod-
el, is more appropriate for these catenated structures [3, 8]. As a consequence of
the delocalization of o-electrons, the g-0* transition that occurs at around 220 nm
in Me;Si-SiMe; moves to lower energy as the number of silicon atoms in the
chain increases. In the high polymers, the g-6* band-gap transitions occur in the
near-UV region, at ca. 300-400 nm [2, 3, 8, 9]. The electron delocalization also
leads to appreciable electrical conductivity upon doping. For example, conductiv-
ities of up to 0.5 S cm™ have been reported after doping with AsFs [8]. In addi-
tion, many of the polymers are thermochromic, as the conformations that they

Synthetic Metal-Containing Polymers. lan Manners
Copyright © 2004 Wiley-VCH Verlag GmbH & Co. KGaA
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adopt change with temperature and consequently alter the degree of g-delocaliza-
tion along the main chain. Due to their low-energy g-¢* transitions, polysilanes
are photosensitive and have attracted considerable attention as photoresist materi-
als in microlithography [3, 8]. Polygermanes 6.2 appear to possess even more ex-
tensive o-delocalization than polysilanes and the ¢-6* band-gap transition for the
high polymers is significantly red-shifted, by ca. 20 nm, in comparison to the sili-
con analogues [10-12].

6.2
Polystannanes

6.2.1
Oligostannanes

The preparation of cyclic and linear catenated structures based on tin atoms has
attracted significant attention in the literature, and prior to 1990 a range of oligo-
mers and remarkable clusters were reported [13, 14]. Because of the lower electro-
negativity of Sn compared to Si and Ge, polystannanes would be expected to pos-
sess even more o-delocalized structures and have therefore been regarded as a
very desirable synthetic target [13-15]. Important work that underlined the poten-
tial significance of high polymeric polystannanes was carried out in 1987 [13]. Re-
searchers successfully prepared linear oligostannanes 6.3, with three to six cate-
nated tin atoms (x=1-4), by a salt-elimination procedure (Eq. 6.2).

t-Bu t-l13u
f
2PhgSnLi + I ?n | ——— PhgSn ?n SnPhg
t-Bu X tBu A (6.2)
6

3
x=1-4

Each of the discrete oligomers was characterized by single-crystal X-ray diffrac-
tion, and the structures are shown in Fig. 6.1. The Sn—Sn bond lengths varied in
the range 2.80-2.97 A, and each oligomer was shown to possess a trans-planar
conformation.

Most interestingly, studies of the discrete oligomers by UV/vis spectroscopy
showed that the g-o* transition moves dramatically to lower energy as the chain
length is increased (Fig. 6.2). Indeed, whereas the trimer 6.3 (x=1) is colorless,
the linear hexamer 6.3 (x=4) is yellow. The spectroscopic evidence for the forma-
tion of a band structure, in a manner similar to the well-known decrease in
HOMO-LUMO gap with increasing chain length for 7-conjugated materials, led to
the proposed term “molecular metals” for these oligomers and prospective high
molecular weight analogues [13].
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Fig. 6.1 X-ray structures of oligostan-
nanes 6.3 with x=1-4. Bond lengths (pm)

and angles (°) are indicated. (Adapted 280
X=
from [13]) preds 1
283 11‘1"8: X=2
287
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Fig. 6.2 UV/vis spectra of oligostannanes 6.3 with three to
six tin atoms (x=1-4). (Adapted from [13])
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6.2.2
Polystannane High Polymers

Prior to the early 1990s, attempts to generate high molecular weight poly-
stannanes by Wurtz coupling were unsuccessful and yielded only low molecular
weight oligomers and reduction products. The lack of success compared with the
corresponding silicon and germanium polymers was attributed to the relative ease
of reduction of Sn' and the weakness of the Sn-Sn bond. The key breakthrough
in this area was reported in 1993, when it was shown that transition metal-cata-
lyzed dehydrogenative coupling reactions, which had been extensively applied to
the synthesis of polysilanes, could be applied to secondary stannanes R,SnH,
(Eq. 6.3) [16]. Yellow poly(dialkylstannane)s 6.4 (e.g. R=n-butyl, n-hexyl, or n-octyl)
of substantial molecular weight (up to M, ~ 22,000) were prepared with the aid of
various zirconium catalysts. These materials indeed possess extensively delocal-
ized o-electrons, as illustrated by the band-gap ¢-o* transition that occurs at 384—
388 nm (in THF). In addition, exposure of thin films of the polymers to the oxi-
dant AsFjs leads to significant electronic conductivities of ca. 0.01-0.3 Scm™ [17].

metal catalysl
ReSnH,  —— oo (63)
-H,

Even smaller band gaps are present in polystannanes with aryl substituents at
tin [18, 19]. For example, dehydropolymerization of R,SnH, (R=p-BuCsH, or
p-"HexCgH,) afforded linear polymers (contaminated with some cyclics) with M,
values up to 20,000. The materials, which are also yellow in color, possess Amax
values for the Sn ¢-0* transition of 423-436 nm; this represents a red-shift by 30—
40 nm compared to the values for poly(dialkylstannane)s and is suggestive of sig-
nificant -7 conjugation involving the Sn backbone and the aryl substituents.

The proposed mechanism for the formation of the polystannanes involves g-bond
metathesis and is thought to be analogous to that for the catalytic dehydrocoupling
route to polysilanes from primary silanes RSiHj;. The Zr precatalyst is believed to
generate a metal hydride species that participates in a step-growth process that in-
volves four-centered transition states (Scheme 6.1) [17].

Highly branched polystannane materials have been prepared by a dehydropoly-
merization/rearrangement process [20]. Whereas Ti and Zr metallocene precata-
lysts afford linear polystannanes by dehydropolymerization of "Bu,SnH,, the Rh'
complex RhH(CO)(PPhs); was found to react to afford either cyclic oligomers or
branched polymers, depending upon the reaction conditions. The dark-yellow,
gummy polymer formed, 6.4 (R="Bu) (M,=3.5x10%, PDI=1.4), was shown to
possess a branched structure by ''”Sn NMR, and by analysis of the cleavage prod-
ucts obtained after treatment with I, followed by PhMgBr, which included
BuSnPh; as well as Bu,SnPh,. As a result of the branching, the 1., in the UV/
vis spectrum of the material (in pentane) was 394 nm, slightly but significantly



6.2 Polystannanes

Scheme 6.1

M = ZrR(n-CsHs)(n-CsRs), R = H or Me

Table 6.1 UV/vis and GPC molecular weight data for selected polystannanes 6.4 (R=alkyl or
aryl) formed by means of dehydrocoupling

R Dehydrocoupling precatalyst® 1,04 M, PDI?  Ref.
(nm, 25°C)%
"Bu Me,CCp) ZrMe(Si(SiMes)s) 384 (THF) 2.0x10* 33 17
"Bu Cp,ZrMe, - 1.4x10* 3.3 17
"Bu CpCp*ZrMe, - 1.3x10* 56 17
"Bu CpCp*ZrMe(Si(SiMes)s3) - 7.8x10° 2.2 17
"Bu RhH(CO)(PPhs); 394 (pentane)? 3.5x10° 1.4 20
"Hex CpCp*ZrMe(Si(SiMej)s) 384 (THF) 1.5x10* 2.4 17
"Oct CpCp*ZrMe(Si(SiMes)s, - 14x10* 6.7 17
"Oct Cp,ZrMe, 388 (THF) 21x10* 43 17
p'BuCH,  Cp,ZrMe, 432 (THF) 1.5x10°  1.35 18
p"HexCeH, Cp,ZrMe, 436 (THF) 2.0x10* 24 18

a) Cp=(1-CsHs), Cp*=(n-CsMes), Cp'=(1-CsH,), reaction conditions vary; consult reference
for details.
b) Limiting values for polymers with M,>1x10"
c) Obtained from GPC analysis of polymer in THF relative to polystyrene standards; PDI=M,/M,,.
d) Branched polymer.

red-shifted from that of linear poly(di-n-butylstannane) (Am.=378-380 nm in the
same solvent). The branched material was reported to possess greater stability to
air-oxidation and light in the solid state than the linear polymeric analog. A repre-
sentative list of selected polystannanes prepared by means of dehydrocoupling
procedures is compiled in Table 6.1.

Careful reinvestigations of Wurtz coupling procedures have now also successfully
led to the isolation of high molecular weight polystannanes. The first detailed report
of the preparation of polystannanes by Wurtz coupling in a refereed journal was
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published in 1996 [21]. Poly(di-n-butylstannane) was prepared from the reaction of
"Bu,SnCl, with a sodium dispersion in toluene, in the presence of 15-crown-5 at
60°C in the dark (Eq. 6.4). The maximum yield of polymer was reached after 4 h
and very high molecular weight material was formed (M,,>10°). Prolonged reaction
times gave rise to chain scission. The spectroscopic data were consistent with the
earlier reports on the same polymer formed by means of the dehydrocoupling
route. Electrochemical reduction of dialkyldichlorostannanes "Bu,SnCl, and
"Oct,SnCl, has also been reported, and affords moderate molecular weight poly-
stannanes 6.4 (R="Bu or "Oct) with M,,=3.5-5.6x10> (PDI=1.3-2.6) [22].

R,SnCl, N ég fg’wn' %Sn% 64)

The og-delocalization in polystannanes has attracted significant theoretical inter-
est [15, 23]. Recent synthetic methods have permitted access to oligostannanes 6.5
with 3-15 catenated tin atoms [23, 24]. The Sandorfy C model, which regards the
polystannane backbone as a linear chain of interacting sp® hybrid orbitals, allows
for an excellent degree of correlation between the experimental and calculated o-
o* transition energies with increasing chain length [23].

Bu
|
EIOCHZCHgé?n>—CHZCHZOEt
Bu
X

x=3—15

In the Sandorfy C model, the degree of delocalization can be appreciated by con-
sideration of the ratio fgem/fyic of the resonance integrals ff for geminal (same atom)
and vicinal (adjacent atom) interactions (Fig. 6.3). In the case of perfect delocaliza-
tion, the ratio fgem/fvic would be unity, whereas perfect localization of electrons
would correspond to a value of zero [3]. A resonance integral ratio fgem/fuic=0.75
has been calculated for polystannanes from this data, which indicates that polystan-
nanes possess substantial delocalization of o-electrons in the tin chain [23].

(a) (b} % Fig. 6.3 Resonance integrals 8
Bgem RO Buic for (a) geminal and (b) vicinal

" overlap of sp*-hybridized orbi-
A ‘ tals.

Band structure calculations have also been reported for hypothetical polystannanes
6.4 (R=R’'=H), and the results have been compared with those for analogous poly-
silanes and polygermanes [15]. The band gap (Eg) was calculated to decrease in the



6.2 Polystannanes

Fig. 6.4 Polystannane conformations: (@) AN AN
(a) trans-planar and (b) gauche-helical. sn Sn
\“Sn_/ \Sn,_/ \Sn'.:
/ ", / "y / ',
N
(b) il
NI N4
/Sn i

Table 6.2 Calculated band parameters for polystannane [SnH;], (6.4 R=H) and analogous
Group 14 polymers [SiH;], (6.1 R=R'=H) and [GeH,], (6.2) (R=R'=H)

Polymer Conformation Band gap  Effective hole Effective electron Ref.
Eg (eV) mass at valence  mass at conduction
band edge band edge
m;; a) m: a)
[CH,], trans planar - 0.21 - 5
[CH=CH], trans planar - 0.12 - 5
[SiH;], trans planar 3.89% 0.14 0.10 15
gauche helical 5.949 7.84 0.88 15
[GeH,], trans planar 3.31Y 0.13 0.10 15
gauche helical 5.139 5.39 0.57 15
[SnH;], trans planar 2.80" 0.12 0.09 15
gauche helical 4659 9.66 2.32 15

a Units are in mass of a free electron m..
b Direct band gap.
¢ Indirect band gap.

order Si>Ge>Sn for the trams-planar and gauche-helical structures (Table 6.2,
Fig. 6.4). The degree of delocalization was calculated to be much greater in the
trans-planar configuration than in the gauche-helical conformation. This is illu-
strated in Fig. 6.5, which shows the calculated band structures in each case. The
band dispersion (or band width) is noticeably less in the case of the gauche-helical
structures. Direct band gaps exist in those cases where the polymers adopt a
trans-planar conformation.

Based on further calculations, the intriguing possibility of gaining access to a
metallic state for polystannanes appears to exist, in which the valence band and
conduction band overlap. This might be achieved if, for example, pressure is used
to widen the bond angles along the polymer main chain to greater than ca. 150°.
This bond angle is significantly greater than the value found in linear hexamers
such as 6.3 (x=4), in which the skeletal Sn—-Sn-Sn angles are 114 and 121°.

A significant drawback with regard to the practical application of polystannanes is
their air- and moisture sensitivity. This is not so severe in the solid state, but the
materials are appreciably sensitive in solution. Nevertheless, the properties of these
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Fig. 6.5 Band structures for
polysilanes (PSi), polygermanes
(PGe), and polystannanes (PSn)
(top, trans-planar conformation;
below, gauche-helical conforma-
tion). (Adapted from [15])

fascinating materials are under detailed scrutiny [25]. The polymers are reasonably
thermally stable up to ca. 270°C; polystannane 6.4 (R=p-"BuCsH,) yields tin metal
when heated under nitrogen to 400°C, and tin oxides when heated in air, with a de-
composition onset of around 225 °C. Polystannanes are highly photosensitive and
exhibit photobleaching behavior and, upon UV-irradiation, depolymerize to yield cy-
clic oligomers (Fig. 6.6). Green fluorescence has also been reported for polystannane
6.4 (R="Bu) after UV excitation [16]. The dependence of the degree of o-conjugation
on conformation is expected to be significant based on work on polysilanes, and it is
likely that the smallest band gaps for these materials have yet to be achieved.



6.3 Polymers Containing Main-Chain Metal-Metal Bonds That Involve Transition Elements

Absorption (arbitrary units)

PR U R T TV S S N S TR SR T WY ST S TR S 2 1 V. PR TR S T TR
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A/ nm

Fig. 6.6 Photobleaching of polystannane (6.4 R=n-Bu) in pentane
upon irradiation by room light. Measurements were taken every 30's.
The final spectrum is given by the dotted line. (Adapted from [16])

6.3
Polymers Containing Main-Chain Metal-Metal Bonds That Involve Transition Elements

Polymers that contain covalent metal-metal bonds in the polymer backbone might
be expected to possess novel conductive and photochemical properties. This is an
area in which considerable synthetic challenges must be overcome if progress is
to be made. In general, comparatively little work has been carried out so far, but
the area is so intriguing that the efforts made are of particular note.

In 1989, polycondensation routes to polyurethanes that contain Mo-Mo bonds
(6.6, R=urethane linkage) or Fe(u-CO),Fe units (6.7) in the polymer backbone
were reported (Eq. 6.5) [26-29]. Polyurea and polyamide analogues and poly(ether
urethane) copolymers with Mo—-Mo and Fe-Fe bonds in the polymer backbone
were also reported by the same group [30-32]. These materials were generally of
low molecular weight, with M, values usually less than 10,000. For example, dif-
ferent samples of the red, powdery material 6.6 possessed M,,=4800-6000 (by va-
por-pressure osmometry), which corresponds to ca. six to eight repeat units,
whereas 6.7, a red-brown powder, possessed an M, value of only 1500, which cor-
responds to two to three repeat units [28]. Despite the low molecular weights, the
polymers are of interest as photoreactive materials, as the metal-metal bonds can
be cleaved photochemically by visible light. In contrast, conventional polymers
generally require ultraviolet light for photodegradation.
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HOCH,CH, &5 &7 CH,CH,0H

(CO)M—M(CO),

+  OCN-(CH,)g-NCO

catalyst
THF or dioxane

pveaal

/
(CO)M—M(CO),

6.6 (CO),M-M(CO), = (CO)3Mo——Mo(CO),
Q

AN

\C/

0]

6.7 (CO)M-M(CO), = (CO)Fe Fe(CO)

As mentioned above, the M—M-bonded polymers are of interest as photochemi-
cally labile materials (Scheme 6.2). The quantum yields for the photodegradation
of these polymers, and model complexes, decrease as the chain length is in-
creased. This effect has been observed in other polymer systems and several expla-
nations are possible. One invokes the theory that radiationless decay is faster in mol-
ecules with more vibrational modes and that this would thus lower the quantum
yield for the formation of requisite radical cage pair as the chains get longer [32, 33].

e p—M M—M M— Mo
lhv
wnM® M M M M® *Mav  Scheme 6.2

Studies of a series of polymers containing Mo—Mo bonds showed that both light
and oxygen were necessary for degradation to take place in the solid state [28-31].
Oxygen was found to react with the metal radicals produced by irradiation, other-
wise the M—M bonds reformed by radical recombination. Studies of materials 6.8
with chlorine atoms that can act as “built-in” radical traps showed that photochemi-
cal degradation occurs over 5 days upon irradiation under nitrogen, and IR spectro-
scopy revealed the appearance of bands characteristic of CpMo(CO)3Cl units [31].
Nevertheless, the photodegradation was still found to be faster in air, presumably
due to the higher concentration of oxygen radical trap present.

0] Cl

N— (G T <7~ (OHa~)

\ /
c 0 (CO)sMo—Mo(CO)s n

6.8
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The synthesis of a further class of polymers with cyclopentadienylirondicarbonyl
dimer units in the backbone has been described [34]. These materials possess or-
ganosiloxane spacers and were prepared by condensation reactions, as illustrated
for the case of 6.9 (Eq. 6.6).

0
o €
N /\%\Me Ph

| I |
Me,N—Si Fe—Fe Si—NM e S
e, |S| VA WAN S e, + HO ?I OH
Me C Co Me Ph
0]
100 °C
- Me;NHI 4 oluene
(6.6)
Q
Q C
Me 0 /\%\“ﬂ? Ph
?i /Fe\—/Fe\ ?l""O“SII-O
Me\% ¢ Yo Me Ph
o n
6.9

The materials were of low to medium molecular weight (M,=4000-13,500) and
showed very interesting electrochemical behavior. Studies of model compounds
showed that upon reduction or oxidation the Fe-Fe bond is cleaved. The poly-
mers, on the other hand, show reversible two-electron oxidation processes in
THF/["BuyN][BF,] at fast scan rates, as the Fe-Fe bonds reform after cleavage due
to the fact that Fe atoms are held in close proximity by the bridging organosilox-
ane units.

Polymers with Pt-Pt bonds as part of the polymer main chain have also been
reported (Eq. 6.7) [35, 36]. These yellow materials (e.g. 6.10) are particularly inter-
esting as they possess conjugated rigid-rod structures, but are essentially insoluble
or are only sparingly soluble in organic solvents; studies to date have been com-
paratively limited in scope. Analogues of 6.10 with diphosphine spacers, as well
as neutral analogues with acetylide spacers, have also been prepared and were
also found to be insoluble in common solvents [36].

MezP/\PMez
Cl——-Pt———PIt—CI + C=N—Ar—N=C

MezP\/ PMe,

MegP” PMe, (6.7)
[BF4]” |

[ Pt Pt—C==N—Ar—N=C

Me,P. PMe, 2 BF,”
2P~ [BF.] n

6.10
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The successful synthesis of a series of soluble polymers with varying degrees of
metal-metal interactions has been achieved by the use of chelating isocyanide li-
gands [37, 38]. The reaction of linear Pt, isocyanide-bridged complexes with di-
functional diphosphines Ph,P—(CH,),~PPh, (x=4-6) yielded orange-red amor-
phous soluble polymers 6.11 with molecular weights (M,,) estimated to be in the
range 8.4x10%-3.1x10° [39]. Extended Hiickel calculations suggest that the
HOMO and LUMO of polymer 6.11 are both do* orbitals that arise from the four
interacting Pt atoms, and the major low-energy UV/vis band at ca. 394 nm in
EtOH, that is analogous to that for a Pt, monomer complex with PPh; end
groups (Amax=405 nm), was assigned to do*-dg* transitions. Studies of a model
complex suggest that the Pt-Pt bond order is around 0.5. Although the materials
6.11 were not luminescent at room temperature after photoexcitation, phosphores-
cent emission was detected at 77 K [39].

Related materials with Ag (6.12) or Cu (6.13) atoms in the main chain have
been prepared by reaction of the respective metal salts with the diisocyanide. The
white Ag materials were found to be rather insoluble, and soluble fractions
appeared to be only oligomeric in nature. However, for the yellow-beige Cu poly-
mers, molecular weights (M,,) of up to 1.6x10°> were measured by static light-scat-
tering techniques in MeCN [40—42]. These materials were also found to show no
luminescence at room temperature, but intense blue emissions were detected at
77 K. Detailed analysis of the emission, and comparison with that of monomeric
species, provided evidence for the existence of significant M—M interactions along
the polymer main chain for both 6.12 and 6.13 [40].

C—————('
C'—’ c !
/
PhyP— (CH)y— Ph,P ——P{——Pt—— pt—p
| 7/ [
o
G
2x
n 6.12
6.1
c—C = S
2

o)
ON

A range of very exciting “metal string” complexes has been prepared, in which
a series of metal-metal bonds is present. An example is the remarkable hepta-
nickel complex Ni;L,Cl, (6.14) where L is a heptadentate amidopyridine ligand
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that binds to the metal atoms as depicted in Fig. 6.7 [43]. Compound 6.14 was
prepared by the reaction of NiCl, with the diprotonated ligand, H,L, in the pres-
ence of the base K[O'Bu]. The X-ray structure of 6.14 is shown in Fig. 6.8; the pen-
ta-nickel and cobalt analogues of this species have also been prepared [44].

Fig. 6.7 Depiction of the heptaden- N/ N = N/ Pz
| | |

tate ligand L present in the structure
of 6.14. —M M

—Z
—Z
—Z
—_Z

>
<
>
2
=
>
2
>
2

=
=
=
=

Fig. 6.8 Molecular structure of Ni;L,Cl, (6.14) determined by X-ray diffraction:
(a) side view and (b) view along Ni-Ni axis. (Adapted from [43])
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Polymers that contain bonds between main group metals and transition ele-
ments represent an area that is at a very early stage of development and the chal-
lenges associated with the synthesis of high polymeric materials are substantial.
Nevertheless, glimpses of the possibilities can be found in some linear and cyclic
oligomers that have been prepared as model systems for prospective high poly-
meric analogues. For example, the hexametallic dimer 6.15 has been synthesized
(Eq. 6.8) as a model for analogous high polymers [45].

Na,[{Fe(CO),(n-CsH4)}.CH;] + 2 (n-CsHs)(CO),Fe-SnPh,Cl

o) o Q %\ /ﬁ S 2
AR N \Fe% (68)
/e, e N N
% \ o) & A\ el
Ph Ph ph Ph

6.15

Attempts to prepare analogous polymers 6.16 have been briefly reported and
have led to CH,Cl,-soluble materials with M, =8500 when osmometry was used
for molecular weight measurements (Eq. 6.9) [46].

Nag[{Fe(CO)2(n-CsHa)}2Xo] + PhoSnCl,

o
* R / £
—_— \Fe< X—X \/Fe\ (6.9)
2 ¢
6.16

Sn
/ \Ph
Ph n

X = CH(NMe)

A remarkable 12-membered ring, [Os(CO),SnPh,)s (6.17), has been isolated
from the reaction of Na,[Os(CO),] with Ph,SnCl,, and has been characterized by
X-ray crystallography (Fig. 6.9a) [47]. Polymeric analogues with this type of cate-
nated structure would clearly be fascinating to study and do indeed exist in the
case of [Fe(CO)4BiR], (R="Bu) (6.18), at least in the solid state (Fig. 6.9b) [48].
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Fig. 6.9 X-ray structures of (a) 6.17 and (b) a segment of polymer 6.18. (Reproduced from [47]
and [48)])

We conclude this section with a mention of another area of considerable inter-
est and future potential. It concerns the synthesis and study of soluble polymers
that contain metal-metal multiple bonds in the backbone. Desirable targets in-
clude materials with perpendicular (6.19) and parallel (6.20) orientations of the
multiple bonds (Fig. 6.10) [49-51].

w(w ME=M e MESM o MESM e MEMM}W
n

6.19
Fig. 6.10 Possible perpendicular
(6.19) and parallel (6.20) ar- M M M M
rangements of metal-metal mul- ”‘(“"' "" e |||| s "" s "" ""’)""
tiple bonds in prospective poly- M M M M .
meric structures. 6.20

An example of the model complexes that point the way to potentially fascinating
polymers in the future is given by the tetranuclear species 6.21 [49]. Remarkable
square arrays of molybdenum-molybdenum quadruple bonds with oxalate spacers
have also been prepared by simple assembly procedures, as illustrated by the forma-
tion of the complex Mog(oxalate),(N-N)g (6.22) (N-N=di(p-methoxyphenyl)forma-
midinate) (Fig. 6.11) from [Mo,(N-N),(NCMe),]** and [oxalate]*” [52].

195
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0 Ot-BuO otBu
| o0 | 010

6.21

6.22

Fig. 6.11 Molecular structure of Mog(oxalate),(N-N)g (6.22) (N—-N=di(p-methoxyphenyl)forma-
midinate). (Adapted from [52])

6.4
Polymers that Contain Metal Clusters in the Main Chain

Metal cluster complexes exhibit many interesting catalytic, optical, and other po-
tentially useful properties for materials science applications, and many impressive
advances have been made with respect to their synthesis [53-55]. The incorpora-
tion of these remarkable metal-containing units into the main chain of polymer
structures clearly offers exciting possibilities [56], but this area is, in general,
poorly developed. The following three examples of linear structures illustrate the
growing interest and broad potential of this area. Dendritic structures that contain
metal clusters are discussed in Chapter 8.
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In 2000, the dark-brown cluster polymer 6.23, obtained from the polycondensa-
tion of the hexanuclear ruthenium carbido species RusC(CO);s with the diphos-
phinoalkyne Ph,PC=CPPh, in refluxing THF, was reported [57]. The structure
was assigned on the basis of IR, NMR, and elemental analysis, and an estimated
degree of polymerization of up to 1000 was reported based on electron micro-
scopy techniques. Polymer 6.23 has been shown to be electron-beam sensitive and
this allows the creation of Ru-based nanoparticle chains and, ultimately, conduct-
ing wires [57-59].

Phsy

P /J/
X
SN
p
Ph,
6.23
Ru = Ru(CO),

It is proposed that, on irradiation with electrons, the first step involves removal
of the sheath of carbonyl ligands and that the second step involves fusion of the
particles into larger clusters. Through the use of films of 6.23 and a finely fo-
cussed electron beam, wires with widths as small as 100 nm were accessible.

In 2001, an efficient step-growth polycondensation approach, reminiscent of that
used to prepare metal-metal bonded polymers 6.6 and 6.7, was successfully devel-
oped to yield polyurethanes 6.24 with Mo,lIr, clusters in the backbone [60]. Well-
characterized polymers with molecular weights of up to M,,=136,000 (PDI=3.1),
which corresponds to a number average of around 30 clusters per polymer chain,
were obtained. The synthetic procedure involved treatment of a diol of the Mo,Ir,
cluster with the diisocyanate OCN-R-NCO (R=aliphatic or aromatic spacer) in
the presence of a tin catalyst. The unusual optical properties of organometallic clus-
ters will drive applications-oriented work on these materials [60].

6.24
Moylry = Moalra(CO)yg

Finally, in a position at the interface of solid-state and polymer science are the
remarkable linear chain compounds [LiMosSes),, which can be dissolved in polar
solvents such as propylene carbonate, DMSO, or N-methylformamide to form bur-
gundy solutions. These species contain polymeric [Mo;Se3], anions (6.25) that
consist of polycondensed MogSeg polyhedra (Fig. 6.12) [61, 62].
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Fig. 6.12 Depiction of a segment of the structure of the
polymeric anions 6.25. The dark spheres are Mo atoms
and the lighter spheres are Se atoms. (Adapted from
[62])

Solutions containing 6.25 in N-methylformamide display nematic liquid crystal-
linity as a result of alignment of the polymeric rigid rods in solution [63]. At-
tempts to align individual rods in microchannels showed that they tend to form
bundles with widths of 10-200 nm depending on solution concentration and mi-
crochannel volume (Fig. 6.13) [64]. Through the use of low concentrations and
small microchannels, 1-3 nm structures, which are close to the width of individu-
al chains, could be deposited. Placement of the structures over lithographically
patterned electrodes has led to the determination of conductivities of ca.
2x10* S cm™. Lustrous thin films were obtained from solution by spin-coating or
solvent casting, and these possess high conductivities of up to ca. 10* Scm™. Cat-
ion exchange in solution is possible in order to replace Li* ions by, for example
[NMe,]" under mild conditions in the presence of 12-crown-4. This should allow
the electronic properties of the materials to be modified [65].

Fig. 6.13 (a) Cross-polarized optical image of patterns of nanowires of 6.25 generated using
microchannels on a glass substrate and (b) FESEM image of wire arrays on a silicon substrate.
(Adapted from [64])
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6.5
Supramolecular Polymers That Contain Metal-Metal Interactions
Involving Transition Elements

The use of self-assembly processes to generate materials with skeletal M—M inter-
actions is a highly promising methodology. Many fascinating examples of metal-
metal bonding in the solid state are known, but in most cases the interesting
properties are lost in solution due to dissociation [66-69].

One of the most investigated species is Magnus’s Green Salt [Pt(NHj3),4][PtCly]
(6.26), which has been known since 1828 [70]. This intractable material has attracted
much attention, as X-ray analysis showed that it possesses a structure (Fig. 6.14) that
contains stacked square-planar [Pt(NH3),]** cations and [PtCl,]*” anions in the solid
state. This creates a linear chain of Pt atoms that have separations of 3.23-3.25 A and
leads to the generation of a band structure. The material has been shown to possess
appreciable electrical conductivity (ca. 10°~1072 S cm™) [71].

Recently, attempts to prepare soluble versions of 6.26 have focussed on ana-
logues with organoamine ligation [Pt(NH,R)4][PtCly] 6.27 (R=n-heptyl to n-tetrade-
cyl). However, although these species are indeed soluble in organic solvents, the
Pt-Pt distances in such materials are substantially longer (>3.4 A) and result in a
pink color and insulating properties. This is a consequence of a tilting of the
planes of the cations and anions in the stacked structure, rather than a sterically-
induced elongation as was previously suggested. The use of the branched (S)-3,7-
dimethyloctyl substituent can mitigate this effect, and materials 6.27 (R=(S)-3,7-
dimethyloctyl) are green, possess Pt-Pt distances of 3.1 A by powder X-ray diffrac-
tion, and are weakly semiconducting (¢~ 1077 Scm™) [71]. Moreover, the Pt-Pt
bonding is retained in solutions of the material in toluene or xylenes. Vapor-pres-
sure osmometry indicated an M, value of ca. 9000, which corresponds to a DP,

- CONH, 72+
H,N—Pt—NH,
L HN
2-
Cl o
o ¢
r ;/NHS 2+
H,N—PE—NH,
L HN ]
Cl\Pt/CI 2
NH, ]2+
H3N7Pt—NH3
L HN g
O, a2
Lo O

Fig. 6.14 Structure of [Pt(NH;),][PtCls] (6.26) in the solid state.
(Reproduced from [71]) 6.26
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value of ca. 16. This work suggests that careful ligand choice might allow even
shorter Pt-Pt distances (which might even approach the values of ca. 2.6-2.8 A in
Pt metal) and which could yield substantially higher conductivities.

Another intriguing route to supramolecular materials with Pt-Pt bonds involves
the use of hydrogen bonding between O and NH groups of neighboring Pt-Pt-
bonded carboxylate-bridged dimers 6.28 (Fig. 6.15). Partial oxidation yields materi-
als with conductivities of 102-107 S cm™ [72].

)>/Q &Q Fig. 6.15 The hydrogen-bonded
---N N --07 Q.---- N N ---O s structure of 6.28. (Reproduced
SSIN N OO N N0 0 o (72))

Pt- Pt—Pt——Pt—Pt——Pt—Pt—

In another example, weak metal-metal interactions that involve other heavy
transition elements, such as Au, have recently been used to help guide the self-as-
sembly of metallocyclic building blocks 6.29 into luminescent, superhelical fibers
based on stacked structures (Fig. 6.16) [73].

—_—

bz H
s Paraffin

o 200 °C tor.t.
D-ke

W

Fig. 6.16 Self-assembly of metallocycle 6.29 into stacked structures. (Adapted from [73])
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7
Main-Chain Coordination Polymers

7.1
Introduction

Coordination polymers contain ligand-metal donor-acceptor bonds and are tradi-
tionally regarded as those materials that contain anionic or neutral N, O, S, or P
donor ligands attached to the metal center. Particularly when the ligands are neu-
tral, the metal-ligand bonds can often exhibit appreciable lability, and reversibly
form and cleave under many conditions. Such bonds may therefore be considered
to fall under the general category of supramolecular interactions. Indeed, poly-
mers containing coordination bonds of this type are now increasingly referred to
as “metallo-supramolecular” systems.

In the past, attempts to prepare stable main-chain coordination polymers have
relied on the use of chelating ligands and have been hindered by the insolubility
and consequent intractability of the products [1]. These problems arise from the
inherent skeletal rigidity of these materials, and the introduction of solubilizing
or flexibilizing groups, either in the polymer backbone or side-group structure,
has been necessary in order to obtain useful products (see Chapter 1, Section
1.2.4). Since the mid-1990s, the area has flourished and a range of very interest-
ing and well-characterized materials containing both d- and f-block metals have
been prepared. The development of polymers in which the metal is incorporated
into a m-conjugated main-chain organic framework has received particular atten-
tion. This is reflective of the dramatic growth of interest in zn-conjugated organic
materials such as electrically conducting polythiophene and electroluminescent
poly(phenylene vinylene) (PPV) [2-6]. The incorporation of metal centers into the
main chain provides an additional and potentially very versatile means of perturb-
ing and hence tuning the very useful electronic and optical (e.g. luminescence)
properties of these materials. A variety of other potential applications can be envi-
saged for coordination polymers; for example, as sensors, electrocatalysts, and
conducting and light-emitting materials in their own right. With access to block
and star coordination copolymers now achieved, a particularly exciting area for the
future involves potential applications as supramolecular materials.

Most of the discussions in this chapter will focus on the work on well-character-
ized one-dimensional coordination polymers reported since 1990. 2-D and 3-D co-

Synthetic Metal-Containing Polymers. lan Manners
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ordination polymers are best regarded as solid-state materials rather than macro-
molecules, and these will not therefore be discussed. It should be noted that coor-
dination polymers that possess direct metal-metal bonds and/or metal clusters in
the main chain are discussed in Chapter 6 (Section 6.3 and 6.4), side-chain coordi-
nation polymers were described in Chapter 2 (Section 2.3), and dendritic coordina-
tion polymers are discussed in Chapter 8.

7.2
Polypyridyl Coordination Polymers

7.21
Homopolymers with Octahedral Metals

Octahedral ruthenium(Il) and osmium(II) polypyridyl complexes combine ther-
mal and chemical stability with very interesting photophysical and electronic prop-
erties (see Chapter 2, Section 2.3.2). These considerations have prompted a range
of studies that target polymers based on polypyridyl and related complexes [7]. For
example, in the mid- and late 1990s, crosslinked films derived from the thermal,
electro- or photopolymerization of polyfunctional monomeric complexes 7.1 and
7.2 were investigated for the fabrication of light-emitting devices based on electro-
chemically generated chemiluminescence (Eq.7.1). Solvent-swollen and dry films
of the polymers were studied, and were found to exhibit efficiencies similar to
those constructed from organic conjugated polymers [8, 9].

HoC=HCCOx{H;C)30:C C0,(CH;)30,CCH=CH,

N CO,4{CH,)502CCH=CH,

CO,(CHy)30;CCH=CH,

2 [PFg]
7.1 7.2
[Rubipy)s}** [Ru(bipy)s** " 2 [Ru(bipy)s]**
+ —_ + — + (7.1)
[Ru(bipy)s]* [Ru(bipy)al* hv

Impressive results in terms of the synthesis and characterization of soluble lin-
ear Ru-polypyridyl coordination polymers were reported in 1997 [10]. Reaction of
tetrapyridylphenazine (tppz) with impure ruthenium precursors [Ru(R,bpy)Cls],
was found to give fairly low molecular weight polymers 7.3 with M, ~ 16,000
(DP, = 15) (Eq.7.2). However, when stoichiometric balance was possible due to
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+  [Ru(Rzbipy)Clgly

l ethanol/water

n/2

73 R=H
7.4 R=Ph
7.5 R = CHp-adamantyl

the synthesis of pure [Ru(R,bpy)Cl;]; by an improved route, polycondensation af-
forded high molecular weight linear coordination polymers 7.3 and 7.4. No end-
groups were visible in the NMR spectra of the polymers, from which it was con-
cluded that DP,>30. The brown-black polymers proved to be soluble in acetoni-
trile, dimethylacetamide, ethanol, and water.

The solubility of these interesting materials in readily available solvents pro-
vided an excellent opportunity to examine their solution properties in detail. In
ethanol/water or dimethylacetamide, the polymer 7.3 displayed a pronounced
polyelectrolyte effect when measurements were performed without added salt.
Thus, whereas plots of #y,/c (1sp=specific viscosity) versus concentration (c) are
usually linear, the strong intramolecular and intermolecular interactions for the
high molecular weight coordination polymer 7.3 led to a dramatic increase in 7,/
¢ at fairly low concentrations (107*~107> m) in the absence of added salt. A similar,
but much less dramatic, effect was observed in the case of the phenyl-substituted
polymer 7.4, for which intermolecular interactions appear to be weaker. On the
other hand, in the presence of an added salt the intermolecular forces decrease
due to screening effects, and intrinsic viscosities ([§] & 12 mL g™') were measured
for 7.3 and 7.4 from the linear #,/c versus ¢ plots. Studies of 7.3 in dilute solution
by means of small-angle X-ray scattering (SAXS) suggested the formation of aggre-
gates. However, SAXS showed the phenyl-substituted polymer 7.4 to be more solu-
ble and studies of this material in 0.01 M [NH4][PF¢] in dimethylacetamide allowed a
determination of an absolute value of M,, of ca. 47,000, which corresponded to a
degree of polymerization, DPy, of ca. 43. According to SAXS and viscosity data, poly-
mers 7.3 and 7.4 possess a rather rigid, coiled chain conformation with densely
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packed chain segments. This is consistent with the presence of random A and A
configurations for the Ru centers along the main chain. Studies in solution by
means of UV/vis spectroscopy showed that the spectra of the polymers 7.3 and 7.4
are similar to those of the monomeric units, which suggests that no significant z-
electron delocalization occurs along the polymer main chain [10].

These studies have been extended to analogous polymers 7.5 (Eq.7.2) with
bulky adamantylmethyl groups attached to the bipyridyl substituents [11]. Viscosi-
ty measurements in the presence of added salt showed the intrinsic viscosity of
7.5 (7] & 23 mL g') to be approximately twice that of 7.3 and 7.4, which is indica-
tive of a much more extended chain conformation in solution.

Rod-like terpyridyl polymers 7.6 have also been accessed through step-growth
polycondensation strategies (Eq.7.3). Analogous routes those employed for the
formation of 7.3-7.5 were successful in the preparation of high molecular weight
materials with DP,,>30 [12]. However, Pd-catalyzed polycondensation processes af-
forded only low molecular weight products.

[Ru(Robipy)Cla)x

(7.3)
' ethanol/water

2n+

7.6 R ="Hex

The ruthenium terpyridyl polymers 7.6 possess rigid-rod structures with much
higher intrinsic viscosities ([] &~ 300 mL g™" in 0.02 M [NH,][PF¢] in dimethylaceta-
mide) than the coiled systems 7.3 and 7.4. Indeed, the intrinsic viscosities are greater
than for rigid-rod organic polymers such as poly(p-phenylene) ([5] ~ 207 mL g™
when DP,=37). Again, in the absence of added salts, polyelectrolyte behavior was
noted. However, as in the cases of polymers 7.3 and 7.4, UV/vis spectroscopy indi-
cated that little electron delocalization was present in these particular materials, de-
spite their formally conjugated structure, and that the polymer chain appeared to
behave as an array of independent ruthenium(II) complexes. Although these mate-
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rials represent some of the first examples of high molecular weight coordination
polymers of this type, a wide range of interesting oligomeric species have also been
reported and offer promise of developments at the polymer level in the future.

Cationic Fe-terpyridyl polymers 7.7 (Fig. 7.1) have also been prepared by means
of a step-growth polycondensation approach, and these materials have been used
in layer-by-layer assembly applications along with oppositely charged organic poly-
mers such as polystyrene sulfonate (PSS) [13-15]. The polymers were character-
ized by "H NMR and UV}vis spectroscopies, through comparison to a model com-
plex, and by elemental analysis. Molecular weights (M,,) were estimated to be
greater than ca. 14,000 by analytical ultracentrifugation methods, which corre-
sponded to ca. 25 repeat units [13]. The formation of layer-by-layer polyelectrolyte
multilayers on weakly cross-linked melamine-formaldehyde particles by sequential
deposition of the cationic Fe polymer 7.7 and anionic PSS led to coated particles
(see TEM image in Fig. 7.2a). Subsequent decomposition of the core upon treat-
ment with acid allowed for the generation of remarkable metallized hollow
spheres consisting of five bilayers (Fig. 7.2b and c) [14]. Polymers analogous to
7.7 that contain other metals such as Co are also accessible [16].

Soluble Ru-polypyridyl polyelectrolytes 7.8 have been prepared by step-growth
polycondensation of the preformed Ru complex diol with CIOC(CH,);oCOCI, and
have been used to prepare similar layer-by-layer assemblies, which are of interest
due to their light-emissive properties [17, 18]. For example, an Ru-containing poly-
ester 7.8 of relatively low molecular weight (M, ~ 5500) has been well character-
ized, and it was found that the solubility could be altered through variation of the
counteranion. Solid-state light-emitting devices based on layer-by-layer assembled
multilayer structures created from the water-soluble polycation 7.8 with CI™ as the
counteranion, and the sodium salt of poly(acrylic acid) as the negatively charged
polyelectrolyte, were prepared on indium tin oxide, with thermally evaporated Al
serving as the other electrode [18]. Light emission was noted under both positive
(ITO as anode) and negative (Al as anode) bias. However, due to the multilayer
structure control made possible by the use of the layer-by-layer technique, compo-
sitionally graded heterostructures that emit light only under forward or reverse
bias could also be created. External quantum efficiencies for the layer-by-layer
light-emitting devices were in the 1-3% range, and were found to be much high-

Fig. 7.1 Schematic of the struc- ) < P ) < ) ( > ( ) (
ture of the iron polypyridyl coor- Q O Q \)
dination polymer 7.7. (Adapted

from [14]) 1.7
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Fig. 7.2 (a) TEM images of multilayer-coated mela-
mine-formaldehyde particles (diameter=1.7 um);

(b) TEM and (c) AFM images of polyelectrolyte shells
after acid-induced decomposition of the melamine-form-
aldehyde template. (Adapted from [14])

500 nm

er than the 0.2% observed for analogous single-layer sandwich devices based on
films of 7.8 formed by spin coating [18].

Main-chain polymers containing tris(bipyridyl)ruthenium units have also been
used in combination with electron-conducting TiO, nanoparticles and hole-con-
- -~ 2n+
~—0—CH, HzC—O0—CO(CHp)1s0C—
e

2CI or [PFg"
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ducting graphite oxide nanoplatelets to prepare diode junctions by means of layer-
by-layer self-assembly techniques [19].

A range of polyimides (e.g. 7.9), polyesters (e.g. 7.10), and polyamides (e.g.
7.11) with polypyridyl Ru units in the main chain have also been prepared and
have been thoroughly characterized [20, 21]. These materials were prepared by di-
rect participation of a difunctional Ru complex in the polycondensation process
(e.g. 7.9) or by the reaction of preformed polymers with labile Ru complexes (e.g.
7.10 or 7.11). Molecular weights (M) in the range 2.3x10* to 1.5x10° were deter-
mined for the polyamides. The polyimides, such as 7.9, display appreciable hole
and electron mobilities (ca. 107*~107 cm? V™' s™ at 25°C). Hole transport is be-
lieved to mainly involve the Ru centers, whereas electron transport is believed to
involve the diimide units. Single-layer electroluminescent devices with quantum
efficiencies of ca. 0.1% have been fabricated from some of the polyimides and
polyamides [20, 21]. Several of the polyamides with rigid backbones form lyotropic
mesophases in sulfuric acid, and flexible chain polyesters and polyamides form
thermotropic liquid-crystalline phases. A series of rhenium-containing polyimides
and ruthenium-containing polybenzobis(oxazole)s and bis(thiazole)s have also
been studied, and were shown to exhibit photoconductivity [22, 23].

2n+

7.10

2n+

/N —/
C—OO_CO NH—R/Ar—NH / oc \ / CO-NH—R/Ar—NH
\ / 7

2Cr

7.11
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An extensive range of n-conjugated polymers with bipyridyl binding sites in the
main chain have been developed. In the early 1990s, metallopolymers 7.12 con-
taining 5 mol% Ru coordination were synthesized by the reaction of [Ru(bpy),Cl,]
with a polybipyridyl macroligand precursor [24-27]. A significant increase in con-
ductivity from 107'% to 10~ Scm™ was detected on complexation with Ru. Shifts
in the Ru”" and Ru"/"" potentials relative to mononuclear complexes [Ru(bpy)s]**
were observed, and these were taken to be indicative of interactions between the
Ru centers through the n-conjugated segments.

As illustrated previously, an alternative synthetic approach to complexation of a
preformed polymer involves a polycondensation process that directly uses a metal
complex. The Ru-containing materials 7.13 were prepared by both methods
(Scheme 7.1) [28]. The shift in redox potentials for these materials provided simi-
lar evidence for significant electron delocalization.

Heck coupling procedures have been used to prepare n-conjugated metallopoly-
mers such as 7.14 (Eq. 7.4) [29-31]. It was shown that if donor—acceptor nonlinear
optical (NLO) chromophores are present as side-group substituents, these materials
display photorefractivity, where the refractive index of the material can be modulated
by a space charge field through the electro-optic effect. This is potentially important
for optical signal processing and information storage applications. Significantly,
there is appreciable overlap of the m—n* absorption of the organic segments with
that of the metal-to-ligand charge-transfer transition of the photocharge-generating
Ru(bipy) moieties. The latter allow the creation of free charge carriers, and the con-
jugated organic segments mediate their transport and, ultimately, their trapping at
defect sites. The Ru polymers were found to show much higher photorefractivity
than the metal-free organic polymers.
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Analogous Os-containing materials have also been prepared and characterized.
However, the Heck synthetic approach used to prepare the Ru and Os metallopo-
lymers was found to introduce undesirable defects in the resultant materials,
which limited their photorefractive response. Studies of the photoconductive prop-
erties of a variety of materials of type 7.14 have been reported [29, 32], and a wide
range of well-characterized polymers with related structures containing octahedral
Ru or Re centers have been synthesized and similarly studied [33-36]. Metal-cata-
lyzed cross-coupling procedures have also been used to prepare polymers with al-
kynylarylene spacers, and the complexation of Ru or Re (e.g. to form 7.15) leads
to materials with interesting photoconducting and fluorescence properties [37, 38].

OR

OR
e Qoo Drome OO ome
RO RO

Re(CO)Cl n

7.15
R =CigHa7

Electropolymerization of Ru bipy complexes with pendant thiophene groups
to form materials such as 7.16 as films on electrodes has also been explored [39].
The resultant polymers can possess appreciable redox conductivity (ca. 107*S
cm™). The overlap between the metal d orbitals and the p orbitals of the ligands
can be tuned by alteration of the substitution pattern, and appreciable conductiv-
ities can thereby be achieved.

N W W N N
VA e Wea ) m™

A

Ru 2+
7.16

n

Soluble, linear polymers analogous to 7.16, with Ru or Os coordinated to the bi-
pyridyl center, have also been investigated in detail, and the electrochemical and
photophysical studies performed support the existence of strong electronic interac-
tions between the metal sites and the n-conjugated organic backbone [40]. Materials
with terpyridyl groups bound to Ru have also been prepared by electrochemical po-
lymerization [41].

Polymer 7.17 has been prepared by the complexation reaction of polybenzimida-
zole with Ru(bpy),Cl, [42, 43]. The dark-orange polymer was shown by GPC to
possess a molecular weight of > 5x10*. Studies using techniques such as rotating
disk voltammetry and impedance spectroscopy showed that charge transport is en-
hanced over redox conduction in this polymer as a result of the z-conjugated
backbone. Analogous osmium polymers also show strong electronic communica-
tion between the metal centers through the n-conjugated polymer backbone [44].
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7.17

7.2.2
Homopolymers with Tetrahedral Metals

The synthesis of polypyridyl coordination polymers with tetrahedrally coordinated
metals, by means of the synthetic methodology outlined in Eq. 7.5, has also been
reported [45]. Red-brown copper polymers (7.18) and yellow silver analogues (7.19)
were isolated as fibrous materials that were found to be stable for months in the
solid state. The polymers also proved to be stable in solution in non-coordinating
solvents such as chlorinated hydrocarbons, but ligand exchange occurred in
solvents such as acetonitrile. Although the molecular weights of these unusual
materials were not determined accurately, the lack of detectable end-group signals
in their NMR spectra indicates that DP,>30. In addition, viscometry measure-
ments indicated that the intrinsic viscosity ([y] ~ 11 mLg™) was similar to the
value found for analogous Ru" polymers with M,, ~ 47,000 (by SAXS).

718 M=Cu, X = [P
7.19 M= Ag, X = [BF,]

R = n-CgHyg. Ar = CgHg-Y, ¥ = H, Cl, or OMe
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The synthesis of stable coordination polymers of this type is particularly significant,
as the metal complexes are kinetically labile. The presence of bulky ortho substituents
on the phenanthroline ligands was a key to allowing stable materials to be obtained.

Another approach to Cu' and Ag' coordination polymers involves treatment of
the preformed polymer 7.20 with metal ions (Eq. 7.6) [46]. The procedure has the
advantage that the metal-free polymer precursor can be fully characterized, which
is much easier to achieve than for the metal-containing polyelectrolytes that might
also bear paramagnetic metal centers. Treatment of the precursor polymer in or-
ganic solvents such as chloroform and toluene with MX or [ML4X (M=Cu or Ag)
yielded gels as a result of crosslinking through M(phen), linkages involving phen-
anthroline groups from different polymer chains. Performance of the reactions in
the presence of excess auxiliary ligand L was found to be necessary for the forma-
tion of soluble materials 7.21 and 7.22. Polymer 7.21, with L=NCMe, was found
to be stable in solution at room temperature, but upon heating to 80°C insoluble
gels formed, presumably as a result of thermally induced ligand exchange chemis-
try, whereby coordinated acetonitrile ligands are displaced by the phenanthroline
ligands from adjacent polymer chains. Solution NMR studies were indicative of
rapid exchange of the acetonitrile ligands, consistent with the low kinetic stability
of [M(phen)L,]* (M=Cu or Ag) complexes.

7.20

[Cu(NCMe)4][PFg]

or Ag[BF,4] in MeCN

or i} [Cu(NCMe),][PFg] (7.6)
i) 2,9-Ar;phen (Ar = CgH Br-p)

B

7.21 M = Cu, X = [PFy]
7.22 M = Ag, X = [BF,]

R = n-CgHy g
Lz = NCMe or 2.9-Argphen (Ar = CgH,Br-p)
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Addition of bidentate auxiliary ligands L, with bulky ortho substituents, such as
2,9-bis(p-bromophenyl)-o-phen, which exchange much more slowly than acetoni-
trile, allowed the exchange process to be slowed and well-resolved NMR spectra to
be obtained. These red-brown (7.21) and yellow (7.22) brittle materials could be
purified by precipitation, and were found to be stable in solution up to 80°C with-
out the occurrence of crosslinking and consequent gel formation [46].

Orange coordination polymers 7.23 with two phenanthroline ligands attached to
the cationic Cu(I) center have also been studied. Electrochemical investigations
showed that oxidation of Cu' to Cu' results in a coordination change that in-
volves metal dissociation, which is fully reversible upon reduction [47]. Such mate-
rials are of interest with regard to the formation of electroresponsive membranes
and controlled transport materials.

210
\\

7.23

Polymetallorotaxanes 7.24 (M=Zn"" or Cu') have been prepared by electropoly-
merization, which involved anodic oxidation of the pre-assembled metallorotaxane
precursors (Scheme 7.2) [48]. Importantly, studies of these materials have allowed
an evaluation of the individual contributions of the organic backbone and the met-
al-centered redox process to the overall conductivity measured on interdigitated
microelectrodes. The Zn and Cu polymers behave quite differently. The Zn poly-
mer behaves in a similar fashion to the metal-free material 7.25, whereas the
matching of the polymer and Cu-centered redox potentials in 7.24 (M=Cu') leads
to enhancement of the communication between these two units; resistance drops
by a factor of 10° for the Cu polymer 7.24 relative to metal-free 7.25. In a further
development in this general area, two-step electropolymerizations have been used
to generate three-stranded conducting ladder polymetallorotaxanes [49].

Materials such as 7.26 and analogues thereof have been shown to exhibit metal
ion responsive properties [50]. The polymers display enhanced conjugation on
metal ion coordination, which can be transduced into a measurable signal in
terms of the UV/vis absorption band or fluorescent emission response. The
approach is remarkably versatile and is successful for a wide variety of metal ions
M* from the s, p, d, and f blocks (Table 7.1).
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Scheme 7.2 (Adapted from [48])

7.26
R = CygHas

7.23
Stars and Block Copolymers

The first developments in this area were reported in the mid-1990s. For example,
Cu' complexation of bipyridine units has been used to prepare the chain-extended
polymer 7.27 and the crosslinked material 7.28 from polymeric precursors that
contain flexible polyether segments with bipyridyl units either at the chain termi-
ni or distributed along the chain, respectively (Scheme 7.3) [51-53].



7.2 Polypyridyl Coordination Polymers

Table 7.1 Absorption and emission responses of 7.26 upon chelation of various metal ions.
(Adapted from [50])

lon Absorption Emission® lon Absorption Emission®
(nm) (nm) (nm) (nm)

Ton-free 455 507 Ion-free 455 507

Zn** 513 593 Ag' 503 585 (W)

cd* 513 627 Cu* 514 466 (w)

Cu* 524 q A" 535 590

Ni%* 513 q Fe** 527 467, 492 (m)

Co™* 519 q Sb** 556 472, 489 (W)

Hg* 512 590 La* 506 469, 499, 594

Pb** 535 468, 502 (W) Ce** 497 469, 494, 573

pd* 564 q Eu** 500 466, 499, 560

Mn?* 514 q Er** 508 463, 503, 602

Sn** 558 q Gd* 498 466, 500, 594

Fe?* 529 464 (W) Yb** 512 467, 502, 598

a q=quenched, m=medium, w=weak

] N M M

lcululscy] 1*CeHg

N\ +/N

ol [cFssoyr
.

N M

(b} E @@ i
NN n

7.28 Scheme 7.3
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The properties of the linear material 7.27 and the network copolymer 7.28 have
been studied by dynamic mechanical analysis, DSC, and transmission electron
microscopy. Evidence was obtained for the formation of highly ordered micro-
phase-separated superstructures in the solid state from the materials 7.27. The
Cu(bipy), moieties appear to form ordered stacks, and this leads to thermoplastic
elastomer properties. In contrast, the network structure of 7.28 prevents signifi-
cant microphase separation [51-53]. By means of related approaches, dinuclear
Cu' helical complexes have also been used to create block copolymers by function-
ing as cores [54], and polymer networks have also been formed by using diiron(II)
triple helicates as cores for the formation of copolymers with methyl methacrylate
[55].

Ru-terpyridyl complexes have been used as linkers between organic blocks. For
example, the synthesis of the block copolymer PS,y[Ru]-PEO7, 7.29 was accom-
plished by means of the procedure outlined in Scheme 7.4 [56]. These materials

RuCly, McOH
§0°C, 24 b

33

M
Q
1} THF,EIOH | 2) NHPFs
reflux
124

‘“*120

PSz-[Ru]-PEO7g
Scheme 7.4  (Reproduced
7.29 from [56])
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Fig. 7.3 TEM images of micelles
formed from PS,4-[Ru]-PEOyq (7.29) in
water after solvent evaporation.
(Adapted from [56])

Fig. 7.4 Schematic representation of micelles
of PSyo-[Ru]-PEOy, (7.29) showing a PS core
(grey), the Ru linkers (black), and the PEO cor-
ona. (Adapted from [56])

formed micelles in water, a selective solvent for the PEO block, after initial dissolu-
tion in DMF followed by the slow addition of water and dialysis. UV/vis spectra of the
bright orange-red opalescent aqueous solution of the micelles indicated that the [Ru]
linker was stable in this solvent. Dynamic light-scattering studies indicated a hydro-
dynamic radius of 65 nm for the spherical micelles and aggregates with a radius of
ca. 200 nm. Transmission electron microscopy studies, after solvent evaporation, al-
lowed direct visualization of the spherical micelles and showed the presence of ag-
gregates (Fig. 7.3). The micelles possessed the proposed structure shown in Fig. 7.4.
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Star structures have been prepared by means of an elegant approach that uses
metal-polypyridine complexes as metalloinitiators. The first results in this area
were reported in 1997 when Fe and Ru tribipyridyl complexes with electrophilic
halogenomethyl functionalities (X=Cl, Br or I) were used as multifunctional in-
itiators for the ring-opening polymerization of oxazolines to afford stars 7.30 and
7.31 (Eq.7.7) [57].

N
N D 4( T ‘/}‘x
= N o Nz
L«M: m \_/ LM
N7 m——— \N R
L CH;CN L \ x (7.7)

7.30 M=Fe
7.31 M=Ru

The violet Fe-based star polymers 7.30 were found to fragment readily and re-
lease the macroligands (Fig. 7.5), whereas the Ru-containing materials 7.31 were
stable.

Fig. 7.5 Dissociation of star
% _I(PFs)z polymer 7.30 with iron as the
7 NW Rust N core. (Adapted from [57])
’FIB‘N’““' N NI:i
/%JV N
Violet (NH):Fe( S04 Coiorless

7.30

An analogous approach to polyoxazoline polymerization was reported which
uses tetrahedral Cu' metalloinitiators 7.32 to create block structures 7.33 (Eq. 7.8)
[58].

1. m:;\n. CHaCN, BO°C. 1 d Wmtl
r Q\J : 1
Br B . |
\/Q_\/ " - Cl lL FmH- \CI.II:I}L 1l J O

cu(l)L mAl

7.32 7.33 (7.8)

The “divergent” metalloinitiator approach has been developed into a highly pro-
ductive tool for the construction of a range of remarkable macromolecular struc-
tures [59-62]. Significantly, the metalloinitiators can be compatible with the highly



7.3 Coordination Polymers Based on Schiff-Base Ligands

versatile atom-transfer radical polymerization technique, and this allows a variety
of star structures to be prepared. In addition, a “convergent’ approach to analo-
gous materials involving the interaction of metal ions with macroligands has been
developed. For example, reactions of bipyridyl macroligands with Ru, Fe, and Pt
precursors yield the metal-centered heteroarm star polymers 7.34-7.36 with differ-
ent transition metal centers as the core (Scheme 7.5) [61]. Materials with lumines-
cent Eu complexes at block junctions and polyester arms have been similarly
synthesized, and are of interest as their self-assembly should lead to materials
with metals localized at microdomain boundaries [63].

Iron-centered six-arm star block copolymers 7.37 (Fig.7.6) have been investi-
gated in detail by small-angle X-ray scattering, TEM, and AFM [64]. When heated
for ca. 2 days at 160°C, thin films of the polymers form iron nanoclusters with di-
ameters of ca. 20-40 nm (see TEM image, Fig. 7.7). This type of approach offers
considerable potential for the single-step fabrication of nanoscale-patterned inor-
ganic particles in polymer films.

o
Ru(bpy),Cla N’/, R‘u “\\W
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N7 | \hf\
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\ KoPtCi, Clr, P
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Polystyrene
Polycaprolactone

ANAANANS
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Scheme 7.5 (Adapted from [61])

73
Coordination Polymers Based on Schiff-Base Ligands

Schiff-base ligation has attracted significant attention as a method for creating co-
ordination polymers with interesting morphological, catalytic, or conductive prop-
erties. For example, a series of well-characterized, thermotropic, liquid-crystalline
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Fig. 7.6 Structure of six-arm star polymer 7.37 with an iron core. (Adapted
from [64])
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| b ew iy it it Fig. 7.7 TEM image of an annealed
- i R 1A i e . (160°C) polymer film of 7.37 that shows
e T T : E the formation of small Fe clusters.
. R SR L (Adapted from [64])

coordination polymers 7.38-7.41 was described in the early 1990s [65-70]. Poly-
mers 7.38, which contain paramagnetic Cu'' centers, were prepared by interfacial
polymerization between dihydroxy-functionalized Cu'’ complexes and difunctional
carboxylic acid chlorides. The liquid-crystalline properties were found to depend
strongly on structural modifications involving the flexible spacer R and the
substituents attached to nitrogen [65-67]. Analogous liquid-crystalline materials
7.39-7.41, containing Ni", Pd", and V', have been prepared by means of analo-
gous approaches [68]. All of the polymers showed nematic phases and, in the case
of oxovanadium materials 7.41, smectic phases were also detected. The possibility
of aligning paramagnetic polymers such as 7.38 and analogues thereof has re-
ceived significant attention [69, 70].
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A wide range of well-characterized coordination polymers involving eight-coordi-
nate d- and f-block metals based on Schiff-base ligation have also been described.
Building on initial results in 1985, a series of high molecular weight, soluble Zr-
polymers that utilize a bis(quadridentate) ligation to ensure kinetic stability was
prepared and studied [71]. These materials are exemplified by the Zr-polymers
7.42, which were prepared by the condensation procedure shown in Eq. 7.9 [72].
The materials proved to be soluble in solvents such as DMSO and NMP. After
fractionation to remove oligomers, absolute molecular weights in the range
M, =6800-15,000 were determined by NMR end-group analysis. The molecular
weights were also estimated by GPC with reference to polystyrene standards,
which gave slightly higher values.

4H,0 (7.9)
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Analogous procedures have been used to prepare materials containing metals
such as Y (e.g. 7.43, Scheme 7.6), La'", Ce", Eu'", Yb', and Gd" [72-78]. In
particular, the yellow Y and Eu polymers have been examined in detail [77, 78].
Absolute molecular weights (M,,) of up to 21,600 have been determined by means
of end-group analysis. The luminescence properties of the materials have been ex-
amined, and intrinsic viscosity measurements provided Mark-Houwink constants
of a=0.52 and k=0.066 cm® g~'. Mixed-metal copolymers were also prepared by
means of the versatile polycondensation procedures. Conductivities of films of the
Zr- and Ce-polymers were found to be ca. 10~ Scm™. Following doping with io-
dine, conductivities of up to 10~ Sem™ were obtained. Mixed-metal Eu/Y poly-
electrolytes show enhanced luminescence relative to monomeric complexes due to
a light-harvesting antenna effect [77]. Intramolecular energy transfer occurs from
the Schiff-base ligand, which absorbs strongly in the near-UV/vis region, to the
emitting Eu centers. The presence of Y apparently enhances luminescence, possi-
bly by reducing Eu-Eu self-quenching.

Electropolymerization techniques have also been popular for the preparation of
electrodes modified by thin films of Schiff-base metallopolymers for prospective
electrocatalytic, chemical sensing, and electrochromic applications [79-85]. In
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+
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7.43 Scheme 7.6  (Adapted from [75])
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many studies, the characterization has been limited to cyclic voltammetry and
thin-film techniques; definitive structural analysis is generally difficult, as the re-
sultant films are usually insoluble. Issues such as polymer chain length and the
existence of structural defects, which may significantly influence electronic and
optical properties, are therefore challenging to probe. Nevertheless, many very in-
sightful studies have been performed, and the technique offers rich promise. A re-
presentative example is provided by the synthesis of the copper- or nickel-contain-
ing conjugated materials 7.44, which were prepared by oxidative electropolymeri-
zation involving the coupling of phenyl ligands (Eq. 7.10) [82]. Evidence for the
formation of the conductive polymer was provided by the increased electroactivity
with each scan (Fig. 7.8).

anodic o_ 0
polymerlzatxon M n
_N N_ =N N~

S S

7.44
M=Cu* or Ni*

(7.10)

In order to prepare highly conducting materials, redox-matching of the oxida-
tion potentials of the organic polymer and the metal center has been productively
utilized [83, 84]. For example, the thiophene-substituted Schiff-base cobalt com-

Current, uA

Potential, V vs. Ag/Ag*

Fig. 7.8 The first ten repeated scans for the formation of poly-
mer 7.44 (M=Cu) by oxidative electropolymerization on the
working electrode. Electroactivity increases at ca. 0.6-0.7 V with
each additional scan, indicating the progressive formation of a
film of the metallopolymer on the electrode. Solution in CH,Cl,
(5%107 M in monomer) with [BusN][PFe] as supporting electro-
lyte. Scan rate 100 mVs™'. (Adapted from [82])
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plex 7.45 can be prepared by treatment of a bis(salicylidene) ligand with Co'' salts
(Eq. 7.11). Subsequent electropolymerization yields yellow films of polymer 7.46
on the Pt electrode surface (Eq.7.12), which have been characterized by electro-
chemical, spectroelectrochemical, and in situ ESR measurements. In situ conduc-
tivity experiments utilizing 5 um interdigitated microelectrodes have also been
performed. Cyclic voltammetry showed overlapping broad waves for the redox pro-
cesses associated with the Co'"/Co™ couple and the conjugated organic polymer
backbone. The maximum conductivity detected was 44 Scm™. Decreased conduc-
tivity was detected in the presence of Lewis bases such as 2,6-lutidene due to coor-
dination to the cobalt center and consequent lowering of the Co"/Co™ redox po-
tential [83, 84]. In addition to applications as sensors, cobalt polymers such as
7.46 are of interest as electrocatalysts for the reduction of oxygen. To this end, the
facile electron transfer between the electrode surface and the catalytically active
metal centers is believed to be highly advantageous [85].

/N ™\
—N  N= —N_ N=
Co({OAC); 4H,0 “m”
R OH HO R R o o R

7.45
M= Co
S S
R=() o \5\—/2
(o] [}
f—
K\ TN
4 % =N_ _N= 1. oxidative
M S polymerization
B o Yo | —
S N o 1. electrochemical
0 reduction
7.45 - .12
1
N
o//\ 0 =N_ N=
M S
~
s o)
o/
7.46
M=_Co
7.4

Coordination Polymers Based on Phthalocyanine Ligands and Related Macrocycles

Phthalocyanine-based polymers with “shish-kebab” type n-stacked structures, 7.47,
are generally prepared by two different routes. These are illustrated in Scheme
7.7, where L is typically a pyrazole, diisocyanide, or p-bipyridine, and a wide vari-
ety of metals (e.g. Fe, Ru, Os) and non-metals (e.g. Si, Ge) have been used. The
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Scheme 7.7  (Adapted from [88])

materials have attracted considerable interest and significant electrical conductiv-
ities of up to ca. 0.1 S cm™" have been detected for electrochemically or chemically
doped materials [86, 87].

In general, due to the high skeletal rigidity of their structures, these materials
are usually insoluble in solvents. Moreover, the coordination bonds that link the
linear structures together are labile and dissociation can be facile; often mono-
meric metallophthalocyanines are reformed in the presence of strongly coordinat-
ing solvents. These materials, and related structures with similar characteristics
derived from porphyrins, etc., are thus best regarded as having properties which
place them at the periphery of the discussions of macromolecules covered in this
book. For detailed information on these materials and the fascinating tunability of
their electronic properties, the reader is therefore referred to a series of excellent
reviews [86-88]. Similar arguments hold for some of the supramolecular materials
possessing weak M-M interactions, which have stacked structures in the solid
state but usually retain little structural integrity in solution, when dissolution is
possible (Chapter 6, Section 6.5). Finally, however, it should be noted that in some
rare cases, for example if flexible organic substituents are present on the periph-
ery of the phthalocyanine ring, materials 7.47 can also be soluble (at least the low
molecular weight fractions) [89].
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7.5
Miscellaneous Coordination Polymers Based on Electropolymerized
Thiophene Ligands

Electropolymerization techniques, which have been successfully used to prepare
electrode films of metallopolymers, based on polypyridyl and Schiff-base ligation
(see Sections 7.2 and 7.3), have also been shown to provide a versatile route to a
variety of other interesting materials. An early example reported in 1994 is pro-
vided by Re polymers 7.48, formed by anodic oxidation of a bis(thiazole) bearing
thiophene substituents followed by complexation through treatment with
Re(CO)sCl and then Ag[PFq] (Scheme 7.8). The observed conductivities of 7.48
were, however, substantially lower than those of the uncomplexed material [90].

In 2001, Pd" complexes of phosphinoterthiophene ligands were electropolymer-
ized to afford insoluble polymers 7.49 (Scheme 7.9). These materials showed con-
ductivities of up to 10™ Scm™, and were characterized by techniques such as en-
ergy-dispersive X-ray microanalysis. Polymer 7.49 can be treated with donor li-
gands, such as isocyanides or phosphines, to cleave the chloride bridges that form
crosslinks in order to yield soluble materials such as 7.50 [91].

Another example involves the preparation of novel polymers containing W calix-
arenes. Such materials, formed by the electropolymerization of species 7.51
(Scheme 7.10), show high conductivity values of up to 15.5 Scm™. It was possible
to use the resultant polymers to specifically recognize p-xylene. For example, for-
mation of the polymers with R=adamantyl in the presence of p-xylene led to
films with a 10-fold increase in conductivity over those formed in the absence of
xylene or in the presence of toluene [92].

/N s s. I\ di I\ s s. I\

SN oymerizaton X< ) s
N N N N
Re(CO)sCl / \_ s s. U\ AgPFq

CHCl, S

\ /
Re(CO)sCl

[Re(CO)a(MeCN)I*

7.48

Scheme 7.8  (Adapted from [90])
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Electrochemical methods have also been used to polymerize nickel dithiolene
complexes with thiophene substituents in order to form conductive materials [93].

7.6
Coordination Polymers Based on DNA

DNA molecules are of great interest for use in nanoelectronic circuits, as their
self-assembly and molecular recognition attributes may help to resolve the prob-
lem of wiring and positioning on the nanometer scale. The stacked aromatic
bases of DNA have been proposed to function as a “n-way” for the transfer of elec-
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Fig. 7.9 Base pairing scheme for metallated DNA (T=tyrosine, A=adenine, C=cytosine,
G=guanine)

Fig. 7.10  Modelled structure of metallated (Zn) DNA. The Zn ions are shown as spheres that
are buried in the center of the helix. (Adapted from [95])

trons but, although the issue is subject to intense debate, the overall behavior ap-
pears to be characteristic of a wide band-gap semiconductor. The coordination of
metal ions to DNA has been seen as a possible methodology for altering the elec-
tronic properties in a controlled manner.

Metallation of DNA has been achieved by the addition of 0.1 mm Zn** at pH 9.0,
whereby the imino protons of thymine and guanine are replaced (Fig. 7.9), as indi-
cated by NMR data, and the estimated spacing of the Zn ions is ca. 4 A (Fig. 7.10).
Similar replacement is observed with Co** and Ni** [94]. Fluorescence decay mea-
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surements of donor- and acceptor-labelled DNA provided evidence of more rapid
electron transfer in the case of metallated (Zn) material [95]. In addition, electrical
measurements on 15 um strands of metallized and non-metallized DNA, positioned
between lithographically patterned gold electrodes, have revealed a dramatic increase
in conduction on metallization [96]. These exciting preliminary results suggest that
metallated DNA has a potentially bright future in nanoelectronics.

7.7
Coordination Polymers Based on Other Lewis Acid/Lewis Base Interactions

The potential synthetic possibilities for the creation of coordination polymers are
enormous. A variety of other types of coordination bonds have been used to create
polymeric materials. In most cases, the bonds formed are sufficiently labile for de-
polymerization to occur in solution. For example, by layering a solution of one
equivalent of bipyridine with a diborylferrocene, the coordination polymer 7.52 is
formed as an insoluble black crystalline solid. Addition of picoline leads to chain
cleavage and the formation of the monomeric adduct 7.53 (Eq. 7.13) [97]. Materials
analogous to 7.52 have been prepared with pyrazine as the linker, and these dark-
green materials show charge-transfer transitions from the iron to the electron-poor
heteroaromatic ligand [98, 99].

Insoluble polymers based on bidentate M-S dithiolene and M-O dioxalato liga-
tion have been the subject of numerous studies. Although these materials are, in
general, poorly characterized they have, in some cases, been shown to exhibit
promising conductive properties [100, 101]. Polymers with M-S and M-N/O liga-
tion have also been prepared on surfaces [102, 103]. Monodentate M—-N ligation
has been used to prepare remarkable nanoscopic 3-D assemblies 7.54 by means of
rigid, multifunctional precursors (Eq. 7.14) [104].

n
7.52

bipy || picoline (7.13)

MeMe
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Ring-opening polymerization (ROP) approaches have also been reported for the
formation of coordination polymers. An early report in 1960 described the forma-
tion of beryllium polymers with f-diketonate ligation, such as 7.55, by thermal
ROP (Eq. 7.15) [105]. Structural characterization of the polymers was based on IR
and elemental analysis data. Based on their intrinsic viscosities in benzene and
mechanical properties, it was inferred that the polymers were of high molecular
weight. More recently, coordination polymers based on metal-phosphine ligation
have been prepared. For example, ROP of 7.56 in the solid state occurs to form
the silver polymer 7.57 (Eq. 7.16) [106].

Me Me
0 0=
200 °C /N
B By (7.15)
0 0
(CHa)7 n
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ghg Ehg
= Ph Ph 2x
+/ Ph, Ph?\ + + P = R 2+ (7'16)
Ag—P%P-—/Ag 2x° —= TAg Ag-PPh,—==—FPh,
p—=—>p
p—z==—p Phy Ph,
Phy Phg n
7.56 7.57

X = OTf, NOg, BF4

Analogous processes have been identified in the formation of gold polymers
7.58 [107]. Gold polymers with two-coordinate metal centers and mixed P/S liga-
tion, which exist as macrocycles in solution, have also been prepared, and the in-
solubility of many of these materials has been traced to the presence of crystallo-
graphically characterized intermolecular Au--- S and S - - - S interactions [108].

. ;hi/\ gh2+ 2[CF3CO,]
Al Au=PPh, —==—PPh,
PP
Phy Phy
n
7.58
7.8
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Metallodendrimers

8.1
Introduction

Since their discovery in the late 1970s to early 1980s [1-3], scientific interest in
dendrimers — well-defined, highly branched and regularly repeating 3-D macromo-
lecular architectures — has blossomed [4-8]. Different synthetic approaches that in-
volve either “divergent” [1-4] or “convergent’ [9-12] strategies are possible, and
structures that involve a core and various numbers of layers or “generations” can
thereby be constructed (see earlier discussion in Chapter 1, Section 1.2.6) [4-8].
The introduction of metals into such structures to create “metallodendrimers” of-
fers many additional possibilities for applications as functional materials. For ex-
ample, structures with metal-containing cores are of interest as models of biologi-
cal systems such as metalloenzymes, surface-metallized architectures have poten-
tial for sensing and catalytic applications, and materials with metals distributed
throughout the structure can exhibit antenna effects and have possible uses in
light-harvesting. Metallodendrimers can be subdivided on the basis of the location
of the metallic moiety, which can be present in the core, on the surface, or
throughout the structure.

Since the first examples were described in the early 1990s, a vast range of me-
tallodendritic materials have been reported [13-17]. In keeping with the philoso-
phy of other chapters, the survey here is not intended to be rigorously exhaustive
in terms of listing every metallodendrimer reported in the literature, but instead
aims to illustrate the most important structural classes of these materials. More-
over, where possible, attention is focussed on examples where studies of proper-
ties and potential functions have been performed.

As a result of their ready solubility, dendritic materials can be analyzed by
means of standard polymer characterization techniques, such as NMR and GPC.
However, despite the excellent characterization that pervades the materials dis-
cussed in this chapter, it should be noted that with the widespread introduction of
mass spectrometric techniques that can analyze such macromolecules, the struc-
tural perfection assumed in many depictions of dendrimers has been shown to be
highly idealized. Indeed, spectrometric analysis of many samples has revealed
that imperfections and defects are, in fact, very common.

Synthetic Metal-Containing Polymers. lan Manners
Copyright © 2004 Wiley-VCH Verlag GmbH & Co. KGaA
ISBN: 3-527-29463-5
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8.2
Metallodendrimers with Metals in the Core

Representative examples of dendrimers with metal-containing cores include the
materials 8.1-8.6, which were reported in the mid- to late 1990s. For example,
first- (8.1), second- (8.2), third- (8.3), and fourth- (8.4) generation zinc porphyrin
dendrimers (M=Zn) have been prepared by a convergent synthesis approach [18,
19]. Although the electrochemical and photophysical nature of the metalloporphyr-
in core was found to be preserved in the resultant materials, the rate of interfacial
electron transfer was found to be reduced due to the separation of the electroac-
tive centers from the electrode surface. Second- (8.5) and third-generation (8.6)
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Mn-containing dendrimers have been prepared and explored as selective oxidation
catalysts [20, 21]. Improved regioselectivity was observed with various alkene sub-
strates compared to that achieved with the non-dendronized metalloporphyrin.

Lanthanide-containing dendrimers such as 8.7 have been prepared by a conver-
gent approach that uses polybenzyl ether dendrons and carboxylate anion coordi-
nation to the central Er**, Tb** or Eu®* cations (Eq. 8.1) [22]. The luminescence of
these metallodendrimers has been investigated and was found to be enhanced by
both antenna effects involving the polybenzyl ether framework and site-isolation
effects that hinder self-quenching processes.

Novel metallodendrimers 8.8 with a redox-active Fe,S, cluster at the core have
been prepared by a thiolate exchange reaction that involves the treatment of the
dianion [Fe,S,(S-Bu)4]*~ with four equivalents of thiol-terminated dendrons [23—
28]. The molecular weights of these interesting materials were characterized by va-
por-pressure osmometry. Studies of encapsulated electroactive moieties are of im-
portance in order to understand biological electron transfer. Metallodendrimers of
type 8.8 bear an intriguing resemblance to metalloproteins and this has led to sig-
nificant effort aimed at obtaining a detailed understanding of their properties.
These cluster-core dendrimers show an increasingly negative reduction potential
for the one-electron reduction of the Fe,S, unit as the number of dendrimer gen-
erations is increased. In addition, at the same time, the rate of electron transfer is
found to decrease. The results are understandable in terms of the known sensitiv-
ity of the redox couple to the electronic nature of the thiolate substituents and the
“insulating effect” of an increased number of generations of dendritic ligation.
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Conformational analyses by means of a quench dynamics technique have been
performed on the Fe,S,-core metallodendrimers of type 8.8, which possess a rela-
tively flexible structure, as well as on analogous materials with more rigid dendrit-
ic arms that contain acetylenic linkers between the aryl groups. The Fe S, cluster
core was found to be centrally located and, thus, more efficiently encapsulated in
the case of the low-energy conformers of the more rigid structure (Fig. 8.1a). In
contrast, the cluster moiety was found to be substantially offset from the center in
the low-energy conformers of the flexible metallodendrimer 8.8 (see Fig. 8.1b)
[28]. Interestingly, measurements of the relative electron-transfer rates to the re-
dox-active Fe S, cores in the dendrimers showed that for dendrimers of the same
radius of gyration, the rate for the more rigid structure is significantly faster.
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Fig. 8.1 Ball-and-stick models of the lowest-energy conformers for models of 4" generation
Fe4S4-core dendrimers with (a) rigid and (b) more flexible arms. The core is the small dark
region. (Reproduced from [28])

Another interesting approach to the synthesis of metal-cluster core dendrimers
involves the displacement of the acetonitrile ligand from the rhenium cluster dica-
tion [ResSes(NCMe)g]** with pyridyl-functionalized dendrons. The resultant struc-
tures 8.9 possess a hexanuclear cluster core and exhibit electronic transitions that
are very dependent on the structure of the dendrons [29].
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8.3
Metallodendrimers with Metals at the Surface

A wide range of dendrimers containing metal centers at the periphery have been
reported. Ni-containing dendrimers 8.10 up to the second generation have been
synthesized (Eq. 8.2) and have been shown to function as homogeneous catalysts
for the Kharasch addition of perhalogenated alkanes across the C=C double bond
of alkenes [30-32]. Metallodendrimers 8.10 were found to be less active than a mono-
meric analogue; however, a potential advantage of the dendritic catalyst is that it can
be easily separated from the products, which offers the possibility of recycling.

CHy 0 N{CH3)2
Si Si SHO A~ A~ er
CH:q H

NCH 3]

Ni(PPhs),
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In another interesting application, members of a series of analogous platinum
dendrimers have been found to function as useful sensors for SO, [33, 34]. For ex-
ample, coordination of SO, to dendrimer 8.11 leads to the derivative 8.12, a pro-
cess that gives rise to an easily monitored color change from colorless to bright or-
ange (Eq. 8.3). The coordination is reversible and repeated SO, adsorption/desorp-
tion cycles are shown for metallodendrimer 8.11 in Fig. 8.2. The sensing is selec-
tive for SO, and the sensors show promising resistance to acids and water.

o Q S0,
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=
=
3]
=
i
a1}
Glt} 120 180 240
t/min

Fig. 8.2 Repeated SO, adsorption and desorption cycles with plati-
num metallodendrimers 8.11. The arrows mark saturation of the
solution with SO, (solid) and with air (dashed). (Reproduced from

(33])
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Metallodendrimers bearing peripheral ferrocene groups have been prepared by
means of a variety of different methodologies [35, 36]. For example, using tetraal-
lylsilane as the initiator core, novel silane dendrimers (e.g. 8.13) possessing reac-
tive Si—Cl end groups, were constructed. The reaction with lithioferrocene or f-
aminoethylferrocene afforded the corresponding tetra-ferrocenyl dendrimers 8.14
and 8.15, which represented the first examples of well-defined and well-character-
ized, redox-active macromolecules of this type (Scheme 8.1) [35].

A similar synthetic approach has also been used to synthesize the correspond-
ing octa-ferrocenyl derivatives [35]. A series of remarkable ferrocenyl dendritic
macromolecules based on flexible poly(propyleneimine) dendrimer cores contain-
ing 4, 8, 16, 32 or 64 peripheral ferrocenyl moieties has been prepared by conden-
sation reactions of ferrocenoyl chloride with the first-, second-, third-, fourth-, and
fifth-generation diaminobutane-based poly(propyleneimine) dendrimers functiona-
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lized with terminal NH, groups [36]. Examples with 8, 32, and 64 ferrocene units
are illustrated as 8.16-8.18, respectively.

Cyclic voltammetric studies of these metallodendrimers showed one reversible
oxidation wave, characteristic of independent, non-interacting redox centers. Also,
the use of these materials for the modification of electrode surfaces was explored
[37-39]. The researchers found that platinum, glass, and carbon-disk electrodes
modified by electrodeposited films of these dendrimers are extremely durable and
reproducible, with no detected loss of electroactivity even after their use in differ-
ent electrolyte solutions or after standing for long periods in air. Studies on the
thermodynamics and kinetics of adsorption of these redox-active dendrimers onto
Pt electrodes by means of electrochemical and electrochemical quartz crystal mi-
crobalance techniques were conducted. These showed the adsorption processes to
be activation-controlled rather than diffusion-controlled, and to be dependent on
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the nature of the dendrimer but not the concentration. The adsorption free ener-
gies were found to decrease in the order 8.18>8.17>8.16 [39]. Dendrimers of the
type 8.16-8.18 and the cobaltocenium analogue 8.19 have also been explored as
guest systems for inclusion complexation by cyclodextrin (f-CD) hosts [40—42].

Amido-ferrocene dendrimers containing 3, 9, and 18 ferrocene moieties (8.20-
8.22) have been prepared by the reaction of ferrocenoyl chloride with the correspond-
ing poly-NH, dendrimers. These materials were found to rapidly and reversibly bind
small inorganic anions such as [H,PO,4]", [HSO,]", CI', Br", and [NOs]", as moni-
tored by cyclic voltammetry. A dendritic effect was demonstrated; the sensing and
recognition of the anions was found to improve as the number of generations was
increased [43]. Analogous dendritic effects have also been observed for amidoferro-
cenyl dendrimers constructed by means of hydrogen bonding [44].

A convergent synthesis of dendrimers 8.23 and 8.24, which possess interacting
ferrocenyl units, by means of hydrosilylation reactions of the Si-H polyfunctiona-
lized cores, has been described [45]. Cyclic voltammograms of these dendrimers
exhibit two distinct oxidation waves separated by 0.19 and ca. 0.16 V for 8.23 (see
Fig. 8.3) and 8.24, respectively. This electrochemical behavior is consistent with
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Fig. 8.3 Cyclic voltammograms for ferrocene dendrimer 8.23 in (a) CH,Cl,, (b) CH,Cl,/MeCN
(5:17), and (c) as a film on a Pt electrode; supporting electrolyte: 0.1 M [BusN][PF¢]; scan rate:
100 mV s™'. (Reproduced from [45a])

significant communication between two ferrocenyl moieties linked together by a
bridging Si atom. Similar cyclic voltammetric behavior is observed for linear oligo-
meric and polymeric analogues (see Chapter 3, Section 3.3.6.3).

Another interesting class of ferrocene dendrimers (8.25) possesses electrochemi-
cal properties that can be tuned by N-methylation or protonation of the nitrogen
sites. For example, a shift in E° of 0.10-0.20 V for the ferrocene groups is effected
on protonation of the adjacent nitrogen centers [46].

Ferrocene dendrimers are also of interest for reasons other than their redox ac-
tivity. For example, metallodendrimer 8.26 possesses planar chiral ferrocene units
that make the bidentate phosphine ligation sites of potential interest for applica-
tions in asymmetric catalysis. Indeed, asymmetric hydrogenations of dimethyl ita-
conate catalyzed by Rh complexes of 8.26 showed impressive enantiomeric excess
values of 98% [47].
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Dendrimers attached to silica with Rh complexes at the surface have been used
as recyclable regioselective hydroformylation catalysts for styrene and vinyl acetate
using a 1:1 CO/H, gas mixture [48]. The dendrimers were constructed by means
of a divergent growth strategy that started with aminopropyl silica. The catalytic
activity was found to improve as the steric congestion around the catalytic sites
was alleviated by extension of the chain lengths of each generation. Thus, dendri-
mer 8.28 (Rh=RhL,) was found to be more active and recyclable than the corre-
sponding material 8.27 (Rh=RhL,) with shorter linkers. The silica-supported cata-
lysts were easily recovered by means of microporous filtration techniques.

Representative examples of other metallodendrimers with metal atoms at the
surface are the ruthenium materials 8.29 [49-51] and the organometallic dendri-
mers 8.30 [52], possessing peripheral cobalt clusters, which were prepared by
treatment of an alkyne-functionalized dendrimer precursor with Co,(CO)g
(Eq. 8.4). Versatile phosphorus-containing dendrimers with a variety of surface
metal-containing centers (8.31) have also been prepared by a divergent approach,
and catalytic applications for these materials have been demonstrated [53-55]. Me-
tallodendrimers 8.32 bearing surface terpyridine groups have been linked together
by ions such as Fe** on highly oriented graphite surfaces. Molecular resolution
for 2-D-ordered films of the ca. 5 nm metallodendrimer structures was achieved
using scanning tunneling microscopy (Fig. 8.4) [56]. In addition, reversible oxida-
tion of the metal ions was demonstrated (Fig. 8.5). Dendrimers with 16 Au,Ru,
carbonyl clusters on the periphery have also been prepared and have been suc-
cessfully imaged by high-resolution TEM [57].
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Fig. 8.4 Unfiltered STM images of 8.32 - FeSO, on highly orien-
ted graphite: (a) 550x550 nm image, (b) 200x200 nm image,
(c) 304304 nmimage, (d) 69x69 nm image. (Reproduced from [56])

1200 uA

" 08 @ 12
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0.4

Fig. 8.5 (a) Cyclic voltammogram at 50 m Vs~' of 8.32 -
FeSO4 on a modified highly oriented graphite electrode in
MeCN/0.1 m [BuyN][ClO4]; (b) high-resolution (26x26 nm)
unfiltered STM image of 8.32 - Fe** on highly oriented gra-
phite. (Reproduced from [56])
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8.4
Metallodendrimers with Metals at Interior Sites

Metallodendrimers may also have metal-containing units placed within the interior
of the structure in addition to, or instead of, in the core and at the periphery. Metal
polypyridyl complexes have been particularly popular for the construction of metal-
lodendrimers as a result of their ease of functionalization and the corresponding
utilization of standard synthetic organic transformations. One of the first metallo-
dendritic materials reported was the species 8.33 containing a trifunctional core
[58-60]. Both homo- and heterometallic branching centers containing Ru or Os
have been prepared (Eq. 8.5) and the luminescence, energy-transfer, and redox prop-
erties of these interesting materials have been explored in detail [61-69]. Electroche-
mical studies show that the redox steps appear to be essentially ligand-localized and
the arrays can be regarded as ordered assemblies of weakly interacting metal-con-
taining units. However, very fast energy transfer between nearby units was de-
tected, and applications as light-harvesting materials have been proposed.

An interesting variant on metal polypyridyl-type metallodendrimers is the
material 8.34, which was prepared by a convergent synthetic approach (Scheme
8.2) [70]. A further example is the dendrimer 8.35, which possesses 18 ruthenium
centers [71].
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8.35

Lock-and-key metallodendrimer assemblies 8.36 have been prepared. The crea-
tive synthetic approach is outlined in Scheme 8.3; the “bisdendrimer” 8.36 was
prepared from two independently constructed dendrons [72].

As a final example of a metal polypyridyl-type dendrimer, species 8.37 contains
metal-containing units only as connectors and not in the core or on the surface.
This material was prepared by a combined divergent-convergent approach [73].

A variety of other metal-containing building blocks have been used to create
dendritic architecture with metals at interior sites. Porphyrins possess many of
the advantages of polypyridyl complexes in terms of facile synthetic derivatization,
and these have been used to construct a range of remarkable structures. For ex-
ample, linear, four-directional complexes 8.38 have been prepared by means of
metal-catalyzed coupling methodologies [74-76]. In addition, “windmill-like” light-
harvesting porphyrin arrays 8.39 have been prepared [77, 78].

Ferrocene units have also proved popular for the construction of dendrimers
with metal atoms throughout the structure. An example of the materials prepared
is provided by the polyferrocene dendrimer 8.40, which was synthesized by means
of a hydrosilylation approach (Eq.8.6) [79]. Cyclic voltammetric studies of 8.40
showed that the central and surrounding ferrocene units are oxidized reversibly,
but at different potentials. Cyclopentadienyliron arene cations also provide broad
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Scheme 8.3 (Adapted from [72])

possibilities as cores for dendrimer construction, and dendrimers with electrocata-
lytic functions have been reported [80, 81].

A variety of other strategies have been used to create metallodendritic architec-
ture with metal-containing units in the interiors. Combinations of coordination
chemistry and hydrogen bonding have allowed the synthesis of remarkable “ro-
sette”-type structures such as 8.41 (Eq. 8.7) [82, 83]. Oxidative addition chemistry
involving Pd" and Pt" centers and C-Br bonds has allowed the convergent syn-
thesis of novel metallodendrimers 8.42 (Eq. 8.8) [84-89]. Metallodendrimers with
[RegSeg]** units in the core and at the periphery have been prepared [90]. In an-
other interesting development, Cu?* ions were coordinated to polyamidoamine
dendrimers, and subsequent reduction with aqueous hydrazine produced dendri-
mer-stabilized metal colloids [91-93].
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X

8.42

Platinum polyynes represent one of the most interesting and well-studied
classes of linear metallopolymers (Chapter 5, Section 5.2). Dendritic analogues of
these materials have been prepared by a variety of methodologies [94-96]. One ex-
ample is the nonametallic dendrimer 8.43, which was prepared by a convergent
route as illustrated in Eq. 8.9 [94]. Dendrimers based on ruthenium polyyne archi-
tectures have also been prepared, and promising nonlinear optical properties have
been identified [97, 98].

First-generation Rus dendrimers 8.44 have been prepared, and the incorporation
of functional groups allowed the fabrication of crosslinked films. Electrochemical
studies showed that for each Ru, unit two one-electron oxidations are detected,
with a very large redox coupling (AE;,, ~ 0.55 V). Materials 8.44 are of consider-
able interest, as one-electron oxidation of each Ru, unit leads to mixed-valence
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Ru'-Ru'" species that display intense intervalence charge-transfer bands at
1550 nm, close to the telecommunication wavelength of 1.5 um (Fig. 8.6). Cross-
linked films can be used in variable optical attenuator devices, and stability over
18,000 switching cycles was demonstrated with a response time of ca. 2 s (see Fig.
8.7) [99, 100].

Finally, incorporation of entities such as fullerenes into dendritic structures in
combination with metal centers has begun to be explored as a method for the
preparation of a range of exciting materials [101, 102]. For example, remarkable
dendrimers such as 8.45 with a Cgy core and 8 ferrocene units throughout the
structure have been prepared by a convergent synthetic approach. Dendrimer 8.45
proved to be readily soluble in organic solvents, showed good thermal stability,
and displayed a liquid-crystalline smectic A phase at ambient temperature, which
was identified by polarizing microscopy. The clearing temperature was found to
be 157°C [102].
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tion 84
— — by transition metal-catalyzed ring-open-
ing polymerization 89
polyferrocenylphenylphosphines 79, 84, 88
polyferrocenylphosphines 34, 79, 84, 88, 91
— block copolymers 34, 115
— early work on 79
— synthesis by thermal ring-opening poly-
merization 84-85
polyferrocenylphosphinesulfides 85, 107
polyferrocenylsilanes 24, 33-34, 91-112
— applications in nanolithography
111-114
— block copolymers 34, 108-116
— — applications in nanolithography
111-114
— — self-assembly 109-115
— — — in block-selective solvents
— — — in the solid state 112-115
— — synthesis of 108-109
— charge dissipative properties 99
— conductivity of 98
— conformational properties 93-96
— conversion to nanostructured magnetic
ceramics 101
— early work on 79
— electrochromic properties 98
— fabrication of 93-94
— — variable refractive index sensors 106

109-112

— gels 100
— metal-metal interactions in  96-100
— microspheres 103-105

— morphology 93-96

— non-linear optical materials 106

— patterned by soft lithography 102-103
— random copolymers 8687

Subject Index

96-100
92-93

— redox properties

solution properties

— synthesis

— by living anionic ring-opening polymer-
ization 87-89

— — by thermal ring-opening polymeriza-

tion 82-85

— — by transition metal-catalyzed ring-open-
ing polymerization 89-90

thermal transitions 92-96

— water-soluble materials and layer-by-layer
assembly applications 105-106

polyferrocenylstannanes 33, 85, 107

— synthesis by cationic ring-opening poly-
merization 91

polyferrocenylsulfides 85, 107
polygermanes 19, 181
polymer

— containing clusters (see cluster polymers)
196-198

— containing main-chain

— — cobaltocenium units  132-134

— — metal-metal bonds 181-200

— — — photosensitivity 189-190

— — — polystannane 181-189
— — — Pt-Pt interactions  199-200
— — Pt-Pt covalent bonds 191-192

— main-chain coordination polymers
(see coordination polymers) 203-233
— molecular weights  3-5
— — gel-permeation chromatography
(GPC) 4
— — number-average molecular weight 4
— — polydispersity index (PDI) 4
— — size-exclusion chromatography (SEC) 4
— — weight-average molecular weight 4
— with pendant polypyridyl complexes
55-60
— — application as phosphorescent oxygen
sensors 57
— — fabrication
— — — of emitting diodes from 56
— — — of glucose sensors from 58
— — — of self-oscillating gels from 58
— — use in a DNA base-pair mismatch detec-
tion system 59
— with skeletal metallocyclopentadiene units
172-174
— solubility 10-11
— — entropy of dissolution (ASgiss) 10
— — influence of crystallinity on 10
— — water-soluble hydroformylation cata-
lysts 61
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Subject Index

polymerization

- acyclic diene metathesis (ADMET) 176

— acyclic diyne metathesis (ADIMET) 143

- addition 28-29

— chain-growth 28

— electropolymerization 161-162, 212, 215,
225-226, 228-229

— ring-opening (ROP) process
82-116, 232-233

— ring-opening metathesis polymerization
(ROMP) process 33, 44, 116-117

— step-growth 28

— synthesis by radical polymerization 40

polymer-supported catalysts 60-62

polymethacrylates with ferrocene side
groups 43

polymetallayne (see rigid-rod transition metal
acetylide polymers) 23, 154-172

polymetallocenes

— face-to-face multidecker 118-121

— main-chain with short spacer groups
71-121

— with long conjugated spacer groups
138-142

— with long insulating spacer groups
129-138

— — with organic spacers

— — with organosilicon spacers

— — with siloxane spacers 137

polymetallorotaxanes 215-216

polynickelocene 119

polynorbornenes with ferrocene side groups,
ROMP 44

polyoxothiazenes 2, 32

polypeptides with ferrocene side groups 47

poly(phenylene vinylene) 203

polyphosphazenes 2, 25, 32

— with metallocene side groups 25, 49

polypyridyl coordination polymers 204-221

— as fluorescent sensors for metal ions 215

— homopolymers

— — with octahedral metals 204-212

— — with tetrahedral metals 213-216

— light emitting layer-by-layer assemblies
207

— photorefractive materials 210

— stars and block copolymers 216-221

polypyrrole 15

33-34,72,

129-134
135-137

— with pendant ferrocene groups 45-46
polyruthenocenylene 77-78
polyruthenocenylethylene 86
polysilanes 2, 19

— with metallocene side groups 50-53

— random copolymers with polyferrocenylsi-
lanes 86, 140

polysiloxanes 1

— with metallocene side groups

polystannanes 24, 182-189

— band structure of 186-188

— properties 184-188

— synthesis 184-186

— oligostannanes 182-183

polystyrene, phosphinated 25-26

poly(styrene chromiumtricarbonyl) 55

— copolymers of 55

polythionylphosphazenes 2

— with pendant ruthenium phenanthroline
complexes for oxygen sensing applica-
tion 57

polythiophene 15, 203

— with pendant ferrocene groups

polytitanoxane 81-82

poly(vinyl carbazole) 16

poly(vinyl cymantrene) 25, 54

poly(vinyl ferrocene) 23, 39-43

— block copolymers of 40-41

— fabrication of diodes from 43

— redox properties, conductivity 41-42

— thermal transitions of 41

poly(vinyl osmocene) 48

poly(vinyl ruthenocene) 47-48

poly(vinyl cyclopentadienylchromiumdicarbo-
nylnitrosyl) 55

poly(vinyl cyclopentadienyliridiumdicarbo-
nyl) 55

poly(vinyl cyclopentadienyltungstentricarbo-
nylmethyl) 55

polyzirconacyclopentadienes 174

preceramic polymers (precursors to cera-
mics) 18, 101-105

precursors to ceramics (see preceramic poly-
mers)

50-53

45-46

r

random copolymers 11

rigid-rod transition metal acetylide polymers
23, 154-172

— dendrimers 264

— electrical and photoconductive properties
171-172

— fabrication of photocells from 172

— lyotropic liquid crystallinity 166-167

— non-linear optical properties 170-171

— optical properties 167-170

— photoluminescence 169-170

— solution properties 165-166



— structural and theoretical studies 162-164

— synthesis of 154-162

— thermal properties of 165

ring-opening

— metathesis polymerization (ROMP)

— — of metallocenophanes 116-117

— — of polynorbornenes with ferrocene side

groups 44

— polymerization (ROP)
232-233

— — coordination polymers via ROP  232-233

— — of strained metallocenophanes 82-116

33,63

33-34, 72, 82-116,

s

semicrystalline polymers (crystalline poly-
mers) 5-7

— influence of crystallinity on polymer prop-
erties 6

— rate of polymer crystallization 7

spin-orbit coupling 20

step-growth polymerization 28

Subject Index

stereoregular polymers 6

— atactic polymers 5

— isotactic polymers 6

— syndiotactic polymers 6
stimuli responsive gels

— based on polyferrocenylsilanes
— based on Ru bipyridyl polymers
supramolecular chemistry 21

100-101
57-58

t

thermal transitions 6-8

— clearing temperature 8

— crystallization transition (T.) 7
— glass transition (Ty) 7

— melting temperature (T,,) 6

— — to give a mesophase (Ty) 8

z
zirconocene silsesquioxane polymers
137-138
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