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Preface

Most traditional macromolecules deal with less than 10 elements (mainly C,
H, N, O, S, P, Cl, F), whereas metal and semi-metal-containing polymers allow prop-
erties that can be gained through the inclusion of nearly 100 additional elements.
Macromolecules containing metal and metal-like elements are widespread in nature
with metalloenzymes supplying a number of essential physiological functions
including respiration, photosynthesis, energy transfer, and metal ion storage.

Polysiloxanes (silicones) are one of the most studied classes of polymers. They
exhibit a variety of useful properties not common to non-metal-containing macro-
molecules. They are characterized by combinations of chemical, mechanical, elec-
trical, and other properties that, when taken together, are not found in any other
commercially available class of materials. The initial footprints on the moon were
made by polysiloxanes. Polysiloxanes are currently sold as high-performance caulks,
lubricants, antifoaming agents, window gaskets, O-rings, contact lens, and numerous
and variable human biological implants and prosthetics, to mention just a few of
their applications.

The variety of macromolecules containing metal and metal-like elements is
extremely large, not only because of the larger number of metallic and metalloid ele-
ments, but also because of the diversity of available oxidation states, the use of com-
binations of different metals, the ability to include a plethora of organic moieties,
and so on. The appearance of new macromolecules containing metal and metal-like
elements has been enormous since the early 1950s, with the number increasing
explosively since the early 1990s. These new macromolecules represent marriages
among many disciplines, including chemistry, biochemistry, materials science, engi-
neering, biomedical science, and physics. These materials also form bridges between
ceramics, organic, inorganic, natural and synthetic, alloys, and metallic materials. As
a result, new materials with specially designated properties have been made as com-
posites, single- and multiple-site catalysts, biologically active/inert materials, smart
materials, nanomaterials, and materials with superior conducting, nonlinear optical,
tensile strength, flame retardant, chemical inertness, superior solvent resistance,
thermal stability, solvent resistant, and other properties.

There also exist a variety of syntheses, stabilities, and characteristics, which
are unique to each particular material. Further, macromolecules containing metal
and metal-like elements can be produced in a variety of geometries, including linear,
two-dimensional, three-dimensional, dendritic, and star arrays.



x  Preface

In this book series, macromolecules containing metal and metal-like elements
will be defined as large structures where the metal and metalloid atoms are (largely)
covalently bonded into the macromolecular network within or pendant to the polymer
backbone. This includes various coordination polymers where combinations of ionic,
sigma-, and pi-bonding interactions are present. Organometallic macromolecules are
materials that contain both organic and metal components. For the purposes of this
series, we will define metal-like elements to include both the metalloids as well as
materials that are metal-like in at least one important physical characteristic such as
electrical conductance. Thus the term includes macromolecules containing boron, sil-
icon, germanium, arsenic, and antimony as well as materials such as poly(sulfur
nitride), conducting carbon nanotubes, polyphosphazenes, and polyacetylenes.

The metal and metalloid-containing macromolecules that are covered in this
series will be essential materials for the twenty-first century. The first volume is an
overview of the discovery and development of these substances. Succeeding vol-
umes will focus on thematic reviews of areas included within the scope of metallic
and metalloid-containing macromolecules.

Alaa S. Abd-El-Aziz
Charles E. Carraher, Jr.
Charles U. Pittman, Jr.
John E. Sheats

Martel Zeldin
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I. HISTORICAL BACKGROUND

Metal-containing polymers form some of the basis of life as we know it. They
are at the heart of respiration and photosynthesis and thus are integral to plant and
animal life. It has also been established that metal-containing coordination poly-
mers were formed in the ancient art of leather tanning, although it is unknown when
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Volume 1: A Half-Century of Metal and Metalloid-Containing Polymers, By Alaa S. Abd-El-Aziz,
Charles E. Carraher, Jr., Charles U. Pittman, Jr., John E. Sheats, and Martel Zeldin
ISBN 0-471-45832-5 Copyright © 2003 John Wiley & Sons, Inc.



2 Introduction

the first organometallic polymer was knowingly prepared and characterized. The
field of metal-containing polymers has been known since the early 1950s and has
rapidly grown in multiple directions simultaneously. Historically, polymers have
only contained the elements C, H, N, O, S, Cl, Br, and P. The rapid rise of the
polysiloxane industry in the 1960s expanded the elements found in polymers to
include silicon. This was followed by antifouling marine coatings, which employed
polymers containing tin, mostly in the form of —OSnBu; functions. Polymer
chemists had overlooked the inclusion of metals into their systems mainly because
the early chemistry of metals was largely based on coordination compounds.
However, the number of metal elements exceeds 40, and many of these elements
have several readily accessible oxidation states, a variety of bonding modes, and the
ability to react with organic and inorganic moieties. It was recognized that the num-
ber of potential metal-containing polymers that might be imagined is astronomical
and the possibilities for a wide array of applications are limited only by one’s imag-
ination. A series of books!™!! and key review articles'>2° have been devoted to
the synthesis, properties, and applications of metal- and metalloid-containing poly-
mers.

A. Polymers Containing Silicon

Silicon-containing polymers are one of the most widely studied classes
of macromolecules. The synthesis and properties of silicon polymers have
been extensively reviewed.?’? Polysiloxanes and polysilanes are the most important
types of silicon-based polymers. Historically, the most important and extensively
studied class of polysiloxanes are polydimethylsiloxanes (1). In the late 1800s,
Ladenburg reported the synthesis of this polymer,3!> however, its structure was
not identified until the early 1900s when Kipping established that silanediols
condense intermolecularly to “silicones.”**~3° There was great interest in these com-
pounds as intellectual curiosities as well as for their unusual physical properties,
thermal stability and chemical inertness. These polymers were misnamed as
silicones owing to the belief that the compounds were ketone-like in structure.
However, it was determined that these materials do not contain a Si—O double bond.
The name silicone has remained in common usage, however, the term polysiloxane
is preferred.

(¢
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Historical Background 3

In 1942, Meyer produced the first treatise on polymers that included a section
dealing with metal-containing polymers.*® The work of Rochow in 1945 advanced the
synthesis of monomer precursors to polysiloxanes,’” and in 1947 he authored the first
book dealing entirely with this important, commercial class of materials.’®
Polysiloxanes exhibited unique rheological and thermal properties that were unavailable
to organic polymers. Pure polysiloxanes are rarely used in applications; however, on the
addition of fillers, additives, curing agents and pigments, these materials have found an
array of medical applications such as tubing, prostheses, and artificial organs.3’ A wide
range of nonmedical applications also depend on the elastomeric nature of polysilox-
anes. These include electrical insulators, membranes, coatings, adhesives, and high-per-
formance elastomers. Historically, the development of polysiloxanes signaled a need to
look beyond the 10 or so elements typically found in synthetic polymers.

Polysilanes, unlike the alternating silicon-oxygen chain structure of polysilox-
anes, have only silicon atoms in the polymer backbone. Most early conventional wis-
dom considered that carbon was the only element that could form catenated polymer
chains. While oligomeric phenylpolysilanes were reported by Kipping in the 1920s,
the first article describing the synthesis of polymeric silanes was reported in 1949 by
Burkhard.*° In this study, polydimethylsilane (2) was synthesized by the reaction of
metallic sodium with dimethyldichlorosilane. The resulting polymeric material con-
tained both crystalline and amorphous regions and exhibited very poor solubility in
organic solvents. Unlike polydimethylsiloxane, polysilanes showed poor oxidative
stability but did exhibit excellent hydrolytic stability. The analogous diphenyltin
product was formed by Krause and Becker in 1920 by the reaction of tin fetra-
chloride with phenyl magnesium bromide.*! The initial product was diphenyltin,
which on standing formed polydiphenylstannane.

Me

+k

Me

Despite the early work done on polysilanes, there were relatively few reports
on their synthesis until the 1970s. Since that time, a number of different organic sub-
stituents have been introduced into these polymers resulting in interesting proper-
ties.3? It was also found that polysilanes have intense UV absorption bands that shift
to higher wavelength with increasing chain length. This behavior is very similar to
that of polyenes, and suggests that the Si—Si bonds may be delocalized. It has been
found that polysilanes exhibit c-electron delocalization, while their carbon-based
analogs (polyacetylenes) exhibit m-delocalization. Silicon—silcon bond cleavage
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occurs when polysilanes are irradiated, allowing them to be used as photoinitiators.
On exposure to oxygen plasmas they form SiO, layers, which has led to their use as
photoresists. Another application of polysilanes is as a precursor to silicon carbide
and other ceramics.

B. Metal Coordination Polymers

The history of coordination polymers is much harder to define clearly and
dates back at least to the 1930s. Stone and Graham!® reported some of the earli-
est examples of metal-coordination polymers. However, the insolubility of the
products and their lack of molecular weight (MW) definition and characteriza-
tion plagued early attempts to apply known coordination chemistry to polymer
synthesis. One of the initial linear coordination polymers, silver cyanide (3), was
reported in 1935 by West.*?

—{—Ag—CEN*]n—

3

Another early coordination polymer was reported in 1944 by Jensen who
proposed the linear product 4 from the chelation of nickel ions with rubeanate.*3

N N
Ni /Nl
/ ><§/ E n

4

In the 1930s and 1940s a number of organic ligand-chelated metal compounds
were synthesized. These materials exhibited good thermal stabilities to ~500°C.
Since the monomeric chelated products were so stable, it was believed that polymeric
analogs should be even more stable. During World War 11, the U.S. Air Force spon-
sored a large research program to find thermally stable polymers (to ~600°C). Most
of the work centered on chelation reactions. Unfortunately, the search did not yield
useful materials. In most cases, the polymers were less stable than the monomeric
chelated products. Moreover, the materials were intractable and only oligomeric in
nature. At that time, definitive structural and molecular weight analyses of metal coor-
dination polymers was rather primitive, and many such materials were never well
characterized. The insolubility of many of these materials added to the problems.
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The synthesis of copper phthalocyanine polymers was reported in the 1950s by
Marvel and Rassweiler** and Drinkard and Bailar.** Bailar reported that the reaction
of pyromellitic dianhydride, copper(Il), and urea in the presence of a catalytic
amount of ammonium molybdate resulted in the production of oligomeric copper
phthalocyanines.*> While it was postulated that the polymers had a linear structure
(5), it is also possible that the polymer has a sheetlike structure (6). A number
attempts were made to determine the molecular weights of these materials; however,
accurate values were not obtained.

HOOC COOH

’/§ 2\\
N N
| %

N
HOOC S COOH
N----Cu--N
HOOC g ) COOH
N NN
tj§:j§i;

N=— N ~N
HOOC S ) COOH
N----Cu--N,

HOOC ) COOH
NN
jiéiigi:

N— N ~N
HOOC L1 COOH
N----Cu--N
HOOC COOH

N M
ot

HOOC COOH
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HOOC COOH HOOC COOH
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The most promising products were made by Martin and Judd, who synthesized
derivatives of several thiopicolinamids, which were stable to 400°C.*® From these
studies, Bailar developed some guidelines that are still applicable, for instance (1) the
least stable bonding, generally the organic bonding, limited the overall stability of the
product and (2) the more rigid the structure, the less its inherent solubility.*’ All the
reasons for carrying out this research are not fully known; however, in the end this
work involved a quest for materials to be used in the construction of a heat shield for
spacecraft. As we now know, the materials of choice are the honeycomb ceramic tiles.

Metal phosphinate polymers (7-9) having single-, double-, or triple-bridged
structures were, however, successfully prepared with, in some cases, high MWs 2043
Unlike most earlier coordination polymers, soluble systems of these materials were
obtained. The semimetals and metals used were Al, Be, Co, Cr, Ni, Ti, and Sn. The
polymeric products were used commercially in films and were thermally stable to
450°C. Thus, chromium(III) polyphosphinates have been used as thickening agents
for silicone greases to improve their high-pressure properties. Archer’s book
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provides a modern introduction to the classification and structures of coordination
polymers as well as some historical information.'!

R\ R

< %
- ~
+M 0 oﬁ\ o s~ o

8

R\P/R

O/ \O
M—O—PR,—O M\—

O\P/O ;

7\

R R

9

M = Al, Be, Co, Cr, Ni, Ti, Sn

A few examples of early coordination polymerizations are noted here to pro-
vide a flavor for this work. The reaction of Cu(Il) with dithiooxamides, reported by
Kanda in 1962, gives a three-dimensional (3D) insoluble material (10) that has the
catana-JL -(V,N"-disubstituted dithiooxamido)copper structure.*’

Rigid rod-shaped materials were synthesized from one-to-one complexes of
2,5-dihydroxy-p-benzoquinone with Cu(II), Ni(II), and Cd(II) (11).°%3! Rods
10002000 A long were claimed.

In analogy to the early work by Bailar, iron polymers with linear or two-
dimensional sheet network structures such as 12 have been postulated to form when
Fe? * is reacted with 2,5-dihydroxybenzoquinone in basic media.’*>3 Each iron cen-
ter is also coordinated to two water molecules.
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The early coordination polymeric materials were very difficult to characterize
because of their insolubility. It is worth noting that soluble, well-characterized
systems have now been made. For example, linear cerium(IV) and zirconium(I'V)
Schiff base coordination polymers (13) have been synthesized and their MWs, solu-

bilities and viscosity behavior have been investigated.>*
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C. Organometallic Polymers

The excitement of metal-containing polymers appeared to languish until
the landmark report of the preparation of ferrocene by Kealy and Pauson® in 1951
and the elucidation of its structure and reactivity by Wilkinson and others in 1952.56:57
These discoveries set the stage for the birth of organo-transition-metal polymer
chemistry. Thus, in 1955, Arimoto and Haven at the Dupont Co. reported the radi-
cal-initiated homopolymerization of vinylferrocene (Scheme 1).8 These reports did
not appear to attract much attention until the work of Hayes and George>*™! and
Pittman and coworkers.®? By the late 1960s and early 1970s Pittman, Carraher,
Sheats, and others entered the arena.

Since metals exhibit different oxidation states, the polymerization behavior of
vinylferrocene (14) was in question. Hayes and George found that the rate law for
the radical-initiated homopolymerization of vinylferrocene was r = A[M]"![1]"!
instead of the classic one-half order in initiator concentration exhibited in most
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organic systems. This suggested that first-order chain termination occurred rather
than bimolecular second-order termination. Their explanation was that an internal
electron transfer from iron to the radical center occurred. Thus, an anion was created,
which was quickly quenched to leave a ferricinium moiety at the terminus.
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Scheme 1

Pittman et al. demonstrated that, unlike most vinyl monomers, the molecular
weight of polyvinylferrocene does not increase with a decrease in initiator concentra-
tion.®% This is a result that would be expected for an anomalously high chain-transfer
constant for vinylferrocene (C,, =8 X 1073 vs. 6 X 107> for styrene at 60°C).
Pittman’s research also demonstrated that vinylferrocene could be copolymerized with
a large number of monomers such as styrene, methyl methacrylate, N-vinylpyrroli-
done, and acrylonitrile.>% This provided an avenue to introduce a ferrocene moiety
into a variety of organic polymers.

Pittman built on the premise that vinyl organometallic monomers might be
styrene-like. Special metal-containing vinyl monomers were developed. Thus, acrylates
and methacrylates of ferrocene were prepared and their homo- and copolymerizations
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were studied including reactivity ratios.®”~’" Some of these polymers were oxidized with
agents such as dichlorodicyanoquinone to form mixed-valence ferrocene—ferricenium
systems, which were characterized by Mossbauer spectroscopy.®®’? These observations
raised the general question: Could vinyl organometallic monomers of a wide variety of
other structures be polymerized? Consequently (n’-vinylcyclopentadienyl)tricarbonyl-
manganese (18) was made, homopolymerized, and copolymerized with several
comonomers.’"! -(Benzyl acrylate)chromiumtricarbonyl (19) was also prepared and
both homo- and copolymerized.”>”3

5 oot

Mn (‘?r
OC/ CcO / | CO

CO OoC co

18 19

A rather large number of acrylic, styryl, and vinylcyclopentadienyl
monomers were made and their polymerization behavior was established, thereby
confirming the general ability to convert many metal-containing systems into poly-
mers.”*% Furthermore, systematic copolymerizations were conducted to obtain
reactivity ratios from which the Alfrey Price O and e parameters were obtained.
These results provided the first underlying physical-organic quantitative under-
standing of vinyl organometallic monomers.®* The values of e established that sev-
eral vinyl cyclopentadienyl metal monomers (14, 18, 20, 21, 25, 29) were
extraordinarily electron-rich (e = —2.1 to —1.98); each of these monomers were
more electron-rich than 1,1-dianisylethylene. The large negative values of O sug-
gested that the radicals were strongly resonance stabilized. For comparison, con-
sider the following values of e for common organic monomers (electron-deficient
to electron-rich): maleic anhydride (+2.25), p-nitrostyrene (+0.39), styrene
(—0.80), and 1,1-dianisylethylene (—1.96).

It became apparent that the presence of a metal center greatly influenced poly-
merization kinetic behavior. In several cases, the homopolymerization kinetics were
unusual and did not follow the classic rate law (r = K[M]'[1]"?) for radical chain
polymerization. For example, (n’-vinylcyclopentadienyl)tricarbonylmanganese, 18,
exhibited rate dependencies that were 1.5-order in monomer concentration and half-
order in initiator concentration in benzene, benzonitrile, and acetone.”® This rate
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expression conforms to a very low initiator efficiency, and the initiation is propor-

tional to [M]: f= f' [M]. The rate equation requires that the degree of polymeriza-
tion (DP) follow the expression

R,k M)“
PP = R T k) ( ]

which was confirmed experimentally.”* MW measurements confirmed that the
degree of polymerization is proportional to ([M]/[1])%°.7%73
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The rate expression for the radical-initiated homopolymerization kinetic studies
of (n’-vinylcyclopentadienyl)methyltricarbonyltungsten (20) in benzene is as follows
(see also Scheme 2):7>76

R, = 1.13 X 107 [M]*3[T>?

n
AIBN
—_—
W—— W——
/ Me Me
oC / \CO OC// \CO
oC oC
20 33
Scheme 2

Chain transfer and chain termination by hydrogen abstraction from the tung-
sten-bound methyl group, the cyclopentadienyl ring or the backbone alkyl groups
were ruled out as the cause of the reaction sluggishness. All these results illustrated
that the availability of additional oxidation states on the metal or related electronic
effects could influence the addition polymerization mechanism.

While Pittman and others focused their efforts on equipping vinyl poly-
mers with metals, Carraher and others focused efforts on incorporating metals
into polymers by employing condensation reactions. The use of step-growth
polymerization has been widely exploited to incorporate metal-containing
moieties into polymers. In the mid 1970s, Carraher et al. were determining the
thermal stability of some ferrocene-containing condensation polymers when a
milligram-scale sample exploded almost destroying the thermal analyzer. They
later learned that Russian scientists were studying these materials as rocket
propellants.®’

Polycondensation is a general method and Carraher’s group extended this tech-
nique broadly to prepare a variety of new substances. By employing metal halides
such as R,ZrX,, R,HfX,, R,GeX,, R,PbX,, R;BiX,, and R,SnX, with diols, dithi-
ols, diamines, hydrazines, dioximes, dithioamides, ureas, and other compounds,
Carraher synthesized many new materials for physical property and processing stud-
ies. For example, the work was extended to the study of organometallic condensa-
tion polymer dyes such as 34.
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The application of step-growth polymerization at the metal itself was largely
pioneered and developed by Carraher and coworkers in the 1970s.35¢ In particular,
the use of interfacial polycondensation was used to make a large variety of polymers
with such metals as Zr, Hf, Ge, Sn, Pb, Sb, Bi, and Ti in the backbone. Carraher
noticed that some organic and organometallic acid chlorides acted similarly to water
and other Lewis bases. Thus, with the knowledge of how monofunctional
organometallics acted, his and other groups designed systems that yielded
oligomeric and polymeric materials. Polymers prepared using this methodology are
shown in Scheme 3.

In addition to mixed-valence states and charge-transfer complex interactions,
d-orbital interactions have been coupled with linear m-conjugated organic systems.
The literature on the conductive properties of metal-containing polymers has been
covered through 1996 in two excellent reviews.””*8 A variety of structures involving
d-p w interactions have been prepared, including Okamoto’s arylethynyl copper coor-
dination polymers 42.°°-1! Doping with I, converts these insulating polymers
(1072 S/cm) to materials with metallic conductivity (6 = 14 S/cm), which originates
from copper’s partially filled d orbitals, enhanced interactions from Cu—Cu bonding,
and cofacial Cu atom stacking.'%?

Metal-carbene-containing polymers are a more recent development in the area
of organometallic polymers. Two reports have detailed the synthesis of polymers
containing repeating metal-carbene units.'%>!%4 In 1988, Macomber and coworkers
reported the synthesis of an unsaturated tungsten-carbene complex that polymerized
to produce an insoluble polymer (43).'%> However, this polymer yielded a soluble
copolymer (44) on standing in dimethyl sulfoxide for 4 days. Further reaction of this
copolymer in DMSO (dimethyl sulfoxide) resulted in the isolation of the
poly(methyl acrylate) devoid of metal. Masuda and coworkers have also described
the synthesis of polymers with tungsten-carbene units attached to their backbones
(45).'%* These polymers were air-stable; however, they were unstable in solutions
containing air and exhibited poor thermal stability.



Historical Background 15

P
O—C—R—C—0O"

HO@OH

| T I
%Ti—O—C—R—C—Og]‘
36 n

38
% \Cl interfacial condensation

HzN_R_NHz

40

Scheme 3
l|’h
: C
Ph—C==Cc——Cu--|
|
Qu

Ph—C=C—=Cu---

42

g
=

G_

----0—0
c



16 Introduction

OCH3 OCH OCH;
(OC)5W\C J (OC)SW%C Panas O\c /
CH CH CH
~ ~ ~
2 n H2 m H2 n—m
43 44
W(CO)s W(CO)s

R
~N
H H n

45

The study of metal- and metalloid-containing macromolecules has enriched
the polymer field with materials possessing interesting properties. Depending on
the structural makeup of the polymers and the types of metals that are incorporated
into their structures, these materials can be varied to include catalytic, electrical,
optical, magnetic, biological, and liquid crystalline properties. The following is a
nonexhaustive list of potential and actual uses of metal-containing polymers: addi-
tives, electrical conductors, semi- and superconductors, piezoelectric devices, elec-
trocatalysts, photoelectrocatalysts, photovoltaic cells, specialized electrodes, sensor
devices, electrochromic materials, electroluminescent and multicolor displays, photo-
protective agents, thickening agents, permanent coloring agents, and ceramic precur-
sors. Because metals permit different oxidation states to exist, organometallic and
other metal-containing polymers have attracted much attention as electrically con-
ducting or semiconducting materials. This review will survey a diverse array of mate-
rials containing main group and transition metals and metalloids in or pendent to the
polymer backbone.

II. STRUCTURES AND BONDING

The diversity of metal- and metalloid-containing polymers stems from
the wide range of coordination numbers, oxidation states, and geometries that
metals can possess. Interactions, including ¢ and © connections between two met-
als or metals and ligands, define the nature of bonding in these systems. The
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classes of metal-containing polymers can be divided into three general groups:
those with the metal in the polymer backbone, those with the metal coordinated
to the polymer backbone, and those with the metal in the polymer sidechain.
Highly branched, crosslinked, star-shaped, and dendritic polymers may or may not
fit into these categories, and are, therefore, treated separately. Within these
classes, there are many subclasses based on the types of metals, bonds, and lig-
ands present.

A. Metals or Metalloids in the Backbone

Polymers incorporating metals or metalloids in their backbones possess a very
large variety of structural features. For example, the polymer can contain metal- or
metalloid—carbon ¢ bonds (46, 47) or  bonds (48) in their backbones.'*>-107

=
IiI \\PI’Z-BU3 ’/
~[—/1l1h’—czc—©7czc—]~n +Ti—CH2CH2CHZ+
n
n-BusP Pn-Bu;, R

R= CHCHz, CH3, C6H5
46

47

There are numerous examples of polymers that contain metals and metalloids
coordinated to noncarbon elements. In these cases, the properties of the polymers are
highly dependent on the ligands that are utilized. Polymer 49 is an example of a zinc
porphyrin polymer.'”® It was found that incorporation of different substituents
(electron acceptors or electron donors) on the aromatic rings in the polymer back-
bone altered the electronic properties of these materials.

Braid-shaped structures have been prepared as in the product of the phenylte-
trazolate anion with metal ions.'* The Ni(IT) and Fe(IT) adducts (50) give extremely
viscous, aqueous solutions of polymers from which flexible sheets and threads have
been made.
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Metal-containing polymers exist in a plethora of wonderful shapes and struc-
tures including rods, sheets, and coils. There are a number of interesting structural
classes of polymers known as “stacked” systems. These include both the shish-kebab
type and the polydecker sandwich-type structures. A metal phthalocyanine structure
with bridging pyrazine units (51) resembles a shish-kebab, in which the metal-
pyrazine chain represents the skewer.!'?

Stacked phthalocyanine polymers (52) with oxygen bridges between the metal
atoms have been prepared by dehydration of the phthalocyanine complexes of Si, Ge,
and Sn to produce face-to-face stacking polymers.!!""!13 When the oxygen-bridged
systems are oxidatively doped, they become electrically conducting or semiconducting.
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The electrical, optical, and magnetic properties of stacked polymers are a del-
icate function of architectural and electronic control. For example, electrochemical
oxidation in the presence of BF,~ causes a change in structure from orthorhombic
to tetragonal as the BF,~ counterions move into the closely packed structure
(Fig. 1).''* Moreover, the electrical properties are tunable. This was the first case
where the band filling of a molecular metal was broadly tunable.

There are also a number of reports that outline the synthesis of polymers con-
taining metal-metal or metalloid—metalloid bonds in their backbones. These polymers
may contain the metal 6-bonded or m-coordinated to organic ligands as shown for
polymers 53 and 54, respectively.

The other class of polymers containing M—M bonds includes the metals coordina-
ted to elements such as nitrogen or oxygen. Polymer 55 is an example of a polymer with
Rh—Rh single bonds,!'® while polymer 56 has Mo—Mo triple bonds in its structure.!!”
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B. Metals or Metalloids in the Sidechain

There are numerous examples of polymers in which the metal or metalloid is
present in the sidechain of the macromolecule. Polymer 57 is an organometallic
polystyrene is which the chromium tricarbonyl moieties are n-coordinated to some
of the benzene rings attached to polymer backbone.”” The polynorbornene copoly-
mer (58) incorporates polyhedral oligomeric silsesquioxane moieties into its

sidechains.!'®

Cr(CO),

57

Polymer 59 is an example of a polystyrene substituted with sidechain zinc
phthalocyanine moieties. These polymers formed aggregates in solution even with
small degrees of phthalocyanine incorporation.'!® Aggregates result from phthalo-
cyanine (cofacial) stacking interactions.
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C. Transition Metals Coordinated to the Backbone

Another class of metal-containing polymer incorporates the metallic moieties
coordinated to the polymer backbone. The metal can be bonded directly to the backbone
as on polymers 60—62.'20-122 Alternatively, the metallic moieties can be coordinated
to the polymer backbones through pyridyl ligands (63).!%3

O/_\O
- o
g, —
o Fe
© ©)
60

63
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D. Branched Polymers

There are a number of examples of macromolecules with very complex struc-
tural features such as stars, dendrimers, hyperbranches, and crosslinks. Each of
these classes of materials comes with its own advantages and disadvantages
in terms of synthesis, processability, and properties. The crosslinked polymer 64
was prepared by the thermal copolymerization of ferrocenophanes.'?* The
swelling properties of the crosslinked polymers allowed for determination of the
solubility parameter of the analogous linear homopolymer. The crosslinked poly-
mers were found to possess increased thermal stability relative to their linear
analoges.

\\\\“‘\\ L v Ay

Sig

o8
+O 1| &,

64

Dendrimers and star polymers have much higher architectural control than
hyperbranched and crosslinked polymers. Polymers 65'2%126 and 66'?7 are examples
of branched polymers with organometallic or metal-coordinated complexes at the
periphery.
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66

III. SYNTHETIC METHODOLOGIES

Few organometallic reaction mechanisms, other than the chain-growth
examples cited earlier, have been studied using polymeric systems. Reaction mecha-
nisms in polymer chemistry are generally ignored or inferred from the reaction mech-
anisms of similar small-product reactions. Here we discuss mainly organometallic
reaction mechanisms employing examples of general concepts associated with small
molecules. This is an area where much work is needed to determine reaction mecha-
nisms for polymer-forming reactions. It is often assumed that small molecules will
react in a similar fashion as macromolecules. It remains to be seen for many systems
whether this assumption is valid. In general, the inference of mechanism similarity
should hold for simple systems, but it is surely questionable for systems where inter-
and intrachain effects can occur. Consider, for example, the reaction of ligand “XRX™
with a metal ion L M?* to give a polymer [XRXM(L),~], as a coordination polymer-
ization. This reaction must be considered in terms of the equilibria involved when
RX™ reacts with L,M?". Thus, consideration of the monomeric analogs could be
essential for understanding the polymerization mechanism.

nRX™ + LM** =L, MXR + L, =L, _,M(XR), + L,
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Just as the variety of elements to work with are far greater when dealing with
metal-containing polymers in comparison to classical polymers, so are the number
and variety of reaction types. Most routes employed to synthesize metal-containing
polymers follow the same strategies utilized to prepare organic polymers; specifi-
cally, condensation, coupling, substitution, addition and ring-opening polymeriza-
tion (ROP). While some of these methods involve reactions at the metal centers,
others include reactions with the organic ligands. Another route used in the synthe-
sis of organometallic polymers proceeds via coordination of the metal to preformed
organic polymers.

The following is a brief discussion of mechanistic and kinetic considerations
based largely on small-molecule reactions since these are the reactions most studied.

Redox (reduction—oxidation) reactions, including atom and electron transfer,
and substitution are just two of these reaction types. Several reaction types may
occur simultaneously or in concert with one another. Even when the metal is some-
what removed physically from the reaction site, metal atom involvement may occur.
Several research groups have found that many vinyl homo- and copolymerizations
involving metal-containing vinyl units behave like classical non-metal vinyl
reactions. However, in some cases charge transfer, redox, and other events may occur.
For instance, Hayes and George found that the rate law for the homopolymerization
of vinylferrocene did not follow the usual one-half order in initiator concentration.
Rather, the rate was approximately first-order in both vinylferrocene and initiator due
to an internal electron transfer from iron to the radical center, which generates an
anion that is quenched thereby leaving a terminal ferricinium group at the growing
end.59-61

The following sections highlight some of the most important methods that
have been developed in the production of metal- and metalloid-containing polymers.
A number of other techniques are outlined in Chapters 2—6.

A. Step-Growth Polymerization

A greater variety of substitution and condensation reactions are involved in
the synthesis of metal-containing polymers than in classical nonmetal reactions.
Despite extensive study, inorganic and organometallic mechanisms are less under-
stood than organic reaction mechanisms. In this class of reaction, the ligand is typi-
cally a Lewis base that is the agent of either substitution or condensation. The reaction
between fetra-chloroplatinate and diamines to form the anticancer and antiviral plat-
inum(II) polyamines illustrates a substitution reaction. Chloride is the leaving group,
while the amine is both the ligand and the substitution agent. The nitrogen retains its
hydrogen atoms and has a net +1 formal charge. This reaction is the same as typical
metal-ligand reactions except for a polymer results from the reaction (Scheme 4).

An example of organometallic polycondensation is illustrated by the reaction
between dimethyltin dichloride and a diamine (Scheme 5). Again, the diamine acts
as a Lewis base and the chloride and hydrogen are the leaving groups. Here, the
nitrogen is covalently bonded after loss of the proton. This reaction is analogous to
typical amide formation between diamines and diacid chlorides.
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Step-growth polymerization of metal-containing monomers has been uti-
lized in the synthesis of metal-containing polymers with the metallic moiety incor-
porated within or pendent to the backbone. Step-growth polymerization at the
metal itself was largely pioneered and developed by Carraher and coworkers in the
1970s.839% Step-growth polymerization of metal-containing monomers is com-
monplace where the reaction does not take place at the metal atom. Some early
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examples of the formation of polymetallocenes that contain ester, amide, and
siloxane linkages are shown below. The 1,1’-dicarboxylic acid of cobaltacenium
PFs~ and the 1,1'-diacid chloride of ferrocene were reacted with diols and
diamines to generate 73 and 74, respectively. 1,1'-Bis(N-dimethylaminodi-
methylsilyl)ferrocene was reacted with 4,4'-bis(dimethylhydroxysilyl)biphenyl to
generate 75. The latter had relatively high MW and was hydrolytically and
thermally stable to > 400°C.'28
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Scheme 6 shows the reaction of 76 with 77, where the metal center is not at
the reaction site.'?’ The resulting organometallic polyimine (78) exhibited very low
solubility in organic solvents. This polycondensation reaction proceeded with the
formation of water.

OHC@CHO + H,N
Cr(CO); i

77

NH,

76

~H,0

@EN @Ngﬁ

Cr(CO),
7

Scheme 6
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Scheme 7 shows the polycondensation of the diethynyl monomer 79 with the
dichloroplatinum complex 80. In this example, the polymerization reaction occurs at
the metal center to yield the platinum polyyne 81.'3°

Ph Ph

>/ \< R
N N
— + C—Pt—cl
B —— R
S
_ 80 R=AsBu,, PBu,
- HCI
Ph Ph

Scheme 7

B. Chain-Growth Polymerization

Chain-growth polymerization has been used to prepare a number of olefin-
functionalized metal-containing monomers. For example, a number of articles have
detailed the polymerization of organometallic olefinic monomers such as
82-84.1317133 Depending on the nature of the double bond and the metallic group,
radical, cationic, and anionic initiators can be used to polymerize these monomers.

{ : 3 P(CyHs)3
Nt | _
/W—C CH=CH, Cl*["t CH=CH,
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Scheme 8 shows the synthesis of polyacrylate 86 containing pendent
ferrocenyl groups via the radical-initiated polymerization of the organoiron

monomer 85.!3
ﬁ
O O
AIBN ?
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dF)e

86

Scheme 8
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C. Ring-Opening Polymerization

ROP reactions of cyclic metal-containing monomers have been utilized to prepare
polymeric materials. This method has led to seminal advances in preparing high MW
polymers with ferrocene in the mainchain. Ring-opening methods have led to enhanced
control of polymer architecture. As with the other methods of polymerization, the metal
can either be part of the cyclic structure or attached to an organic ligand bonded to the
cyclic system.

Metallocenophanes are organometallic complexes in which a bridging atom
is bonded to both of the cyclopentadienyl rings of a metallocene. This class of
monomer can be polymerized thermally, anionically, cationically, and with transition
metal catalysts.!3> The polymerization of the ferrocenophane with a dimethylsilyl
bridge (87) is shown in Scheme 9.

Me
o bt
1“16 SiMe, A l|3 € Ve
O
1O | )
87 88

Scheme 9
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Monomer 89 (Scheme 10) is a ferrocenyl-substituted cyclic phosphazene, which
is ring-opened to give a polyphosphazene with ferrocenyl moieties attached as side-
chains to two positions on the polymer backbone.!*® Attempted polymerization at 250°C
resulted in no polymer formation; however, a catalytic amount of a perchlorinated cyclic
phosphazene monomer under the same conditions resulted in the isolation of polymer 90.

F3CH,CO <:\
o MK —Fe OCH,CF
4\ Fe 2Ll
F3CH,CO I\\I \T/@ 220°C %N P—N——P—N P%
2 \P\ /P cat. 7‘ 7‘ 7‘ "

F;CHCO™ N ocm,cR, OCH,CF;  OCH,CF; OCH,CF;

89
90

Scheme 10

Ring-opening metathesis polymerization (ROMP) of norbornene monomers
(91) (Scheme 11) functionalized with cyclopentadienyliron cations has been accom-
plished using transition metal catalysts to yield the corresponding organoiron poly-
mer (92).%7 The resulting polynorbornene has the metallic moieties present in the
polymer sidechains.

72 (CY3P)2C12RL1 — CHPh

Me Me

=opeYep

Fe'PFg Fe'PFg

G-
G

91 92
Scheme 11
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D. Metal Coordination

There are two different ways in which metal coordination can yield a metal-
containing polymer. The first methodology involves the coordination of metal com-
plexes to preformed polymeric materials. This is illustrated in Scheme 12 by
the coordination of a ruthenium complex (94) to the bipyridine ligands along the
backbone of polymer 93. This coordination reaction resulted in the formation of the
corresponding ruthenium polymer 95.'3%

jf”@_@”jl

93

Ru(Bpy),(OTf),(acetone),

94
I I
Q-0
y
95
Scheme 12

Another strategy involving metal coordination reactions is shown in Scheme
13. In this case, the metal coordination reactions actually yield the metal-containing
polymer (98). It can be seen that the reaction of a multidentate ligand (96) with a
ruthenium complex (97) led to the formation of polymer 98 with the Ru atoms as an
integral part of the polymer backbone.'*
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IV. SUMMARY

Vast arrays of metal-containing polymers have been produced that offer a wide
variety of properties. Key milestones in the history of this diverse topic and a sense
of its growth and importance were discussed in this chapter. While initial efforts
focused on polysiloxanes, today’s efforts are quite diverse and include the production
of multisite catalysts, variable oxidation state materials, and “smart” materials where
the precise structure can be changed through the introduction of different counterions.
These polymers have been produced by all of the well-established polymerization
methodologies. The metal atoms reside as part of the macromolecular backbone, in
sidechains, coordinated to the backbone, and as integral parts of dendrites, stars, and
rods. Truly, many of tomorrow’s critically important materials will have metal atoms
as an integral part of the polymer framework, which will allow the materials to func-
tion as demanded.
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40  Metallocene-Based Polymers

I. INTRODUCTION

Metallocene-based polymers encompass one of the most important classes of
organometallic polymers. There have been numerous studies that have examined the
synthesis, properties, and applications of metallocene-based polymers.'~!” The focus
of this chapter will be on metallocene-based systems in which the polymer chain is
attached to the metallocene through the cyclopentadienyl rings. Polymetallocenes in
which the polymer backbone is 6-bonded to the metal atoms are described in Chapter
4. Metallocene-based polymers are described according to the placement of the metal-
locene into the macromolecule. The first polymer class is the sidechain polymetal-
locenes (1). These were the first types of organometallic polymers that were reported
in the 1950s, and they continue to have a significant impact in polymer chemistry.
Homoannular polymetallocenes (2) are polymers in which the polymer chain propa-
gates from a disubstituted cyclopentadienyl ring. Currently, heteroannularly substi-
tuted polymetallocenes (3) are receiving tremendous interest. Although a great deal of
research was directed at the synthesis of this class of polymer in the 1970s, high molec-
ular weight polymetallocenes are now available by the ring-opening polymerization of
strained ferrocenophanes. In addition to that strategy, this class of polymer can also be
obtained from polycondensation reaction of 1,1’-disubstituted metallocene monomers
as well as through other means. Multidecker or face-to-face polymetallocenes (4) are
bound through coordination of the metals to the cyclopentadienyl rings. There are also
metallocene-based polymers with more structurally complex features. For example,
the synthesis of hyperbranched, crosslinked (5), star, and dendritic polymers have been
examined. While the majority of the metallocene polymers described are based on the
ferrocene molecule, other examples are also highlighted.
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I1. SIDECHAINS

A. Vinyl, Acrylate, and Acrylamide Polymers

The polymerization of ferrocene derivatives set the stage for a new era in poly-
mer chemistry. After the 1955 report by Arimoto and Haven describing the synthe-
sis of polyferrocenylethylene!' (Scheme 1), a number of researchers pursued the
synthesis and characterization of ferrocene-based polymers. In addition to the radi-
cal-initiated polymerization of monomer 6, polymer 7 was also prepared using phos-
phoric acid or persulfate as catalysts. The copolymerization of vinylferrocene was
examined with methyl methacrylate, styrene, and chloroprene.

=
n
| AIBN
g CILg
6 7
Scheme 1

Interest in this class of polymer continues to grow because of the interesting
electrochemical and thermal properties that these materials exhibit. For example, in
the 1970s, Pittman and coworkers reported the synthesis and conductivity of polymers
prepared by the free-radical polymerization of vinylferrocene and 3-vinyl-bis-
fulvalenediiron.'>!> It was reported that high molecular weight polyvinylferrocene
could be isolated by multiple additions of azo-bis-isobutyronitrile (AIBN) to the
polymer solutions.'? By decreasing the reaction temperature from 80 to 60°C in bulk
polymerization reactions, higher-molecular-weight materials were isolated; however,
the distribution was bimodal. The high molecular weight portions were found to be
increasingly branched.!? Frey and coworkers reported that styrene-vinylferrocene
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random and block copolymers could be prepared by TEMPO (fetra-methylpiperadi-
neoxyl)-mediated radical polymerization.'®

Scheme 2 shows the homo- and copolymerization of 3-vinyl-bis-fulvalenedi-
iron (10) using AIBN as the initiator.!*!> On oxidation of poly(3-vinyl-bis-ful-
valenediiron) (11) with TCNQ, the mixed-valence bis-fulvalenediiron cation forms,
in which each iron atom shares the charge equally. The conductivity of this polymer
steadily increased as the fraction of monomer units oxidized increased. At 71% oxi-
dation, the conductivity was 6.9 X 1073 Q™! ecm™!.14!5 On oxidation of the copoly-
mer (14) prepared from 3-vinyl-bis-fulvalenediiron and styrene, this polymer (15)
had a bulk conductivity of 2.5 X 1073 Q' em™.
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The properties of a number of vinyl, acrylate, and methacrylate polymers that
incorporate ferrocenyl groups in their sidechains were also examined.'”! The
incorporation of ferrocene moieties into these classes of polymers resulted in mate-
rials with glass transition temperatures much higher than that of their organic
analogs.!” For example, radical polymerization of ferrocenyl methylacrylate (16)
allowed for the isolation of polymer 17, whose glass transition temperature (7,) was
197-210°C versus only 3°C for poly(methyl acrylate) (18).

=

n n

0 OCH, 0” OCH, 0” “OMe

18
L |
e Fe

< amt

Oxidation of polymer 17 with o-chloranil resulted in the isolation of its ferroce-
nium salt.!” Using Méssbauer spectroscopy, it was possible to determine the percentage
of iron centers that were in the Fe(IT) and Fe(Ill) oxidation states. This is due to the fact
that ferrocenyl groups exhibit large quadropole splitting (2.4 mm/s), whereas the oxidized
iron centers exhibit single peaks. Figure 1 shows the Mossbauer spectrum of oxidized
polyferrocenylmethyl acrylate in which the outer peaks correspond to the unreacted fer-
rocene groups and the broad inner peak corresponds to the ferrocenium ions.!”

3600 =

3560 =

3520

Counts (x 100)

3480

3440 =

T T T T T
-2 -1 0 1 2 25
Velocity (mm/s)

Figure 1. Mossbauer spectrum of polyferrocenylmethyl acrylate oxidized with o-chloranil
(adapted from reference 17).



44  Metallocene-Based Polymers

The homo- and copolymerization of 2-ferrocenylethyl acrylate and methacry-
late was reported by Pittman and coworkers in the 1970s (Scheme 3).2%2! It was
found that both 2-ferrocenylethyl acrylate and 2-ferrocenylethyl methacrylate were
more reactive than ferrocenylmethyl acrylate (16).!7-2!

R
R /Fﬁ
Ow/& AIBN

(0]
22
R R
W
O (6] O (I)
CH;
Fe Fe
21 23

Scheme 3

The syntheses of 2-ferrocenylethyl methacrylate, acrylate, methacrylamide
and acrylamide were reported by Yang et al. (Scheme 4).2> Copolymerization of
2-ferrocenylethylacrylamide with isopropylacrylamide resulted in a water-soluble poly-
mer (27) incorporating a small portion of the ferrocenyl moiety. The organometallic
copolymer had low critical solution temperatures (LCST) of 26-29°C depending on the
ratio of organoiron to organic units in the polymer. In comparison, poly(N-isopropy-
lacrylamide) has a LCST values of ~32°C.
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0 X[ AIBN lFe
| 25
CIJ;
Q AIBN
—FCH— ~]—[— —
R-H, CH, J\ CHy - j\H Cth
X =0, NH
0\5 { 0~ "NH o) ITIH
24 HN  H Pr’
Pr!
26

|
(Fg
27
Scheme 4

Thermosensitive polymers have also been prepared from the AIBN-initiated
copolymerization of N-ethyl- or N,N-diethyl-acrylamide with vinyl ferrocene.?
Increasing the amount of organometallic comonomer resulted in decreased LCST
values, while oxidation of these polymers resulted in increased LCST values. In all
cases, there was less than 3% vinylferrocene incorporated into the polymers.

Sidechain ferrocene-based polymers possessing nonlinear optical properties
have been described by Wright and coworkers as shown in Scheme 5.242° The copoly-
merization of 5 mol% of the ferrocenyl functionalized monomer 28 with methyl
methacrylate 29 resulted in an organometallic polymer (30) displaying second-har-
monic-generation activity. The 7, and Ty, values of this organometallic polymer were
120 and 225°C, respectively, which are similar to those of poly(methyl methacrylate).
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Scheme 5

Polymerization of organoiron monomers has also resulted in the produc-
tion of liquid crystalline polymers containing ferrocene units in their sidechains.?¢-3!
Scheme 6 illustrates Deschenaux’s free-radical synthesis of ferrocene functionalized
thermotropic liquid crystalline polymethacrylates.?® Monomer 31 and its correspon-
ding polymer 32 exhibited enantiotropic smectic A and C phases.
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The synthesis of liquid crystalline ferrocene-substituted polymers (35) from
33 and 34 have also been prepared according to the strategy shown in Scheme 7.3!
Oxidation of the ferrocenyl groups was achieved in the presence of copper(Il) per-
chlorate or benzoquinone to produce the ionomers 36 and 37, respectively. The pres-
ence of four alkyl substituents on the cyclopentadienyl rings increased the stability
of the ferrocenium-based materials in relation to polymers containing only
monoalkylated cyclopentadienyl rings. The perchlorate ionomer was unstable above
100°C, whereas the polymers with sulfate counterions were much more stable.
Polymers containing up to 10 mol% of the ferrocene derivatives did not significantly
lower the phase transition temperatures relative to the organic liquid crystalline poly-
mers. On oxidation, the ferrocenium complexes were found to form clusters and seg-
regate from the liquid crystalline phase.

(0] / Q /

R* (CH,);—0 Q (CHy);—O
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¢ Ereta’s

|
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O
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Scheme 7
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B. Pyrrole and Thiophene Polymers

The electropolymerization of pyrrole and thiophene monomers functionalized
with metallocenes has allowed for the production of the corresponding
polymers.3*73 Zotti and coworkers have reported the homo- and copolymerization of
pyrrole monomers substituted through the 1 or 3 position with ferrocene groups.>*
The electrochemical copolymerization of monomer 38 with pyrrole (39) gave a poly-
mer 40 with a conductivity of 1.5 X 1072 S/cm (Scheme 8).

_— H
NH +
= \_J
| 39
Fe
:/_ 38 electrochemical

oxidation

O

o .

Scheme 8

The electrochemical polymerization of monomers 41-43 resulted in the isola-
tion of polythiophenes with ferrocene groups pendent to the backbone.** It was
noted that the redox potential of the polymer from the ferrocene-functionalized
monomer 41 was the same as from n-hexylferrocene. However, increases of about
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0.03 and 0.15 V were observed for the polymers derived from monomers 42 and 43
because of stronger interactions between the ferrocene moieties and the polymer
backbone. As the spacer between the ferrocene groups and the polymer backbone
increased from one to six methylene groups, there was a corresponding decrease in
redox conductivity.>**> The redox conductivity of the polymer prepared from 41 was
enhanced via copolymerization with 4-hexylcyclopentadithiophene and reached
1 S/em. The in situ conductivity of the homopolymer prepared from electrochemical
oxidation of 41 was 40 S/cm.

¢ ¢ 9
S © ©

C. Polyaspartamide

Organometallic polymers may also play an important role in the healthcare
industry. For example, the importance of platinum complexes as anticancer
agents, particularly for testicular cancer, is well recognized. Polymers may also
have advantages, and disadvantages, in terms of slow release, multidentate
effects, and duration of retention in the patient. Neuse and coworkers have
investigated the use of ferrocene-functionalized polymers in cancer research.3¢40
They have found that water-soluble polymers containing covalently bound fer-
rocene groups (46), made by coupling 44 and 45, possess interesting antiprolif-
erative properties (Scheme 9). An important structural feature of these polymers
is the presence of a bond that can be broken to allow the release of the ferrocenyl
groups. Ferricenium salts are able to trap free radicals, which apparently plays an
important role in cancer progression.
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D. Polyferrocenophanes

The synthesis of polyferrocenophanes has been achieved by the radical
homo- and co-cyclopolymerization of monomer 48 as shown in Scheme 10.4' The
homopolymerization reaction was also investigated in the presence of cationic
initiators; only AIBN-initiated reactions yielded high molecular weight polymers.
Cyclic voltammetry of the homopolymer 49 showed two oxidation waves at —0.13
and +0.05V in dichloromethane, while copolymer 50 showed only one oxidation
wave at —0.03 V. The conductivity of these polymers was also examined. Doping
of 49 and 50 with iodine under an argon atmosphere resulted in conductivities of
53 X 107> and 1.6 X 107° S/cm, respectively. However, under ambient condi-
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tions, the conductivities of these iodine-doped polymers were 7.6 X 10~* and
9.5 X 1073 S/cm, respectively. Oxidation of 49 with quinone under vacuum
resulted in conductivities from 107'% to 107° S/cm on increasing the oxidation
level from 8 to 56%; however, under ambient conditions, the conductivity was
107° S/cm.
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E. Polyacetylenes

Scheme 11 shows the homopolymerization of ethynylferrocene 51a or ethynyl-
ruthenocene 51b to produce polymers 52a and 52b in which the metallocenyl unit is
pendent to a conjugated polymer backbone.*? Copolymerization of 51a with 53 using
the well-defined Schrock molybdenum metathesis catalyst [Mo(N-2,6-i-
Pr,C¢H3)(CHCMe,Ph)(OCMe(CF;),),] resulted in the production of polymer 54. In
their studies of these and related organometallic polyacetylenes, Buchmeiser and
coworkers found that these polymers were soluble with up to 50 double bonds in their
backbones and that the systems were “living.”*?*> The polymerization reactions were
found to be and to produce head-to-tail polymers with the double bonds in trans
configurations. Polyacetylene has also been surface grafted to a norbornene-func-
tionalized silica support.*> On oxidation of Fe(II) to Fe(III), this polymer was utilized
to separate oligonucleotides through anion exchange chromatography.
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F. Polynorbornenes

Schrock, Wrighton, and coworkers have reported that ring-opening
metathesis polymerization (ROMP) of norbornene monomers functionalized with
ferrocenyl groups allowed for the isolation of polymers such as 55-58.4647
Alternatively, polynorbornenes capped with ferrocenyl units could be produced
by using a molybdenum initiator functionalized with ferrocene. When this
polymerization reaction was terminated through the addition of octamethyl-
ferrocenecarboxaldehyde, low molecular weight polymers such as 58 were
isolated.
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Norbornene monomers functionalized with ferrocenyl moieties were copolymer-
ized with gold nanoparticles substituted with a norbornene group through alkanethiol
bonds.*® Scheme 12 shows the synthesis of the ferrocene-based polymer (62) utilizing
three monomers. The first step of this reaction is the metathesis of the norbornene rings
on the gold nanoparticle using one equivalent of catalyst. Monomer 60 was subse-
quently added, and following 20 min, monomer 61 was added, resulting in the forma-
tion of 62. This methodology could be used to prepare nanoparticles with varying layers
of polynorbornenes.
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G. Polyphosphazenes

Allcock and coworkers have reported the ring-opening polymerization of
trimeric cyclic phosphazenes functionalized with metallocenes.**~>* Polymers with
ferrocene and ruthenocene groups attached to their backbones, and a copolymer con-
taining both of these organometallic groups was also synthesized.** The metal-
locenes were attached to the polymers through the phosphorous atoms to either one
or both of the cyclopentadienyl rings as shown in Scheme 13.5° Examples of the
ring-opening polymerization of a cyclic 1,5-transannular tetramer were also
described.
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The synthesis of polyphosphazenes derivatized with ferrocenyl units has
also been achieved by functionalization of a preformed polyphosphazene.’*
Wisian-Neilson and Ford showed that when polymethylphenylphosphazene (66) was
treated with n-BuLi, approximately half of the methyl substituents on the polymer
deprotonated. These nucleophilic groups could subsequently be reacted with
ferrocene derivatives as shown in Scheme 14. Polymer 68 had approximately 45% of
its methyl groups converted to the organometallic groups, whereas substitution
occurred at only 36% of the methyl groups in polymer 70. The presence of the
ferrocenyl groups resulted in increased glass transition temperatures for these poly-
mers. For example, when 23% substitution occurred in 70, the 7, was 65°C, whereas
a 36% substitution level resulted in a T, of 87°C.
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H. Polysilanes

Ring-opening polymerization of the spirocyclic silacyclobutane-bridged monomer
(CH,);Si(1-CsH,),ZrCl, (71) with Karstedt’s catalyst allowed for the production of the
polycarbosilane [(CH,);Si(m>-CsH4),ZrCl,], (72) as shown in Scheme 15.°° Although
ring opening of the zirconocene ring was also attempted, polymerization did not occur
under the conditions employed. The monomer and polymer demonstrated moderate
activity as a catalyst for ethylene polymerization.
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III. HOMOANNULAR POLYMETALLOCENES

There are relatively few examples of polymers containing 1,3-disubstituted met-
allocene rings. In 1967, Pittman described the synthesis of ferrocene polymers (75)
containing phosphine oxide or sulfide linkages using zinc chloride as a catalyst
(Scheme 16).°” The resulting low MW materials displayed good thermal stability;
however, they were infusible solids. When the polymerization reactions were con-
ducted above 140°C, cleavage of the cyclopentadienyl rings from iron, and cyclopen-
tane-bridged polymers were produced. Heteroannular substitution patterns were also
observed by increasing the reaction temperatures and time.
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Plenio et al. have described the synthesis of homoannular ferrocene polymers
that contain conjugated spacers in their backbones.’®>° Scheme 17 shows the reac-
tion of a diastereomeric mixture of monomer 76 using Sonogashira coupling condi-
tions to produce polymer 77.% These soluble polymers were isolated in relatively
low molecular weights as a bimodal fraction. Quaternization of the amine in
monomer 76 using Mel allowed for its displacement by aza-12-crown-4.
Polymerization of this monomer (78) using the same reaction conditions yielded a
high molecular weight polymer (79). However, strong tailing in the gel permeation
chromatography (GPC) traces indicated that the molecular weights might have been
overestimated because of polymer aggregation.>”

Me,N Me,N
| —= H PdCl,(PPhs),
Cul, i-Pr,NH — 1,
|
¢ Q
76

1) Mel
2) aza-12-crown-4

o ¢

\ / (0] N
_——H __/
I — PdCl,(PPh3),
- . —
Cul, i-Pry,NH n

Scheme 17

More recently, the synthesis of an enantiomerically pure [enantiomeric excess
(EE) > 98%] planar ferrocene complex (80) allowed for the production of polymer
(81) as shown in Scheme 18. Monomer 80 was prepared in a multistep synthesis
starting from (S)-iodoferrocene-2-carbaldehyde. The palladium-catalyzed coupling
reaction of 80 resulted in a polymer (81) with optical activity ([o]p>’=—198.0 per
ferrocene unit) and a molecular weight estimated to be 10,000 by left-angle laser
light scattering (GPS-LALLS).”® An examination of oligomeric model complexes
containing 1,1’- and 1,3-linked ferrocene units showed that the homoannularly sub-
stituted materials should possess better electronic communication. This was sup-
ported by longer bathochromic shifts in these materials.’®>
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IV. HETEROANNULAR POLYMETALLOCENES

A. Polyferrocenylenes

Many efforts have been made to construct polyferrocenylenes (82), in which
the ferrocene rings are directly bonded to one another along the polymer backbone.
In the early 1960s, Korshak and Nesmeyanov reported the synthesis of ferrocene-
based polymers by reacting ferrocene with #-butyl hydroperoxide.%6! Rosenberg
and Neuse reported that these polymers consisted of homoannular and heteroannu-
lar aliphatic ether-substituted units with number-average molecular weights less than
7000.%2
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| I | |
Fe Fe Fe Fe
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Reaction of ferrocenyllithium with cobaltous chloride was found to result in the
formation of oligomeric ferrocene polymers.®>** Roling and Rausch reported that
oligomeric 1,1'-polyferrocenylenes could be prepared by reaction of haloferrocenes
with copper salts.%® Polyferrocenylenes with MW of =10,000 were prepared by Neuse
via reaction of 1,1’-dilithio- and 1,1’-diiodoferrocene with a catalytic amount of Cu(II)
or Pd(II) salts.®® Foucher and coworkers reported that higher-molecular-weight poly-
ferrocenylenes containing methyl or trimethylsilyl groups on the cyclopentadienyl
rings could be prepared using similar reaction conditions.®” Scheme 19 shows the syn-
thesis of these Me- and Me;Si-functionalized polymers (84) that had weight-average
molecular weights of 3430 and 8600, respectively.
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Yamamoto and coworkers reported the synthesis of polyferrocenylenes with
conductivities ranging from 1072 to 10~ * S/cm via dehalogenation polymerization
of dihaloferrocenes with magnesium as shown in Scheme 20.°%%° The conductiv-
ity of this crystalline polymer was higher than that of the amorphous polyferro-
cenylene.
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In 1963, Rausch reported the synthesis of polymercuriferrocenylene (88) via
reaction of 1,1-dichloromercuriferrocene (87) with either ethanolic sodium iodide
or aqueous sodium thiosulfate.”’ This mercury-based polymer could be decom-
posed to give mono- and disubstituted ferrocenes in addition to ferrocene itself.
Neuse and Crossland later reported that polymercuriferrocenylene could be con-
verted to relatively low molecular weight polyferrocenylene (86) by reacting the
mercury-containing polymer (88) with ferrocene (73) at 245-260°C as shown in
Scheme 21.7!
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In 1996, Nishihara and coworkers reported that soluble 1,1’-dihexylferrocene-
based oligomers and polymers (92, 93) could be synthesized by reaction of the
dihexylfulvalene dianion with [FeCl,(THF),] as shown in Scheme 22.7> The photo-
conductivity of the charge transfer complexes of this soluble polymer (» > 10) indi-
cated that these materials are p-type semiconductors.

Pittman and coworkers reported the conductivities of polyferrocenylene and
polyvinylferrocene in their neutral and oxidized states.'>’® It was found that these
polymers are insulators with conductivities of 1.2 X 10" and 8 X 107" Q 'ecm ™!,
respectively. On partial oxidation of these polymers, they became semiconducting,
with highest conductivities between 35 and 65% of the iron centers in the Fe(III) oxi-
dation states. Increasing the level of conjugation within the polymers did not have a
significant influence on their conductivity. Figure 2 shows the effects of polymer
structure, counterion, and degree of oxidation on the conductivity of these polymers.
Curve a represents polyferrocenylene oxidized with iodine, curve b represents
polyvinylferrocene oxidized with dichlorodicyanoquinone (DDQ), and curve ¢ repre-
sents polyferrocenylene oxidized with DDQ. Oxidation of these polymers resulted in
an approximate 10°~10% increase in conductivity.!>”3
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Figure 2. Conductivity of mixed-valence ferrocene-based polymers (adapted from Refs. 15
and 73).

B. Polyamides, Polyurethanes, Polyureas, Polyesters, and
Polybenzimidazoles

A number of different classes of ferrocene-based polymers have also been
prepared via reaction of ferrocenes functionalized with carboxylic acids, acid
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chlorides, alcohols, amines, and thiols. These monomers were polymerized using
condensation techniques to give organometallic polymers that contain ferrocenyl
units in their backbones. The first report on this class of polymer was in 1961 by
Knobloch and Rauscher.”* These polymers (96) were prepared via interfacial
polycondensation reactions of various diamines and diphenols with 1,1'-fer-
rocenedicarbonyl chloride (94) as shown in Scheme 23. When the nucleophiles
were hydroquinone or phenylenediamine (95a, 95b), the resulting polymers were
insoluble.
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Scheme 24 summarizes the preparation of polyamides (99) and polyureas
(101) from the reaction of 1,1’-bis(B-aminoethyl)ferrocene (97) with diisocyanates
(98) and diacid chlorides (100).7>"7® These polymers were prepared via solution or
interfacial polycondensation reactions to yield polymers with intrinsic viscosities
ranging from 0.1 to 1.5dL/g.”>7¢
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Rausch also reported the synthesis of polyurethanes; however, these polymers
exhibited low solubility and they precipitated from solution during the polymeriza-
tion reactions.” Polyurethanes with polyether segments in their backbones have also
been synthesized.””®" It has also been reported that polyurethanes with ferrocenyl
units in their backbones exhibit enhanced thermal stability.®! Polyesters containing
ferrocenyl units in the mainchain have been the focus of numerous studies.®>~%” It has
been reported that many of these organometallic polymers exhibit liquid crystalline
properties.3487 Scheme 25 shows the synthesis of a liquid crystalline polyester (103)
via polycondensation reactions.®> Increasing the length of the alkyl chains decreased
the thermal stability and glass transition temperatures of these polymers.
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Senthil and Kannan have also reported the synthesis of liquid crystalline fer-
rocene-based polymers containing phosphate groups in their backbones.’3” The
molecular weights of these polymers were relatively low; however, they had very nar-
row polydispersities. Scheme 26 shows the synthesis of polymers 106 by the poly-
condensation of 104 with 105.37 The polymers with 8 and 10 methylene spacers in
their backbones possessed clear nematic textures, while most of the other polymers
with shorter aliphatic chains had a grainy texture. Only the polymer with ethylene
spacers and a pendent phenyl group did not show anisotropic behavior.

In the 1960s, Marvel and coworkers reported the synthesis of polybenzimida-
zole and polybenzborimidazoline.®®3° These polymers possessed low solubility in
organic solvents. Polybenzimidazole containing ferrocenyl units in its backbone (109)
(Scheme 27) was prepared by the 1:2 polycondensation of 1,1’-ferrocenedimethanol
(107) with 3,3’,4,4'-biphenyl-tetra-amine (108) in the presence of [RuCl,(PPh;);].”
Mossbauer spectroscopy showed that approximately 20% of the iron centers were
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oxidized during the polymerization reaction. GPC showed that polymer 109 had a
weight average molecular weight of 45,000. These polymers underwent irreversible
electrochemical oxidation.
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C. Metal or Metalloid Spacers

A number of ferrocene-based polymers containing other metals or metalloids
in their structures have been examined. Carraher and Lessek reported that tin-
containing polyesters of ferrocene (112) could be prepared by reaction of the organ-
otin dihalides (110) with disodium ferrocene dicarboxylate (111) as shown in
Scheme 28.719? The polymerization reactions proceeded rapidly, with yields reach-
ing maximum values between 30s and 2min.”' Polymer yields increased with
smaller alkyl substituents and with the phenyl substituent, and yields also increased
by changing the leaving group from Cl to Br to I. All of these polymers were found
to be insoluble in the solvents tested.
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Pittman and coworkers utilized two different strategies to prepare siloxane-
bridging polyferrocenes.”>** Scheme 29 shows the polycondensation of bis-
dimethylaminodimethylsilylferrocene (113) with disilanol 114 to produce polymer
115.% Polymers prepared using this methodology had molecular weights exceeding
10° when melt polymerizations were conducted at 100°C and with pressures of ~1
torr. Reactions followed second-order kinetics and followed an Syi-Si-type mecha-
nism. The second strategy involved the reaction of bis-dimethylaminosilanes with
1,1-bis-hydroxymethylferrocene.’* Both methods produced film-forming polymers
and weak fibers that could be drawn from melts. Low-temperature mixing favored
polymer formation, while higher temperatures produced more cyclic byproducts.

A siloxane-diacetylene ferrocene polymer with carborane groups in its back-
bone (116) was heated to 350°C under an inert atmosphere, resulting in the formation
of an elastomeric thermoset.”> Crosslinking of the butadiyne groups was confirmed
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from IR analysis. Further heating of this polymer to 1000°C yielded a hard ceramic
that displayed magnetic properties. This ceramic material exhibited excellent oxida-
tive stability due to the presence of the boron. Low molecular weight diacetylene-
organosilyl ferrocene-based polymers have also been synthesized.’®
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Osakada and coworkers have reported that 1,1'-dimercaptoferrocene (117)
reacts with diarylsilanes to produce polymers and ferrocenophanes.’’” Scheme 30
shows the synthesis of a low molecular weight polymer (119) prepared using this
methodology.

An isomeric mixture of dicyclopentadienyldimethylsilanes (120) was reacted
with BuLi and ferrous chloride as shown in Scheme 31 to produce the cyclic
[1.1]ferrocenophane (121) and the polyferrocenylsilane (122).°® The molecular
weight of 122 was determined to be M,,=4900 and M,=4100 by GPC. Cyclic
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voltammetry of 121 showed two reversible oxidation peaks at —0.02 and 0.21V,
indicating that there is significant interaction between the iron centers.
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Ferrocene polymers with nonlinear optical properties were also prepared via
Knoevenagel polycondensation reactions.”*”'! Scheme 32 shows the reaction of
monomer 123 with 124 to give the accordion polymer 125 with M, values ranging
from 9100 to 26,600.'% A mixture of E and Z isomers was initially obtained; however,
an isomerically enriched polymer (98% FE isomer) could be isolated through selective
precipitation.
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Scheme 32

The synthesis of cyclic and linear polymers containing cyclopentadienyl
rings bridged by dimethylsilyl groups was achieved according to the methodology
shown in Scheme 33.1%2 Up to 17 ferrocenyl units were identified in the polymer
(129) chains. The chains were found to contain only odd numbers of ferrocene
units in their backbones. The size of the cyclic units was dependent on the reaction
temperature utilized. For example, at 25°C, the mean ring size was 8.1, whereas
at —20°C, the mean ring size increased to 10.8. As the reaction temperature
was lowered to —78°C, the chain sizes began to decrease because of a decreased
reaction rate.
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Cobaltocene polymers have been prepared using methodologies similar to those
employed in the design of ferrocene-based polymers, although these cationic polymers
have received less attention.'%*~1% Cuadrado et al. prepared polyamides (132) that con-
tain siloxane bridges via condensation of 1,1’-bis-chlorocarbonylcobaltocenium
hexafluorophosphate or 1,1’-bis-chlorocarbonylferrocene with a siloxane-based
diamine (Scheme 34).32193 While the organoiron polymer had an M, value of 10,600,'%
the organocobalt polymer displayed very limited solubility in polar organic solvents.>?
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In the 1970s, Carraher reported the synthesis of a number of cobaltocenium
based polymers.!**'%7 Titanium, zirconium, and hafnium polyesters were synthesized
via reaction of the dicyclopentadienylmetal dichloride complexes with disodium
dicarboxylates of cobaltocenium in either aqueous or organic solvents.!* For exam-
ple, the synthesis of a polymer (135) that contains cobaltocene and titanocene units in

the backbone is shown in Scheme 35.10°
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D. Conjugated Systems

Conjugated polymetallocenes are an important class of organometallic poly-
mers.! '8 Scheme 36 shows the synthesis of polyaryleneethynylenes with fer-
rocene units in their backbones (138) via a palladium-catalyzed coupling reaction of
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1,1’-diiodoferrocene (136) with diethynyl aromatic spacers (137).!1%!!! These poly-
mers became semiconducting (10~7 to 10~# S/cm) on addition of iodine and had rel-

atively low M, (~ 6900 by GPC).
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The synthesis of polymer 141 was reported by Rehahn and coworkers via the
palladium-catalyzed polycondensation reaction of monomers 139 and 140.!'# This
methodology shown in Scheme 37 allowed for the synthesis of soluble poly(1,1'-
ferrocenylene-alt-p-oligophenylenes) that were isolated with high molecular weights.
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Conjugated polymers (143) have also been prepared via coordination of iron(II)
to dilithio bis(3-hexyl-4-methylcyclopentadienide)arylenes (142) (Scheme 38).!15-117
The weight average MW of these polymers were between 42,000 and 52,600 with
polydispersity index (PDI) values ranging from 10.5 to 14.6. Oxidation of these
polymers resulted in electrical conductivities ranging from 107" to 1077 S/cm.
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A low molecular weight polymer with alternating ferrocene and dithiafulvene
moieties in the backbone was prepared by cycloaddition polymerization using
monomer 145 as shown in Scheme 39.!'® This polymer formed a soluble charge
transfer complex with TCNQ, and on doping with iodine polymer 146 had an elec-
trical conductivity of 3.6 X 1073 S/cm.
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Azo-substituted polyferrocenes (148) have been reported by Nishihara and
coworkers by reaction of the dilithioferrocene complex 147 with N,O using high
pressure (Scheme 40).''° Polymer 148 was composed of 60% azo-bridged units and
40% ferrocenylene units. The soluble portion of the polymer had a M,, of 87,000 and
a M, of 13,000.
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E. Coordination Polymers

There are a number of examples of polymers that incorporate metallocenes
and main-group element coordination complexes. These polymers represent an
interesting class of materials that often involve reversible coordination to pyridine-
based ligands. Reaction of 1,1’-bis-trichlorostannylferrocene with an excess of
trimethylgallium resulted in the production of 1,1'-bis-dimethylgallylfer-
rocene.'?%12l Crystals grown from toluene/trimethylgallium indicated that this
product had the polymeric structure (149) shown in Scheme 41. Polymer 150 is
thought to be composed of [Fe(CsHy)u,-GaMe,),(CsHy)],, units with GaMe,
bridging units. The molecular 1,1’-bis-dimethylgallylferrocene units were oriented
in a trans configuration allowing for parallel alignment of the polymeric strands.
Reaction of 150 in pyridine resulted in the carousel-shaped complex 153.
Alternatively, reaction of 150 with phenazine (151) produced the coordination
polymer (152).
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Another class of coordination-type polymer containing ferrocene units in the
backbone is shown in Scheme 42.!?? Reaction of monomer 154 with the bipyridine-
based monomer 155 resulted in the isolation of polymer 156. In the solid state,
polymer 156 is thermally stable up to 240°C; however, depolymerization occurs at
about 85°C in toluene.
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F. Ferrocenophane-Based Polymers

In 1992, Brandt and Rauchfuss reported the synthesis of polyferrocenylene
persulfides via ROP of and desulfurization of [3]-trithiaferrocenes.'?*"'?® High
MW linear and network poly(ferrocene persulfide)s were produced by reaction of
the trithiaferrocenes with PBus.'>*"'2° These disulfide-linked ferrocene polymers
could be decomposed on addition of a reducing agent such as LiBHEt;, and the
polymer could be regenerated on addition of an oxidizing agent such as iodine.
Ring opening and deselenization of an analogous selenium monomer of ferrocene
formed the corresponding polyferrocene with Se-Se bonds.!?¢ Scheme 43 shows
the ring-opening polymerization reaction of monomers 157, resulting in the isola-
tion of 158. Incorporating butyl groups on the cyclopentadienyl rings enhanced the
solubilities of polymers 158. When the polymerizations were performed using THF
or DMF as solvents, insoluble polymers were isolated; however, a mixed-solvent
system consisting of dichloromethane and THF produced soluble high MW
polymers.
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Manners and coworkers have described the thermal and anionic ROP of [1]thia-
and [1]selena-ferrocenophanes in the presence of anionic initiators.'?’ Cyclic voltammet-
ric analysis of the poly(ferrocenyl sulfide)s revealed two reversible oxidation processes,
which indicated that these polymers possessed strong Fe—Fe interactions. Thermal or
cationic ROP of [2]carbathioferrocenophane afforded ferrocene-based polymers contain-
ing sulfide linkages.'?®!?° [2]Metallocenophanes (M=Fe, Ru) that contain hydrocarbon
bridges have been polymerized thermally to give polymers (160) with insulating bridges
between the cyclopentadienyl ligands as shown in Scheme 44.!3%-132 Functionalization of
the cyclopentadienyl rings with methyl groups gave soluble high MW polyferrocenyleth-
ylenes, and polyruthenocenylethylenes. Cyclic voltammetry of the ruthenium-based poly-
mers indicated irreversible oxidation, while the iron-based polymers underwent reversible
oxidation.!3! Oxidation of polyferrocenylethylenes with fetra-cyanoethylene (TCNE)
resulted in materials displaying antiferromagnetic interactions.!*
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A number of conjugated ferrocene-based polymers have been synthesized via
ROMP of ferrocenophanes that possess bridging olefinic units.'3313 Buretea and Tilley
reported the homopolymerization of ansa-vinyleneferrocene and its copolymerization
with norbornene.'>® While the homopolymers were insoluble materials that had a
conductivity of 1073 Q™! cm™!, the copolymer had M,, and M, values of 21,000 and
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11,000, respectively. Grubbs and Lee have found that the solubility of this class of poly-
mer could be enhanced by incorporating substituents onto the bridging carbon
chains.!3#135 Scheme 45 shows the ROMP of monomer 161 using W(=NPh)-
(=CHPh(2-OMe))(OC(CF;3),(CH3)),)[tetrahydrofuran (THF)] as the catalyst. In this
case, the weight-average molecular weight of polymer 162 was greater than 300,000.'3
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Seyferth and coworkers reported in 1982 that phosphorus-bridged ferroceno-
phanes undergo anionic ring-opening to give polymers with molecular weights ranging
from 8900 to 161,000.1*® Manners subsequently reported that thermal ROP of
phosphorus-bridged [1]ferrocenophanes (163) resulted in the isolation of high MW
polymers (165).!3” These polymers could be reacted with sulfur to give the correspon-
ding poly(ferrocenylphosphine sulfide)s. Living anionic ROP of phosphorus-bridged
[1]ferrocenophanes has also been shown to produce homo and block copolymers.'*®
Borane adducts of polyferrocenylphosphines (166) have been isolated via thermal ROP
of a borane-functionalized monomer, or by addition of BX; (X=H, CI) to the polyfer-
rocenylphosphines (165) (Scheme 46).!%
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Miyoshi et al. reported the ROP of ferrocenophanes bearing organometallic moi-
eties on the bridging phosphorus ligand (Scheme 47).14° On irradiation of monomer
167 for 10 min with UV—visible light, high MW polymers (168) were isolated. It was
also determined that polymerization of (1,1’-ferrocenediyl)phenylphosphine under-
went the same ROP reaction to give their corresponding polymeric materials.
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The ring-opening polymerization of [1]ferrocenophanes bearing boron bridges
has also been examined.'*'"'4* Scheme 48 shows the synthesis of the first polyferro-
cenylboranes via thermal ROP of a highly strained boron-bridged [1]ferrocenophane.'!
The hydrolytic instability of the boron-functionalized polymers precluded accurate
molecular weight analysis; however, dynamic light scattering indicated low values.
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The thermal ROP of [1]germaferrocenophanes (171) has resulted in the pro-
duction of a number of high molecular weight (M,,=10°) poly(ferrocenyl ger-
manes).'*" 148 The transition-metal-catalyzed homo- and copolymerization of
germanium-bridged ferrocenophanes using platinum and palladium catalysts.'4146
It was also reported that polyferrocenylenesilylene(germylene) copolymers went
from insulators to conductors on doping with iodine.'*® Scheme 49 shows some of
the poly(ferrocenyl germanes) (172) that have been synthesized.!4+143
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The ROP of ferrocenophanes with tin bridges produces high molecular weight
polymers by thermal ROP.!*-152 It has also been reported that the room temperature
ring opening of tin-bridged [l]ferrocenophanes in solution occurs and that this
process is accelerated by the addition of amines as shown in Scheme 50.'3"153 The
same reaction was found to occur on the addition of base to ferrocenophanes con-
taining silicon and germanium bridges. While the tin and germanium monomers dis-
played good reactivity, the silicon-containing monomers were much less reactive.!>!
It was also reported that tin-bridged ferrocenophanes undergo cationic ring-opening
polymerization in the presence of small quantities of Lewis acids.!*?
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The synthesis and properties of polyferrocenylsilanes have been studied by a
number of research groups. The major contributions in this area came from the
Manners laboratory at the University of Toronto.'3* 3¢ Scheme 51 shows three
well-developed methodologies that have been established for the ROP of monomer
175 resulting in the formation of high MW polyferrocenyldimethylsilane (122);
specifically, by thermal, anionic, and transition metal catalysis.!*’!> It has also been
reported that solid-state polymerization of Fe(n-CsH,),SiMePh using a ®°C 7y-ray
source resulted in the formation of a high MW stereoregular polymer.'60-161



Heteroannular Polymetallocenes 81

Me, Me
_ =’ _
130°C @/ Sis_
| WMe |
Fe S{\ n-Bul1 Fe
Me
@/ Pt(cod), Q
T _in
175 122

Scheme 51

It was initially proposed that the transition-metal catalyzed polymerization pro-
ceeded via a homogenous mechanism.!®?> However, Manners proposed that the ROP
of [1]silaferrocenophanes followed a heterogeneous catalytic cycle.!> Scheme 52
shows the proposed mechanism in which Pt(1,5-cod), is thought to initially form a
[2]platinasilaferrocenophane (176) via oxidative addition of the zero-valence Pt com-
plex with elimination of a 1,5-cod ligand. Elimination of a second 1,5-cod ligand then
leads to the production of platinum colloids, which are believed to be the active
catalyst. Subsequent oxidative addition and reductive elimination (or 6-bond metathe-
sis) at the colloid surface forms the polymeric material (175).
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A number of studies have focused on the synthesis of polymers with function-
alized sidechains. For example, long-chain alkyl, chloroalkyl, chloro, and alkoxy
substitutes polyferrocenylsilanes have been reported.!®4167 Polymers with
acetylenic substituents have also been synthesized via transition-metal-catalyzed
ROP (Scheme 53).'%® The resulting high MW polymers (183) were pyrolyzed to pro-
duce magnetic ceramics in high yields.
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Reaction of chloro-substituted polymers with alcohols or amines resulted in
the isolation of new classes of organometallic polymers containing interesting prop-
erties.'®~171 Scheme 54 shows the reaction of polymer 184 with the acetylide
monomer (185) to produce polymer 186. Reaction of this polymer with hydrazine
resulted in the isolation of polymer 187.170:171
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Considerable attention has been directed toward the synthesis of water-soluble
ferrocene-based polymers and polyelectrolytes.'®17® Vancso and coworkers reported
the synthesis and self-assembly of anionic and cationic polyelectrolytes.!”>!”3 Scheme
55 shows the strategy that was applied by Manners and coworkers in the design of
polyanionic (189) and polycationic (190) water-soluble ferrocene-based electrolytes.!”!
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Copolymerization reactions of ferrocenophanes have allowed for the prepara-
tion of a number of interesting organometallic polymers. Thermal copolymerization
of a [l]chromarenophane (191) (Scheme 56) with a [1]ferrocenophane (122)
resulted in the formation of a copolymer (192) containing both chromium and iron
units in the polymer backbone.!”” Because of the low reactivity of the chromium
monomer, its homopolymerization was not possible.

192
Scheme 56
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Anionic polymerization of [1]ferrocenophanes has led to living polymers,
which could then be copolymerized with a number of different monomers to pro-
duce block copolymers.!”®"1°! Scheme 57 shows the synthesis of the ABC triblock
copolymer of the type 197 possessing narrow polydispersities.'°! When the poly-
ferrocenylphenylphosphine blocks were small, self-assembly of the polymer
yielded cyclindrical micelles with the organometallic blocks at the core and the
polydimethylsiloxane blocks at the corona. When the degree of polymerization
for the polyferrocenylphenylphosphine block was 11, spherical micelles were
formed.
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Transition-metal-catalyzed ring-opening polymerization of ferrocenophanes
has also resulted in polymers with interesting properties.'®>1% For example, the
water-soluble block copolymer (199) shown in Scheme 58 formed micelles in
THF/water solutions in which the hydrophobic ferrocenylsilane block occupied the
core surrounded by the hydrophilic polyethyleneoxide block.!*>
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Homo- and copolymers formed from ROP of [1]ferrocenophanes have
been tested for a number of applications. These classes of ferrocene-based poly-
mers have been examined by Vancso et al. as nanolithographic and plasma etch
resistant materials.!”®!°” Pannell et al. have described ferrocenylsilylene polymer
coatings as tapered optical-fiber sensors in the detection of ammonia and carbon
dioxide.!”®

V. MULTIDECKER POLYMERS

Rosenblum and coworkers have described a number of routes to face-to-face
polymetallocenes.'”2°! Ruthenium- and iron-based materials were synthesized via
palladium-catalyzed cross-coupling reaction of 1,8-diiodonaphthalene with metallo-
cenylzinc chloride (M=Fe, Ru).??® The MW of the face-to-face polyferrocenes with
R=H, R’ = 2-octyl was in the range of 18,000, while that of 200 when R=R’=2-octyl,
was 139,000. The conductivity of polymer 200 (M=Fe, R=H, R'=2-octyl) on doping
with I, was 6.7 X 10~3 S/cm. The incorporation of nickelocene and cobaltocene units
into the face-to-face polyferrocenes resulted in materials with magnetic susceptibilities
of 3.51 and 5.2 g for the Ni\Fe and Co\Fe oligomers, respectively.>?
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Polydecker oligomers 202 (Scheme 59) and 203 were prepared by Siebert and
coworkers.292204 Heating of 201 in vacuo gave 202 as a black film, which splinters
into shiny metallic platelets when cooled. Electron micrographs show an isotropic
distribution of fibrils. The conductivity of 202 was 10~2 S/cm, but 203 was an insu-
lator at room temperature (10~ '° S/cm). The insolubility of these materials prevented
molecular weight determinations. These giant Dagwood sandwich-type structures
further illustrate the plethora of shapes available with organometallic polymers.
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Polymetallacarborane staircase oligomers (204) containing cobalt and nickel
have been reported by Grimes et al.>*>2% Electrochemical analysis of oligomers with
up to 17 metal atoms indicated that there was very little electronic communication
between the metal centers.?%° Optically active cobalt-based multi decker polymers have
also been prepared by Katz and coworkers."’

M = Co, Ni
204

VI. HYPERBRANCHED AND CROSSLINKED
POLYMERS

Tang and coworkers have synthesized and pyrolyzed a hyperbranched polymer
(205) to produce magnetic ceramics. This polymer was prepared by reaction of
1,1’-dilithioferrocene with methyltrichlorosilane and had a weight-average molecular
weight of 6300 with a polydispersity of 3.8. Polymer 205 had a glass transition tem-
perature at —54.5°C and at 306°C had experienced a 5% weight loss. Ceramics were
prepared by heating the sample up to 1000°C under a nitrogen atmosphere or
1200°C under an argon atmosphere, and the sample was then calcinated or sintered
at this temperature for one hour. The ceramic yields of these materials were found to
be greater than those of their linear polymeric analogs.?’® The ceramic formed under
a stream of argon had a high saturation magnetization with a M of approximately
49 emu/g and a near-zero coercivity and remanence, indicating that it is an excellent
soft ferromagnetic material.
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Cuadrado et al. have reported the synthesis of ferrocene-containing crosslinked
polymers.!% Polymers 206a and 206b are examples of these types of polymers that
incorporated varying degrees of organoiron groups in their structures. Polymer 206a,
containing 34% organoiron units, displayed very limited solubility in organic solvents
and swelled, whereas the polysiloxane with only 3% ferrocene-substituted groups was
a viscous solution displaying good solubility in polar organic solvents.
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A [1]silaferrocenophane containing a 4-membered spirocyclic ring at the
bridging silicon atom was subjected to thermal ROP to give a crosslinked polymer
(209) due to ring opening of both the ferrocenophane and the spirocyclic
group.29%21% Scheme 60 shows the strategy utilized to incorporate varying degrees
of crosslinker (208, 210) into polyferrocenylsilanes.?!' 24 The cross-linked
polymers possesses higher thermal stability than do their linear analogs. The pyrol-
ysis of these crosslinked polyferrocenylsilanes has resulted in the production of
ceramics that possess magnetic properties.?0214
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VII. STARS AND DENDRIMERS

There has been a great deal of attention focused on the synthesis of dendrimers
and star polymers functionalized with ferrocenyl groups.?!>22® Astruc et al. have
explored the synthesis and properties of different classes of ferrocene-based star poly-
mers and dendrimers.?!>2!7 A dendrimer containing 54 ferrocene units at its periphery
was synthesized and reversible oxidation of all 54 iron centers was observed.’!
Chemical oxidation of the neutral iron centers to cationic species could also be
accomplished using NOPF,. Dendrimers containing nine peripheral organoiron?'® or
organocobalt?!” groups (212) were synthesized by the reaction of amine-functionalized
dendrimers with the acid chlorides of ferrocene or cobaltocenium. Astruc used the fer-
rocene-functionalized polymers as supramolecular redox sensors for the recognition of
small inorganic anions.?'®
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Finally, a dendrimer containing 243 ferrocenyl units at the periphery was syn-
thesized by ferrocenylsilation of an allyl terminated dendrimer. This macromolecule
could be oxidized to the corresponding stable ferrocenium dendrimer and reversibly
reduced back to the neutral complex.>!® Cuadrado and coworkers have also been
active in the synthesis of dendrimers containing ferrocene and cobaltocene moi-
eties.?!%222 The synthesis of propylenimine based dendrimers with up to five gener-
ations and 64 peripheral ferrocenyl moieties underwent reversible oxidation at
E,,=0.59 V2% Polymer 213 is an example of a dendrimer with 32 ferrocenyl units
at the periphery.

213

The guest-host relationships of some low-generation dendrimers with
cyclodextrins were examined.??® While dendrimers with 4 and 8 peripheral
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ferrocene moieties appeared to complex completely to P-cyclodextrin, a
higher MW dendrimer containing 16 peripheral ferrocene groups (216) displayed
incomplete complexation, possibly due to steric congestion. The complexation
resulted in higher solubility of the organometallic dendrimers in aqueous
solution; however, reversible binding of the cyclodextrins could be achieved
through addition of 2-naphthalenesulfonate, which resulted in precipitation of the
dendrimers from solution. Silicon-based ferrocenyl dendrimers possessing electro-
chemical communication between the iron centers were also synthesized (Scheme
61).22! Dendrimers containing ferrocene and cobaltocenium units at their periphery
were also examined.???
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Deschenaux et al. have investigated the synthesis of ferrocenyl-based poly-
mers (217) with liquid crystalline properties.??3224
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Star-shaped polymers (219) have been synthesized by platinum-catalyzed
ROP of 122 in the presence of hydromethylcyclo-tetra-siloxane (218) as shown in
Scheme 62.2%6
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VIII. SUMMARY

While ferrocene-derived polymers continue to be the best studied of the metal-
locene-based polymers, there exists a wide variety of other (symmetric) metallocenes.
The metallocene portion of the polymer can be bound through the metallocene ring,
through adjacent metallocene rings, or through the metal itself. Metallocenes may exist
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as part of the backbone, sidechain, or as part of more complex structures such as hyper-
branches, stars, sheets, rods, and dendrites. Some of these polymers have been shown
to exhibit good electrical conductivity, show nonlinear optical behavior, be charge
transfer complexes, have relatively high glass transition temperatures, and exist in mul-

tipl

e oxidation states. Other metallocene-containing polymers are involved in self-

assembly scenarios and can be used as optical fiber sensors, nanolithographic and
plasma etch resistant materials, and in liquid crystal systems.
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I. INTRODUCTION

Polymers containing 4-, 5-, and 6-membered rings coordinated to metallic
moieties have been the focus of numerous studies in light of their interesting prop-
erties and applications. The © coordination of organometallic moieties to arenes acti-
vated these complexes toward nucleophilic substitution reactions. Linear
organometallic polymers containing arene complexes in their backbones were pre-
pared via substitution reactions of dihaloarene complexes with dinucleophilic
reagents (1). Polycondensation reactions were also implemented in the production of
linear polymeric materials (2). While these two routes provide organometallic poly-
mers with arene complexes as integral parts of their backbones, polymers with
sidechain-coordinated arene complexes were also prepared (3). These classes of
polymers were produced via the polymerization of their corresponding organometal-
lic monomers; however, organometallic polymers containing arene complexes could
also be prepared via the coordination of metallic moieties to preexisting polymeric
materials (4).

-0t @Ot

|
MLy 1 ]\|/[Ln

ML,

In Chapter 2, the chemistry of metallocene-based polymers was reviewed.
Herein, other classes of polymers containing cyclopentadienyl rings coordinated to
transition metal moieties are described (5). The chemistry of polymers containing
4-membered rings coordinated to transition metal moieties has been investigated;
however, there are fewer reports on the synthesis and characterization of this type of
polymer (6). Within each of these classes of polymers, the synthesis of dendrimeric
and/or star-shaped polymers will also be highlighted.
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II. POLYMERS CONTAINING ARENE COMPLEXES

A. Pendent to the Backbone

Eyring and coworkers have reported the synthesis of organometallic poly
(p-phenylenes) (PPPs) via reaction of the organic polymer (7) with M(CO);(CH;CN);
or M(CO)q (M=Cr, Mo)."> Molybdenum tricarbonyl was complexed to about 25% of
the aromatic rings in the polymer (9). The structures of these polymers are similar to
those shown in Scheme 1. Photoacoustic infrared spectroscopy showed that the C-O
stretching frequencies shifted on complexation to 1890 and 1965 cm™! from ~2000
cm™ ! in Mo(CO),, which is indicative of donation of electron density to the molyb-
denum from the polymer backbone. This in turn weakened the metal-carbonyl bonds
through donation to the carbonyl * orbitals. There were also peaks in the spectra of
the metallated polymers that were consistent with poly( p-phenylene) and conduct-
ing poly(p-phenylene) doped with potassium. The conductivity of the Mo(CO);-
coordinated polymer was ~10~% S/cm, and was much higher than that observed for
undoped PPP (~10~% S/cm).2

Nishihara and coworkers subjected poly(n-hexylphenylene) (PHP) to ligand
exchange reactions to give molybdenum tricarbonyl and cyclopentadienyliron coor-
dinated polymers as shown in Scheme 1.3°¢ These hexyl-substituted polymers dis-
played better solubility than metallated PPP in organic solvents as a result of the
flexible alkyl chains on its backbone. Elemental analysis of the Mo(CO);-function-
alized polymer showed that 1 in every 4.8 aromatic rings was coordinated to a metal-
lic moiety.>* A Cr(CO);-coordinated poly(n-butylphenylene) (PBP) was also
synthesized. This ligand exchange reaction was less efficient when Mo(CO); was used.
In the case of the organoiron polymer, one in every 1.6 aromatic rings of the complexed
PHP was coordinated to a cyclopentadienyliron moiety.’> Spectroelectrochemical
measurements of this organoiron polymer indicated the formation of a network
between aromatic rings of neighboring polymer chains after reduction of the cationic
iron centers to neutral radicals. Electrochemical and spectroscopic analysis of the
organic and organometallic polymers showed that their conductivity increased on
metal coordination.
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Jin and Kim reported the synthesis of polyamides coordinated to chromium
tricarbonyl moieties (11) by condensation of (n°-phenylenediamine)Cr(CO); (12)
with various diacid chlorides (13) (Scheme 2).” It was noted that this polymer exhib-
ited enhanced solubility due to incorporation of pendent chromium tricarbonyl moi-
eties along its backbone. The viscosities of these polymers were determined in
concentrated sulfuric acid or N,N-dimethylacetamide containing 5% LiCl. The inher-
ent viscosities of these metallated polymers ranged from 0.72 to 1.53 dL/g, and were
found to be higher than those of their organic analogs.

Dembek and coworkers have reported that high MW polyamides coordinated to
Cr(CO)j,, such as 16 (shown in Scheme 3) display nematic liquid crystalline texture. This
indicated that the rigid-rod nature of the 1,4-phenylene bridged polymer was retained on
metal coordination even though its solubility was enhanced significantly.® The intrinsic
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viscosities of these polymers were in the range of 4.5 dL/g, and GPC using a viscosity
detector gave an absolute weight average molecular weight of 78,000. It was also demon-
strated that the copolymer (18) exhibited enhanced solubility and liquid crystallinity.
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Wright examined the synthesis of different classes of chromium tricarbonyl-
coordinated polymers. Poly(phenyl ethynyl)s coordinated to chromium tricarbonyl
moieties (21, 23) were synthesized by palladium catalyzed cross-coupling of
(n®-1,4-dichloroarene)tricarbonyl chromium complexes with organostannane
reagents (Scheme 4).%!° Combustion analysis of these polymers indicated that their
degree of polymerization was ~18, which corresponds to a MW of ~7800.
Combustion and IR analysis of polymers that were heated above 200°C indicated
that crosslinking reactions occurred followed by loss of carbon monoxide from the
Cr(CO); moieties.

c1@01 b Mes=—())—=—snMe,

THF, 50°C /@
L,PdCl,

Br N Br

Cr(CO);
23

Scheme 4

In the 1970s, Pittman showed that linear organic polymers containing (n°-aryl)
Cr(CO); and (n*-diene)Fe(CO); functions decomposed photochemically or ther-
mally to produce small metal oxide particles (Cr,O5 or Fe,O3) dispersed in polymer
matrices that had been crosslinked.!""!? This represented one of the first ways to
“synthesize” tiny metal oxide particles within polymers in contrast with grinding
metal oxides and then mixing them into monomers and polymers.
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Chujo and coworkers described the synthesis of chromium tricarbonyl coordi-
nated polymers (27) via reaction of the 1,4-diethynylbenzene complex (24) with vari-
ous 3-alkyl-2,5-dibromothiophenes (25) as shown in Scheme 5.'* These polymers had
fairly broad polydispersities (3.2-3.6) and weight-average molecular weights from
13,500 to 24,400. Thermogravimetric analysis in air showed two weight loss steps cor-
responding to dissociation of the chromium tricarbonyl and decomposition of the poly-
mer backbones. The UV spectra of these polymers showed that they absorbed between
375 and 386 nm, and on excitation at 370 nm, these materials had weak emissions at
450 nm. Cyclic voltammetry showed one irreversible oxidation step at about 1.5V for
the dodecyl substituted polymer and its electrical conductivity was 8.1 X 107° S/cm.!?

R
_ A e
== -
Cr(CO)3 25 R = n-octyl
24 n-decyl
n-dodecyl
1) PACly(PPhy),/PPhy/Cul | 2) }©
THF/HNPr,
26
R R
O—= . D= Ii] — O
S { S
n
Cr(CO);
27
Scheme 5

A polyimine containing chromium tricarbonyl moieties pendent to aromatic
rings in the backbone was prepared by the reaction of m°®-terephthaldialdehyde-
Cr(CO); with 1,3-phenylenediamine.'* The resulting conjugated polyimine was
insoluble in common organic solvents because of the rigidity of its backbone. The
synthesis of polyether/imines coordinated to cyclopentadienyliron moieties has also
been reported.'> These polymers were prepared by reaction of a dialdehyde complex
of cyclopentadienyliron with a number of aliphatic and aromatic diamines as shown
in Scheme 6. The resulting polyimines exhibited good solubility in polar aprotic sol-
vents such as DMF and DMSO (dimethylformamide and dimethylsulfoxide).
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Thermogravimetric analysis indicated the presence of two distinct weight loss steps
corresponding to loss of the organoiron groups and degradation of the polymer back-
bones. It was interesting to note that the cyclopentadienyliron moieties were cleaved
at approximately 350°C for the polymers with long aliphatic spacers (4-12 CH,
groups) in their backbones, and at about 250°C for the more rigid polymers.'>-1¢
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@ 30
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Scheme 6

Polymers with pendent chromium tricarbonyl moieties and rhodium com-
plexes in their backbone were prepared via coordination of phosphine complexes
(31) to a Rh-containing complex (32) as shown in Scheme 7.!7 The resulting
polymers (33) precipitated from solution over time and their molecular weights were
not obtained due to their thermal decomposition and air sensitivity.

Cl

|
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33
31

Scheme 7



Polymers Containing Arene Complexes 111

It is well established that the m coordination of transition metal moieties to
chloroarenes activates these materials toward nucleophilic substitution and addi-
tion reactions.'®!° The m-coordinated metal moiety can stabilize negative charge
buildup caused by an incoming nucleophile that is attacking the aryl ring, con-
verting it into a metal-coordinated cyclo-/#exa-dienyl anion. This lowers the acti-
vation energy for nucleophilic aromatic substitution, enhancing the reaction rate
and making polymerization reactions via this route feasible. The synthesis of aro-
matic ether complexes of cyclopentadienyliron has been achieved in a stepwise
manner to produce polymers with up to 35 metallic moieties pendent to their
backbones.?? The strategy used to prepare this class of polymer is shown in
Scheme 8. Each mol of complex containing two chloro substituents was reacted
with 0.5mol of hydroquinone (35) in the presence of potassium carbonate to
eventually yield the high molecular weight polymers. The organometallic polymer
(38) had a calculated molecular weight of 15,800, which was consistent with its
elemental analysis.

Cl-@-Cl + HO-@-OH —_— Cl-@-O-@-O-@-CI

34 36

E
& ©® © @ ©

37

|
Fe™ = 33 Fe

© ©

38

Scheme 8

&
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The cyclopentadienyliron-coordinated polyethers shown (39) in Scheme 9
were reacted with sodium cyanide, resulting in the isolation of one isomer of adduct
(40).2! These neutral adducts were subsequently demetallated by oxidation with
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) to yield the nitrile functional-
ized polyaromatic ethers (41).

QOO
5 e b

39

lNaCN
NC NC CN
1 - \H
H» \ gy
H,C 0—<C:j>—0 0—<C:j>—o CH;
| | Jo-s
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Fe Fe

o o ®

lDDQ
NC CN CN
0-6

41

Scheme 9

Soluble polyaromatic ethers coordinated to cyclopentadienylruthenium cations
(44) were first reported by Segal.?? These polymers were synthesized by nucleophilic
aromatic substitution of dichloroareneruthenium complexes with diphenolic com-
pounds as shown in Scheme 10.



Polymers Containing Arene Complexes 113

\
Ru PF6

X = CO, C(CHy),
DMSO
85-90°C

\
Ru' PF,”
@ n
44

DMSO
160°C

1000+
n
45
Scheme 10

Dembek et al. later prepared polyaromatic ethers and thioethers coordinated to
pentamethylcyclopentadienylruthenium moieties (Scheme 11).2%?* The inherent
viscosities of the polymer solutions (0.5%) were measured in DMF to be between
0.52 and 1.49 dL/g. Lithium chloride was added to these ruthenium-based polymers
(48) in order to suppress polyelectrolyte effects.

_DMSO _
c1—@>— al +  KX—Ar—XK T@*X—Ar—X—]—
60°C

I
Ru' OTf~ 47 Ru OTf~

46 48

Scheme 11
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The synthesis of soluble polyaromatic ethers, thioethers, and amines by
SyAr reactions of dichloroarene complexes of cyclopentadienyliron with
oxygen-, sulfur-, and nitrogen-based dinucleophiles has also been examined by
Abd-El-Aziz and coworkers.?>27 Scheme 12 shows the synthesis of cyclopentadi-
enyliron-coordinated polymers via reaction of the dichloroarene complex 34 with
dinucleophiles 49 in the presence of potassium carbonate.?’ It was found that
all cyclopentadienyliron-coordinated polymers (50) displayed good solubility in
polar organic solvents. Photolytic demetallation of the polymers was achieved in
acetonitrile solutions by irradiating the polymers with a light source. Irradiation
of the complexes results in its excitation to the triplet state, resulting in ring
slippage from M° to n* Coordination of this unstable complex to the solvent
eventually results in the formation of [CpFe(NCCHj;);]*, which then decomposes
to produce ferrocene and various iron salts. Following photolysis, only some of
the organic analogs (51) were soluble in common organic solvents. Solubility was
enhanced in the polymers that had aliphatic groups in their backbones, and the
soluble portions of these organic polymers had weight-average molecular
weights ranging from 7300 to 21,400. Enhanced solubility was also achieved
by utilizing 1,2- and 1,3-dichlorobenzene complexes in the polymerization
reactions.?’

Electrochemical analysis of the organoiron polymers showed that these materi-
als underwent reversible reduction steps.?® Figure 1 shows the cyclic voltammogram
of one of the cyclopentadienyliron-coordinated polyaromatic thioethers obtained
at —30°C with a scan rate of 2 V/s. The half-wave potential of this polymer in propy-
lene carbonate was —0.85V.

The effects of various aromatic and aliphatic spacers on the thermal stability
and glass transition temperature of these materials were examined.?” These poly-
mers displayed excellent thermal stability after the loss of the metallic moieties.
Figure 2 shows the thermograms of a metallated and demetallated polyphenylene
sulfide. The organometallic polymer underwent an initial weight loss starting at
245°C, corresponding to decomposition of the cyclopentadienyliron moieties from
the polymer backbones and a second weight loss beginning at 511°C, correspon-
ding to degradation of the polymer backbone. The organic analog of this polymer
only shows one weight loss step beginning at 512°C. Differential scanning
calorimetry showed that the polymers with oxygen spacers had the highest glass
transition temperatures, while those with aliphatic thioether spacers possessed the
lowest T, values.

The synthesis of polymers containing alternating ether—thioether or amine—
thioether bridges was also reported.?” All of these organoiron polymers displayed
good solubility in organic solvents; however, if the cyclopentadienyliron moieties
were cleaved from the polymer backbones, polymer 53 became insoluble while
polymer 55 still displayed good solubility (Scheme 13). The polymer isolated fol-
lowing photolytic removal of the iron complexes from 55 had a weight-average
molecular weight of 21,700 and a polydispersity of 2.4.
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Figure 1. Cyclic voltammogram of organoiron polyphenylene sulfide obtained at —30°C in
propylene carbonate with a scan rate of 2 V/s.
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Figure 2. TGA thermograms of cyclopentadienyliron-coordinated polyphenylene sulfide
and its organic analogue.
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Abd-El-Aziz and coworkers have also reported the preparation of organoiron
polymers containing azobenzene chromophores in their sidechains.?’ Scheme 14
shows the synthesis of orange and red-colored cationic polymers (58) that absorbed
between 417 and 489 nm. Polymers 58 were subsequently demetallated to produce
their corresponding organic analogs (59). Photolysis of polymers 59 in the presence
of hydrogen peroxide resulted in the decoloration of these polymers.
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The synthesis of polymers such as 60 (Scheme 15), which contain backbone
arenes coordinated to both CpFe' and Cp*Ru*, has also been reported.’*3! A
number of oligomers and polymers were synthesized by reaction of dichloroarene
complexes of iron and ruthenium with oxygen, sulfur, and nitrogen nucleophiles.
Following photolytic demetallation of 61, the aromatic ether-bridged organic
polymer had a weight-average molecular weight of 12,600 (PDI=1.9), which cor-
responds to a molecular weight of ~19,000 for its metallated analog.
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The synthesis of polymers containing both pendent cyclopentadienyliron
moieties and mainchain ferrocenyl groups has also been reported.*? It was found
that polymers such as 64 (Scheme 16) had glass transition temperatures between 65
and 161°C. After removal of the cyclopentadienyliron cations pendent to the poly-
mer backbones, their ferrocene-based materials (65) had 7, values between 10 and
92°C. The M, values for 64 were calculated to range from 11,000-20,600
with polydispersities from 1.13 to 2.19 based on the molecular weights measured
for 65.
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B. Sidechain

In the early 1970s, Pittman and coworkers examined the polymerization
behavior of a number of olefinic monomers functionalized with chromium tricar-
bonyl-coordinated arenes.>*2 The first monomer containing an arene complex to
be polymerized was m-(benzyl acrylate)chromium tricarbonyl (66).3
Homopolymers (67) with M|, values as high as 60,000 were synthesized as shown
in Scheme 17 via the radical polymerization of 66 with AIBN. Monomer 66 was
also copolymerized with styrene, methyl acrylate, and 2-ferrocenylethyl acrylate
(68) to give copolymers such as 69. The thermal and photochemical decomposi-
tions of homo- and copolymers prepared from m°®-(2-phenylethyl acrylate)
chromium tricarbonyl were also examined.?* Irradiation caused some crosslinking
to occur, and the materials isolated from decomposition by sunlight in air showed
the formation of tiny Cr,O; particles. Thermal decomposition was achieved at
150°C in the absence of light, resulting in crosslinked polymers containing mixed
oxides embedded in their structures.
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nO-Styrenetricarbonylchromium (70) has been copolymerized with styrene
(71) to give the corresponding organometallic polymer (73) as shown in Scheme 18.3
Alternatively, polystyrene could be reacted with chromium hexacarbonyl to generate
copolymers such as 73. The advantage to the second strategy is that polystyrene
with narrow molecular weight distributions can be utilized. It was determined that
32.2% of the phenyl rings became coordinated to the chromium complexes. The
number-average molecular weight (M,) of 72 was 20,200, and following reaction
with Cr(CO)¢, the molecular weight of 73 was 32,400.
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Polymethacrylates and polystyrenes with cationic cyclopentadienyliron moi-
eties coordinated to their sidechains were prepared by radical polymerization of their
corresponding organoiron monomers as shown in Scheme 19.37-*® Electrochemical
analysis showed that the cyclopentadienyliron coordinated monomers (74) and
polymers (75) underwent reversible reduction processes. Photolytic demetallation of
the cyclopentadienyliron-coordinated polymethacrylates resulted in the correspon-
ding organic analogs with M, =48,000—68,000.
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The synthesis of polynorbornenes functionalized with cationic cyclopentadienyl-
iron-coordinated aryl ethers were also reported by Abd-El-Aziz and coworkers.>**
Scheme 20 shows the ring-opening metathesis polymerization of monomers con-
taining pendent cyclopentadienyliron cations (77) using Grubbs’ ruthenium benzyli-
dene catalyst.*’ The resulting organometallic polymers (78) were demetallated using
photolytic means to produce the corresponding organic polymers (79), which had
M,, values ranging from 10,600 to 18,600 with PDI values ranging from 1.3 to 1.6.
Electrochemical analysis of these metallated polymers indicated that the cationic
iron centers were reduced between —1.2 and —1.4V.
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Scheme 21 shows the synthesis of polystyrenes functionalized with cationic
ruthenium complexes.*! These polymers (81) were prepared via coordination of
Ru*Cp*, Ru*CgH,;, or Ru*H(PCys), to the aromatic rings of polystyrene. Depending
on the bulkiness of the ligand attached to ruthenium, 25-90% of the aromatic rings
in the polymers became complexed to the ruthenium. There have not yet been any
reports on the polymerization of analogous styrene monomers.
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Allcock and coworkers have reported the isolation of polyphosphazenes con-
taining chromium tricarbonyl units in their sidechains (84) as shown in Scheme
22.4? These polymers were synthesized by the ROP of a chloro-substituted cyclic
phosphazene and subsequent functionalization of the resulting polymer (82) with a
chromium tricarbonyl-functionalized complex (83). The glass transition tempera-
tures of the Cr(CO);-functionalized polymers were higher than their inorganic
analogs by about 50°C. It was not possible to accomplish the ring-opening poly-
merization on a chromium tricarbonyl substituted cyclic phosphazene. Another
strategy that was attempted was the reaction of an aryl-functionalized poly-
phosphazene with chromium hexacarbonyl. However, this methodology was less

successful.
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Scheme 22
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The synthesis of polysiloxanes containing arenes coordinated to chromium
tricarbonyl moieties was reported by Pittman and coworkers.*> Scheme 23 shows the
strategy used to isolate polymer 86 from the reaction of polysiloxane 85 with Cr(CO)g.
The influence of time on the complexation reactions was studied by determining the
mole percent Cr by atomic absorption and by analysis of the polymers’ molecular
weights and viscosities after reaction times of 1 to 48 h. The molecular weight of
polysiloxane 85 was determined to be 385,200. After one hour, it was found that the
molecular weight had decreased to 368,000 and that 3% of the phenyl rings were
coordinated to chromium. After 16 h, the molecular weight had decreased to 89,400,
and 15% of the phenyl rings were coordinated to Cr(CO); moieties. Another poly-
siloxane containing sidechain phenyl groups was also subjected to the same
complexation reactions. It was found that between 3 and 4h was the best compro-
mise between polymer degradation and chromium incorporation.

ot

Cr(CO)g
e Me Me
‘Sl ‘sl—o Si@SiO
I\‘Ae 1\‘46 X 1\‘/Ie ‘ 1\‘/[e y .
Cr(CO),
86
Scheme 23

C. Supramolecular Assemblies

Since 1998, a new class of supramolecular polymers containing arene complexes
has emerged.**” Brammer and coworkers have reported the use of arene chromium tri-
carbonyl complexes as building blocks in supramolecular assemblies ** Carboxylate-
functionalized arenes coordinated to chromium tricarbonyl moieties assembled via
hydrogen bonds on the arene carboxylic acid substituents. Complexes containing one
carboxylic acid group formed discrete dimers; however, di- and tri-functionalized com-
plexes formed extended supramolecular assemblies. In addition to hydrogen bonding
via the carboxylic acid groups on the arenes, the three carbonyl oxygen atoms in the
ligands on chromium also acted as hydrogen bond acceptors to C—H donors in the 2 and
5 positions on the arene rings. The C—H group in the 3 position of the arene also formed
C—H———0 hydrogen bonds to neighboring hydroxy oxygen atoms.
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Sweigart and coworkers recently reported the self-assembly of deprotonated
hydroquinone manganese tricarbonyl complexes to produce a novel class
of organometallic supramolecular polymers (87).%7 The n°-hydroquinone man-
ganese complex readily deprotonated because of the enhanced acidity of the arene
caused by the electron-withdrawing manganese tricarbonyl group. On formation
of the polymers, the complexed arenes shifted from 1n° to n* (87) or n° (88)
structures. The oxygen atoms in the n*-quinone complex were found form ¢ bonds
with divalent metal ions either in the presence of light or a basic solution of the
metal ion.*6
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D. Dendrimers and Stars

Astruc and coworkers have reported the synthesis of highly branched poly-
mers coordinated to cyclopentadienyliron and pentamethylcyclopentadienyl-ruthe-
nium cations.**38 The catalytic and sensing ability of star polymers and dendrimers
has also been reviewed.>*** Multifunctional core molecules suitable for the synthe-
sis of star and dendritic materials were synthesized by peralkylation or allylation of
methyl-substituted arene complexes of cyclopentadienyliron.**~>® The benzylic pro-
tons on these complexed arenes are acidic, which permits their facile alkylation.
These branched polymers contained cationic cyclopentadienyliron moieties at the
core and/or the periphery. The synthesis of a water-soluble metallodendrimers
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containing six cationic cyclopentadienyliron moieties (89) was reported by the
same group.>® The hexa-metallic complex was examined as a redox catalyst for the
cathodic reduction of nitrates and nitrites to ammonia.
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Star-shaped polyaromatic ethers complexed with cyclopentadienyliron cations
(92) have been prepared, in which the metallic moieties are evenly spaced through-
out the length of the macromolecular branches (Scheme 24).%! By altering the nature
of the aromatic spacers between the complexed arenes, it was possible to alter the
properties of these materials. Electrochemical analysis of these polymers demon-
strated that the iron centers underwent reversible reduction processes. For the hexa-
metallic stars (n=1), two distinct redox couples were observed at E;,=—1.20
and —1.30V.
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Astruc has also reported the use of arene complexes of iron and ruthenium in
the design of star-shaped complexes.’’ The cyclopentadienyliron moiety in
93 (Scheme 25) was utilized to activate the complexed arene toward bromobenzyla-
tion to produce 95. Following photolytic demetallation, 96 was reacted with 97
to yield the hexa-metallic complex 98. These complexed arenes were then subjected
to nucleophilic aromatic substitution reactions with 99 allowing for the isolation
of 100.

KOH, DME
Cch/ 1,4-Br-C¢H5CH,Br

93 94

Br yv
Br

Br 95
Br O
Q
[RuCp*(C91_{73CN)3][OTﬂ Br O O Br
Q
O Br

Br 96

\Ru+Cp* Br

or 1,4-HOCgH,C(CH,CH=CH,);
98
99
\ 7

Scheme 25



130  Polymers Containing 4-, 5-, and 6-Membered Rings

Organosilicon dendrimers containing chromium tricarbonyl moieties pendent
to peripheral aromatic rings (101) have been synthesized by Cuadrado.®> These
organometallic dendrimers were isolated following reaction of a precursor silane
dendrimer with chromium hexacarbonyl. It was not possible to effect complexation
of every aromatic ring due to steric hindrance. Cyclic voltammetry of these materi-
als indicated that oxidation of the chromium atoms occurred reversibly in the
absence of nucleophilic species and that the chromium tricarbonyl units behaved as
isolated redox centers.

_Cr(CO),

Me Cr(CO),

101

The synthesis of organosilane dendrimers with peripheral Cp*Ru* moieties
has been reported by Tilley and coworkers.®* Using the strategy shown in Scheme
26, dendritic complexes containing 12, 24, 36, and 72 metallic moieties were
isolated. Mass spectrometry revealed that in the case with 72 ruthenium
complexes (104), although the desired complex was present in the sample,
complete coordination of all the aromatic rings was limited by steric crowding. A
first generation dendrimer with 12 pentamethylcyclopentadienyl-ruthenium moi-
eties pendent to its aryl groups was characterized by single-crystal X-ray
diffraction.
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III. POLYMERS CONTAINING COMPLEXED
S-MEMBERED RINGS

A. Cyclopentadienylmetal Carbonyl Complexes

Vinylcyclopentadienylmanganese tricarbonyl (105) was copolymerized via
radical addition reactions with acrylonitrile, methyl acrylate, vinyl acetate, styrene,
and vinylferrocene (106).°* Scheme 27 shows a number of the interesting copoly-
mers (107) that were synthesized by Pittman and coworkers. The weight average
molecular weights of these polymers were found to range from 13,800 to 85,500.
Films of these polymers exhibited fungus resistance properties and were electrical
insulators. It was also reported that monomer 105 could be chemically incorporated

into linseed oil films through crosslinking reactions.®
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(m>-Vinylcyclopentadienyl)dicarbonylnitrosyl complexes of chromium®

and molybdenum®’ (108) have been homo- and copolymerized with a number of
organic and organometallic monomers to produce the polymers (109, 110, 112,
113, 115, 116) shown in Scheme 28.

Rausch, Pittman, and coworkers also reported that a vinylcyclopentadi-
enyldicarbonyl iridium complex could be homo- or copolymerized with styrene to
produce the corresponding organometallic polymers.%” The homopolymer was reduced
with NaBHBEt; and was utilized to catalyze the hydrogenation of 1,5-cyclooctadiene.
The polymerizations of (n’-vinylcyclopentadienyl)tricarbonylmethyltungsten (117)
were also investigated using radical, cationic, and anionic initiators; however, only rad-
ical initiation produced significant amounts of polymer.® The yields of the polymer-
ization reactions could be increased by multiple initiations. The reactivity ratios for the
copolymerization reaction of monomer 117 (Scheme 29) with styrene were found to
be 0.16 and 1.55, and the Alfrey—Price parameters, e and Q were determined to
be —1.98 and +1.66, respectively, indicating that 117 is a very electron-rich
monomer.%
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The synthesis of polymers (120) containing cyclopentadienyl-coordinated
metal complexes in their sidechains has also been examined by Mapolie and cowork-
ers.®”" Vinyl monomers containing iron or tungsten complexes in their structures
were homo- or copolymerized with styrene to produce the corresponding
organometallic polymers.%® It was reported that rhenium and iron complexes could
be incorporated into the sidechains of low molecular weight polyesters as shown in
Scheme 30.7° With increasing reaction time, there was an increasing amount of insol-
uble materials recovered. The infrared spectra of the toluene-soluble and -insoluble
fractions were both consistent with polymer formation.
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Nishihara and coworkers have also examined the coordination of tricarbonyl-
manganese and pentamethylcyclopentadienylcobalt to poly(9-hexylfluorene) as
shown in Scheme 31.7! This polymer has both 6- and 5-membered rings that could
react with these transition metal complexes; however, it was determined that coordi-
nation to the 5S-membered rings occurred preferentially under the conditions employed
in these experiments. Reaction of poly(9-hexylfluorene) (121) with MnBr(CO)s
resulted in a 1:1.5 ratio of complexed to uncomplexed units in polymer 122.
Reaction of 121 with BuLi, followed by (CsMes)Co(acac) and then oxidation of this
solution with HCI resulted in the isolation of polymer 123. This polymer was iso-
lated as a mixture of products that was determined to consist of cobalt-coordinated
n°-fluorenyl and n*-fluorene rings. Electrical conductivity measurements showed
that the manganese-complexed polymer had a higher conductivity than did organic
poly(9-hexylfluorene), while the conductivity of the cobalt-complexed polymer was
slightly lower than that of poly(9-hexylfluorene).
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The synthesis of polymers containing manganese tricarbonyl units pendent to
the polymer backbones were reported by Bunz and coworkers using Hay’?> or
Suzuki’® coupling reactions. Scheme 32 shows the reaction of a diiodocyclo-
pentadienyl complex (124) with diboronic acid monomers (125) to produce high
molecular weight rigid-rod organometallic polymers (M,=1.1-1.2 X 10%) with
broad (6—6.4) polydispersities.
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B. Complexation of Silole Rings

Scheme 33 shows the reaction of polymer 127 with an excess of iron pen-
tacarbonyl under UV irradiation to produce the iron tricarbonyl-coordinated polymer
128.7* NMR spectroscopy was used to determine that the ratio of coordinated to non-
coordinated silole rings was 2:1. Conductivity measurements were performed on poly-
mers 127 and 128 doped with FeCls. It was found that doped 127 had a conductivity of
1078 S/cm, while the conductivity of doped 128 had a conductivity of 10~3 S/cm. X-
ray crystallography studies of model compounds indicated that Fe(CO);-coordinated
silole rings have enhanced 7 conjugation.

R =Me, Et
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C. Dendrimers

Hurley and Mohler have functionalized of polyamine dendrimers with 2, 4, 8,
and 16 (129) terminal amine groups with the activated ester of tricarbonylcy-
clopentadienylmethyl-tungsten (130) shown in Scheme 34.7° The resulting
organometallic dendrimers (131) were photolyzed, and the resulting radical com-
plexes with two and four tungsten moieties were found to cleave plasmid DNA in a
double-stranded manner. While these low-generation materials were effective at
DNA scission, the higher generation dendrimers precipitated from solution and
formed aggregates.
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The synthesis of poly(benzyl phenyl ether) dendrimers containing up to 48
ruthenium dicarbonyl moieties coordinated to terminal cyclopentadienyl rings has
been described by Liao and Moss.”®”” Scheme 35 shows the synthesis of a low-
generation dendrimer (134) via reaction of the organometallic monomer 132 with
the trifunctional core molecule 133. The glass transition temperatures of the

organometallic dendrimers increased with increasing generation up to a maximum
of 47°C.
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IV. POLYMERS CONTAINING CYCLOBUTADIENE
COMPLEXES

Polymers containing cyclobutadiene rings coordinated to cyclopentadienyl-
cobalt moieties have been the focus of a number of investigations in light of
their interesting properties and reactivities.”®® These polymers have been synthe-
sized by direct reaction of monomers containing cyclopentadienylcobalt moieties
coordinated to cyclobutadiene rings,’® 83 or by rearrangement of cobaltacyclopenta-
diene units present in polymeric materials.®*®% Bunz has reported the synthesis of
organocobalt polymers (137) that possess thermotropic and nematic lyotropic
liquid crystallinity using the palladium catalyzed coupling reaction shown in
Scheme 36.7%7° The circular dichroism spectrum of polymer 137 containing the chi-
ral substituent, (S)-2,7-dimethyloctyl, was attempted, however, it could not be
obtained. It was thought that the bulky organocobalt moieties acted as a stereo-
chemical insulator.”’ Bunz has also reported that the incorporation of cyclopentadi-
enylcobalt moieties pendent to polyaryleneethynylenes quenches their fluorescent
properties.’
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Tomita, Endo, and coworkers have reported the synthesis of thermotropic lig-
uid crystalline polymers containing cyclopentadienylcobalt moieties coordinated to
cyclobutadiene rings.>%> Scheme 37 shows the polymerization of monomers 138
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using the Heck reaction to produce the corresponding organocobalt polymers 139,
containing long aliphatic chains pendent to their backbones. These polymers
were partially soluble in THF, dichloromethane and chloroform, and had degrees of
polymerization of 15-17.%3
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Metallacycling polymerization of CpCo(PPh;), with diacetylenes has been
reported to produce polymers with cobaltacyclopentadienyl rings in their back-
bones.?* % This class of polymer undergoes rearrangement reactions to yield
the corresponding polymers with cyclopentadienylcobalt moieties pendent to
cyclobutadiene rings in the mainchain.®*%® Scheme 38 shows the reaction of an
excess of (n°-cyclopentadienyl)bis(triphenylphosphine)cobalt (140) with
p-bisferrocenylethynyl benzene (141) to yield polymer 143.%* Polymer 143 under-
went two chemically reversible redox steps at 0.143 and 0.219V, corresponding to
oxidation of the ferrocenyl moieties.

140 141

Scheme 38
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The metallacyclization of CpCo(PPhs), (140) with the diacetylene (144)
resulted in the isolation of polymer (145), which was thermally rearranged to pro-
duce 146.38 It was established that the first step of the rearrangement was the loss
of the triphenylphosphine ligands from cobalt. In the presence of isocyanate, the
cobaltacyclopentadiene rings were converted to 2-pyridone rings as shown in
Scheme 39.
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Polyphenylene dendrimers containing a central cyclobutadiene core coordi-
nated to cyclopentadienylcobalt moieties have been synthesized by metal-mediated
dimerization reactions of di- and tetra-ethynyltolanes as shown in Scheme 40.%
Oxidation of the cobalt complexes was examined using scanning pulse voltammetry.
The oxidation potential increased from 0.80 V for 151 to 0.83 V as the steric crowd-
ing around the cobalt complexes increased.
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V. SUMMARY

Chapter 2 dealt with so-called symmetric sandwiched metallocenes. In addi-
tion to these more traditional symmetric metallocenes, a wide variety of metal-
containing macromolecules exist where the metal is bonded to a lone ring system or
to an asymmetric sandwich-like system. As in the case of the symmetric metal-
locenes, attachment of the metal is via © or m-type bonding. Here, the metal is
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normally not part of the backbone but rather resides directly adjacent (pendent) to
the backbone or is further removed form the backbone within sidechains. The metal
can be uncharged or present as a cation. Introduction of the metal-containing moiety
has been achieved using all the traditional synthetic routes. Metal carbonyls are often
chosen as the metal-containing moiety for single-ring systems. Generally, the metal-
containing moiety is introduced in the polymer-forming step, but there are ample
examples of the metal being introduced to already formed polymer systems. Some
polymers have been produced using supramolecular assembly. Some appear as part
of star, sheet, and dendrite structures.
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I. INTRODUCTION

There are many examples of polymers that contain metal-element ¢ bonds in
their backbones. Early research in this area, pioneered by Carraher and his research
group, dealt with the synthesis of group IVB metallocenes containing metal-oxygen
(1), metal-sulfur, and metal-nitrogen bonds. Many classes of polymers containing
metal-carbon 6-bonds in their backbones (2) have also emerged. These types of poly-
mers include those with backbone metal-aryl bonds (2a), polymers with mainchain
metallacyclopentadiene rings (2b), and metal-acetylide-containing polymers (2c¢).
Polymers with metal-metal single (3) and multiple (4) bonds in their backbones are
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also described. These polymers often have very different properties and methods of
synthesis than other classes of metal-containing polymers. The last area covered will
be star and dendritic polymers with metal-carbon ¢ bonds.
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II. METAL o BONDS

A. Metal-Oxygen, Metal-Sulfur, and
Metal-Nitrogen Bonds

In the early 1970s, Carraher and coworkers developed a number of different
organometallic polymers containing metal-oxygen, metal-sulfur, and metal-nitro-
gen bonds in the polymer backbone. For example, a number of polyethers,'™
thioethers,®® amines,'®!'! esters,'* !> and oximes'®2? of titanium, zirconium, and
hafnium were prepared. Scheme 1 shows the synthesis of hafnium, zirconium, and
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titanium polyesters (7a—c) synthesized by reaction of the dicyclopentadienylmetal
dichloride complexes Sa—¢ with the sodium salt of terephthalic acid (6).' These poly-
mers were prepared using either interfacial or solution polymerization techniques in
water. In aqueous solution, the dicyclopentadienylmetal dichloride complexes ionize
to their corresponding dicationic species and were subsequently reacted with various
dicarboxylates.'>"1

@)

Cl—M—CCI + 0—C C—0O

Q) 6

M =Ti, Zr, Hf

Sa—c

Ta—c

Scheme 1

The electrical properties of polyoximes of the group IVB metallocenes were
also examined.'®?? These polymers (9) were semiconductors.'® By using a larger
molar ratio of the metallocene, crosslinked polymers such as 10 (Scheme 2) could
also be produced.'”
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Scheme 2

B. Metal-Aryl Bonds

Organometallic polymers containing M—C ¢ bonds in their structures have
been the focus of many investigations because of their electrical and optical proper-
ties. Rodlike organonickel polymers (13) (Scheme 3) have been synthesized by
reaction of dibrominated nickel complexes such as 12 with dilithiated aromatic com-
pounds such as 11.232* These polymers displayed air and moisture stability up to
220°C. The weight-average molecular weights of these polymers ranged from 1.8 to

11.1 X 10* by GPC using a universal calibration.>*

E F E F TMePh2
LiLi + Br—Ti—Br
F F F F PMePh,
11 12
F F F F }|>MePh2
| ] n
F F F F  PMePh

13

Scheme 3
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C. Metallacyclopentadienes

Tilley and coworkers synthesized polymers containing zirconacyclopentadiene
rings (15) in their backbones (Scheme 4).2>2° Polymer 15 had a weight-average
molecular weight of 13,000 and a number-average molecular weight of 4600.2 It
was found that when the polymerization reaction was conducted at high tempera-
tures or if the polymer was refluxed in THF, depolymerization occurred and a low
molecular weight trimeric macrocycle (16) was produced quantitatively. Hydrolysis
of the macrocycle with HCI resulted in the conversion of the metallacycle rings to
trans-dienyl units (17).25727

Me’e. ,Me Me, ,Me Cp,
Si\c\ Si V4
"CpaZr"
Mec\\c\ ©/ SNSeme e | L ©/ @
A s{ M W
Meé Me Mé: Me
15
14

A, THF

Me

Me,Si Me,Si SiMe,
‘ Me~_ .~ — M ~
Me €
M& Me Cp,Zr 4 \ ZrCp,
| 7~ Me Me,S SiMe,
&%(}snwe2
Me, 16
17

Scheme 4

The zirconacyclopentadiene units in this class of polymer could also be con-
verted into various functionalities while maintaining the integrity of the polymers
(Scheme 5).2%2° For example, reaction of polymer 20 with dimethylaceteylene dicar-
boxylate (21) in the presence of CuCl/LiCl produced the phenylene-based polymer
22. Polymer 20 could also be reacted with acid or iodine to produce polymers with
dienyl units in their backbones. Alternatively, polymers with thiophene and phosp-
hole units in the backbone (23) were also synthesized.
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MeO,C (CH,),CH; HCHO4 ey om,

Me0,CC=CCO,Me
21

(CH,)4CH;

fl
© Cp,ZrCl,
19
© n-BuLi
20
fl
(CHy)4CH;

18 S,Cl, or PhPC,

(CH,)4CH, H;C(H,C),  (CHp)4CH;

23 E=S,PPh

Scheme 5

The synthetic methodology used by Tilley is similar to that used by Nishihara
and Endo to prepare polymers with cobaltacyclopentadiene groups in the back-
bone.**° For example, Scheme 6 shows the reaction of 24 with 25 to produce the
cobaltacyclopentadiene-containing polymer (26).3° Reaction of polymer 26 with an
isocyanate (27) resulted in the formation of a 2-pyridone ring (28).



Metal 6 Bonds 153

©
k- O=—00=-0

Ph3P PPh3
25

@CO/ . #-Bu-NCO B 111\1 _/<0

0

26 28

Scheme 6

D. Metal Acetylides

An interesting group of rigid-rod, organometallic polymers emerged in the
late 1970s and early 1980s from Takahashi et al. in which transition metals were
bonded to alkyne carbon atoms.’*** For example, bis-phosphine bis-alkynyl
platinum complexes (29) reacted with bis-phosphinedichloroplatinum (30) in the
presence of Cul and Et,NH to generate the conjugated rigid-rod polymer (31,
Scheme 7). The linear structure of these polymers was required by the trans
geometry of the monomers. The incorporation of transition metals into polymers
containing triple bonds enhanced metal dr-pn* backbonding, which contributes
to m-electron delocalization.** All of these polymers formed nematic liquid
crystals in trichloroethylene. Some exhibited mainchain alignment perpendicular
to an applied magnetic field while others aligned parallel to the field.3”-3
The nature of the transition metal controlled the magnetic properties. Large
values of the Mark—Houwink exponent (ot=1.7 for 31) and the lack of an
intrinsic viscosity dependence on solvent confirmed the rodlike nature of the
polymers.

Scheme 8 describes the synthesis of polymeric acetylides (34) containing both
platinum and palladium moieties in their backbones.*?
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1|>Bu3 1,’Bu3
HC=C—C= C—ﬁ’t—CEC—CECH + Cl—fl’t— Cl
PBU3 PBU3
29 30
Cul
(C,Hs),NH
Il)BU3
Jrczc— C=C—P—C= c—czcﬂ—
n
PBU3
31
Scheme 7
PBu;, PBu;
HCEC—CEC—I\\/I—CEC—CECH + Cl—l\l/I' Cl
PBU3 PBU3
M =Pt, M'=Pd 33
M=Pd, M’ =Pt
32
\
ll)BU3 PBU3
*PCEC—CEC—I\l/I—CEC—CEC—l\l/I’ p
PBu, PBu,

34

Scheme 8
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The 1990s gave rise to new classes of organometallic polymers when Lewis
et al. developed an innovative route to rigid-rod metal-containing polyynes by
reaction of bis-trimethylstannylacetylide, Me;SnC=C-R-C=CSnMe;, with
(PBu3),MCl, to give polymers having molecular weights in the range of
1 X 1034576 Using trialkyne-substituted tin derivatives (35) gave crosslinked poly-
mers that had structures 37 and 39 (Scheme 9).3 It is noteworthy that platinum
polyynes of this type exhibited third-order optical nonlinearity.>’~6

SnMe,
| Bu;E—Pt—EBu;
¢ |
Il C
¢ Il
C
(Bu;E),PICl,
_—
E=P, As
/éc C\% 36 EB
C C 2C Cx U3
MeySi™~ SnMe; Buf 2 el /
Py Pt
35 - \ \
| EBu, BusE )
37
(BuzE),PtCl, Me;Sn—C=C—SnMe;
36 38
BuE_ /
B 3 \/P “EB ]
U3
~
lliBu3 ]|EBu3 £
1|>t—CEC—©—CEC —1|>t—CEc
EBu; EBu; .
\\\C
39 \ _EBu
BuE” \

Scheme 9

High MW, rigid-rod, conjugated transition metal acetylide polymers (42,
Scheme 10) were synthesized by reaction of the dichloro iron or ruthenium chelated
diphosphine complexes (40) with a bis-trimethylstannylacetylide monomer (41).3>%

Reaction of the rhodium complex 43 with an equimolar amount of compound
44 gave a rigid-rod acetylide organometallic polymer 45 (Scheme 11).%! This rhodium-
containing polymer was soluble in THF.

Low solubility of products is a major difficulty associated with the synthesis
of conjugated transition metal acetylide polymers. Puddephatt and coworkers found
that the solubility of gold acetylide polymers could be controlled by altering the
phosphine ligands on Au.%27% Scheme 12 shows the synthesis of low-solubility poly-
mers (48) that had molecular weights estimated to range from 13,700 to 27,000.
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Et,P PEt,
Cl—M—Cl + Me;Sn—C=C—Ar—C=C—SnMe;
/ N\
Et,P PEt,
\ / 4
40
Cul
M =Fe, Ru
Et,P PEt,
/
%M—CEC—Ar—CEC%*
/ \ n
Et,P PEt,
/
)
Scheme 10
[Rh(P"Buy),]BPh, H—czc—@czc—H
43 44
MeLi
’7 H P BU3
\‘ Bu3P P BU3

45
Scheme 11
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Scheme 12

Similarly conjugated zirconocene acetylene polymers (51) were prepared by
reaction of bis-pentamethylcyclopentadienyl zirconium(IV) dichloride (49) with
dilithioacetylene or dilithiodiacetylene (50) (Scheme 13).%° These relatively high MW
polymers (M,,=55,000-68,000) displayed limited solubility in organic solvents
other than n-hexane.

Cl—Zr—Cl + Li—R—Li _— -[—Zr—R 7
R= C=C
C=C—C=cC
49 51
Scheme 13

One of the current trends in transition metal acetylide-containing polymers is
the incorporation of heterocyclic rings into their backbones in order to alter their
electronic and optical properties.®’# Scheme 14 shows the reaction of monomers
52 and 54 with the platinum complex 30 to produce polymers 54 and 55, respec-
tively.®” The optical gap and intersystem crossing from the singlet to triplet states
decreased with increasing conjugation in the polymers.
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C4H9
H3Cs CeHis

e

HCECCECH
HC 54 \\\CH

52
trans-[PtCL,(PBus),] | Cul, ‘Pr,NH
trans-[PtClLy(PBus),] | Cul, iPerH 30
30 C,Ho

H;;Cy CcH
PBu3 13C¢ CeHiz /// \\\C
%Pt—c =cC CO c= c% BusP / X
PBus >< PBu; n

Scheme 14

Wong and coworkers have reported the synthesis of a soluble platinum polyyne
containing bithiazole units in the backbone.® Monomer 56 was chosen because of
its electron-donating and electron-withdrawing substituents. Scheme 15 shows the
synthesis of polymer 57 by the reaction of 30 with 56 where dehydrohalogenation
occurs. Polymer 57 had a M,, of 47,500 and a M, of 40,390, corresponding to a
degree of polymerization of 44. Excitation of polymer 57 at 425 nm resulted in a
luminescence peak at 539nm. This polymer is also photoresponsive and its pho-

tocurrent increased with increasing bias voltage.

MC3C CMQS
trans{Pt(PBu3),Cl,] + H—C= CIH C=C—H
30
56
Cul
NHPr,
Me;C, CMe;
PBU3
%Pt—C_ H = T
PBU.3
57

Scheme 15



Metal-Metal Bonds 159

Scheme 16 shows the synthesis of platinum and palladium acetylides that con-
tain cyclodiborazane units in the backbone.”> Reaction of monomers 58, functional-
ized with cyano groups, with tripylborane (59) resulted in the production of polymer
60 via hydroboration polymerization. The platinum- and palladium-containing
polymers (60) displayed good solubility in organic solvents and had weight-average
molecular weights of 9700 and 10,400, respectively. The fluorescence spectra of
these polymers were obtained on excitation at 400 nm. The platinum-based polymer
showed a weak emission at 460 nm, while the palladium-based polymer showed a
stronger emission at 460 nm. In addition, the palladium-containing polymer also
fluoresced at 530 nm when it was excited at 450 nm.”

PBU3
NEQ@C—C—M—C C@
PBU3

58 M=PtorPd 39
THF
/H
PBu, B
o | o H \ H
C=C—I\|/I—C=C C:N\ N—C
/I n
PBu, B
H
60
Scheme 16

III. METAL-METAL BONDS

Polymers containing metal-metal bonds are of interest due to the electrical
properties that these materials may possess. Because of the synthetic difficulties that
are frequently encountered in the production of these materials, it was not until the
mid-1980s that reports on this class of polymer emerged. One of the most bizarre of
all metal-containing polymer structures was reported by Magnus and Becker.”® They
allowed the dimeric monomer 61 (Scheme 17) to stand in methanol solutions. A
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black insoluble polymer precipitated from solution and was assigned structure 62.
Microanalytical analysis provided evidence that the material was a polyacetylene of
approximately 30 units in which each triple bond was capped with a Co,(CO)g unit.

Co(CO)s (0C);Co;
Me;Si | \
Co(CO), CH0H Co(CO); Co(CO);
—_—
(0C);Co, (OC);Co;
SiMey
Co(CO),
61 Co(CO)5
Co(CO),
n
Scheme 17

Brook and coworkers reported the formation of an organocobalt polymer (65,
Scheme 18) from the reaction of Co,(CO)g (64) with a polysiloxane that contained
acetylenic units in the backbone (63).”” Mixed-metal systems were also described in
which arenes complexes coordinated to chromium tricarbonyl were reacted with
M02Cp2(C0)6 or COz(CO)S.

l\l/le l\l/le I\l/le l\l/le
Si———Si—(CH,); Si—O04—Si—O
| | o
Me Me n

Me Me
63
Co,(CO)g
64
(CO);
l\l/[e Co I\I/Ie Me Me
+Si—<|>—8i—(CHz)3+Sl—O Si—O
]\l/[e Co ]\l/[e Me >_Me n
(CO);
65

Scheme 18
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Cuadrado et al. prepared a polymer with Fe—Fe bonds (68) by the reaction of
a cyclopentadiene-substituted polysiloxane (66) with Fe(CO)s (Scheme 19).”® The
insolubility of the polymer indicated that crosslinking between polysiloxane chains
also occurred. Polymers with more controlled structures were prepared by polycon-
densation of monomers already containing Fe—Fe bonds with disilanols.”®

Me Me Me

Fe(CO
Me;Si—O-{—Si~07-SiMe; Fe(CO); 1v1e331—o-(—sl—o—sl—o)—slMe3

Y

66 Fe—Fe

O
68

Scheme 19

Tyler and coworkers have developed photochemically reactive polymers (69)
by condensation of organic monomers with complexes that incorporated Fe—Fe or
Mo—Mo bonds in their structures.””®3 On photolysis, the resulting polymers could
be depolymerized via cleavage of the metal-metal bonds to produce species such as
70. A polymer with a metal-metal triple bond could also be isolated to give Mo- and
W-based polymeric materials (71, Scheme 20).7%-3

0 0
11 11
c1(OC)3Mo—E)>7cH2CHZOCNH(CHZ)GNHCOCHZCHz—@—Mo(00)3c1

70
‘ hv, CCl,
0 ?
OCHZCHZ—@ /@7CH2CHzoCNH(CH2)6NHC
(CO);Mo—Mo(CO); "
69
hv
-2C0

0 0
I i
{OCHZCHZ—C( H—(CO),Mo= Mo(c0)2—6(>—)CH2CH20CNH(CH2)6NH10~}

n
71

Scheme 20
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A polymer with molybdenum—molybdenum ¢ bonds in the backbone has also
been synthesized by Royo and coworkers according to the methodology shown in
Scheme 21.34 A dinuclear complex containing trans-Mo(CO),Cl moieties pendent to
cyclopentadienyl rings (72) was reacted with MeMgCl, resulting in the formation of
polymer 73 containing Mo—Mo bonds. Polymer 73 was insoluble in all common
organic solvents.

ocOC
' \‘ ~CO
CO
/
Mez Me, MOA}TZ

Si MeMgCl Si
b THE, -70°C b

Si
Vi 1\/[62 MO Mez
(0]
oc”/ 7 o
c z.co 0C o
co
72 73

Scheme 21

Polymeric materials containing Pt—Pt bonds in their backbones have been exam-
ined by Puddephatt.33 The formation of low molecular weight platinum oligomers (76)
(Scheme 22) was achieved by reaction of complex 74 with diacetylides, diphosphines, or
diisocyanides (75). These materials exhibited very poor solubilities in organic solvents.

Pp P .
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m
PP 75 PP
76
74
X =HC=C, C=N, PR, Y=C=C,n=0

C=N, PRy, n=2

Scheme 22

Electrochemical reduction of ruthenium and osmium complexes containing
trans-chloride ligands leads to metal-containing polymers in which metal-metal
bonds make up the entire polymer backbone.*” Hence, reduction of [M"(trans-Cl,)
(bipy)(CO),] (M=Ru, Os) (77) to M° complexes generated a polymeric film (78)
after loss of the chloride ligands (Scheme 23). Both the ruthenium- and osmium-based
coordination polymers were selective for the reduction of carbon dioxide to carbon
monoxide and formate.



Stars and Dendrimers 163

€0 f0 . co o
e 2—c1 Ep=-1.6 to-1.8V [ M{ MO/]
[ $ \ SN\ J”

35 2o

M =Ru, Os

78
71

Scheme 23

A number of examples of oligomers and polymers containing metal-metal mul-
tiple bonds also have been reported.®°* Chisolm has synthesized polymers with
metal-metal single and multiple bonds from bimetallic carboxylates and coordinating
ligands.®%° Scheme 24 illustrates the synthesis of a ruthenium coordination polymer
that contains Ru—Ru double bonds. Polymer 81 was prepared from reaction of the
ruthenium carboxylate monomer (79) with pyrazine (80).% The polymer dissociated
in coordinating solvents such as THF, and the MW was dependent on its concentra-
tion in noncoordinating solvents such as benzene. The polymer was thermally stable
only to =140°C, at which point pyrazine was evolved.
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Scheme 24

IV. STARS AND DENDRIMERS

Moss et al. have synthesized dendrimers containing Ru—C bonds using a con-
vergent approach.”* A fourth-generation dendrimer containing 48 organometallic
moieties was prepared. Polymer 82 is an example of a low-generation dendrimer
containing six ruthenium complexes at its periphery.
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Platinum and palladium complexes containing metal-carbon ¢ bonds and metal—

bipyridine coordination bonds have been incorporated into dendrimeric materials.

Polymers with both platinum and palladium coordinated to bipyridine ligands (83) have
been synthesized by Puddephatt and coworkers.’” These dendrimers were prepared by
oxidative addition of a C—Br bond to a platinum complex to give the core molecule.
Further reaction with the metal complex resulted in homo- or heterometallic materials.

\
*M\*NO
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Carbosilanes containing palladium complexes at their peripheries have been
synthesized by van Koten and coworkers by insertion of palladium(0) into car-
bon-iodine bonds.?*!% Dendrimer 84 is an example of a first-generation dendrimer
containing 12 palladium complexes in its structure.'%

84

A number of metal acetylide-containing dendrimers and stars have also
been prepared.'?'"1% Scheme 25 shows the synthesis of a first-generation
platinum acetylide dendrimer (87) containing 9 platinum complexes in its struc-
ture. Dendrimer 87 was made by the reaction of a chloro-substituted platinum
complex (85) with an ethynyl functionalized dendron (86) in the presence of
Cul.!®! Dendrimers with up to 45 platinum units were synthesized using this
methodology.
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V. SUMMARY

Metal atoms have been incorporated into macromolecular structures utilizing
sigma bonding. While the “primary” bonding occurs via sigma bonding, © bonding
is also often present. The metal may be attached to the macromolecular structure via
sigma bonding to (most commonly) carbon, oxygen, nitrogen, and sulfur as well as
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metal to metal bonding. Again, the formation of 6-bond linkages has been accom-
plished through a wide range of reactions including addition and condensation.
Many of these materials show nonlinear optical, electrical, conducting and semicon-
ducting, and liquid crystal properties. As with many of the other metal-containing
polymers, there is an emphasis in the creation of star and dendrimer structures gen-
erally because such structures may allow the metal-atom sites to function somewhat
independently for various purposes such as catalytic and sensing.
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I. INTRODUCTION

Coordination polymers are one of the earliest developed classes of metal-
containing polymers. They continue to attract a great deal of attention because of
their widespread applications. Coordination complexes of platinum, for example,
were prepared as potential biologically active agents by the reaction of K,PtCl, with
pyrimidines, purines, hydrazines, and diamines.! Polymer 1, for example, represses
the replication of poliovirus I and L-RNA virus at a 10-20-pg/mL level.

Carraher and coworkers have reported that the removal of toxic metal ions
from water can be achieved by polychelation of dicarboxylic acids (2) to uranyl ions,
(3) resulting in the production of coordination polymers such as 4 (Scheme 1).2 This
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method was found to be effective for removing all except 10> molar of the water-
soluble uranyl ion from solution.
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This chapter describes the synthesis and properties of a number of classes of
polymers containing metal coordination complexes in their structures. These polymers
are prepared by polymerization reactions of metal-containing monomers and through
metal coordination reactions. Schiff base—containing polymers (5) were one of the
earliest classes of coordination polymers examined. Polymers incorporating macro-
cyclic porphyrins (6) and phthalocyanines (7) in their backbones and sidechains are
known to exhibit interesting optical and electrical properties. The best-studied classes
of metal-containing polymers contain bipyridyl and other related units coordinated to
metal ions (8).
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R’ R’

II. SCHIFF BASE POLYMERS

Schiff base ligands have been used in the design of metal-containing polymers
by the coordination reaction of metal ions to these organic ligands. In 1961,
Goodwin and Bailar used this strategy to prepare Schiff base polymers (10) coordi-
nated to Cu, Ni, and Co ions (Scheme 2).3 Unfortunately, these materials exhibited
low solubility in organic solvents.

Archer et al. overcame many of these early barriers and obtained characteriz-
able coordination polymers.*” Thus, they prepared and studied the luminescent prop-
erties of lanthanide-coordinated Schiff base polymers.*® The influence of different
spacer groups and counterions of the metal complexes on the solubilities of these
polymers has been examined. Unlike the strategy described by Goodwin and Bailar,
which involved the coordination of metal ions to preexisting polymers, Archer and
coworkers reacted organic ligands with metal ions to produce the polymers through
coordination reactions. Scheme 3 shows the synthesis of polymer 13 by reaction of
ligands containing imine and phenolic groups (11) with europium and yttrium ions
(12).*3 Tt was estimated by NMR end-group analysis that these polymers had molec-
ular weights of 21,600 and 18,500, respectively. Analogous polymers with lanthanum,
gadolinium, ytterbium, and cerium ions coordinated to bis-fetra-dentate Schiff base
ligands were also described.*® Zirconium-coordinated Schiff base polymers were
found to adhere to glass and metal surfaces.’



174  Metal Coordination Polymers

&
Dol

M2+

X= SOz, CH2

—N, _N=
M
OO
10 n

Scheme 2

OH N N OH
:
OH N N OH

o O

11

{/\@[\

13

Scheme 3

| |
N--.O. - _O.-N
M3

M(NO;); -3 DMSO

M=Y, Eu

12

Na'
SEY



Schiff Base Polymers 175

Reddinger and Reynolds have conducted the electropolymerization of Schiff
base metal-coordinated monomers.®> When monomer 14 (R, R'=H) was electro-
chemically oxidized, polymerization occurred through the phenylene linkages, plac-
ing the copper complexes in the polymer backbone (15) (Scheme 4). However, when
methyl groups blocked the polymerization site on the phenylene rings, polymeriza-
tion occurred through the thiophene rings, thereby leaving the copper Schiff base
complex pendent to the mainchain as shown in polymer 16.

S
when R, Ry
15

when R = CH3,

H3C4©Z:O\ /0@7(:113
Cu,
=N N=

\ /ST N\ JIn

16

R =

~=
w2
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Scheme 4

The polymerization of diacrylate monomers functionalized with Schiff base com-
plexes of Cu(II), Pd(II), and Zn(II) has been investigated.'” Thermal polymerizations of
monomer 17 (M=Pd and Zn) were successful; however, polymers were not obtained
when the copper analog was subjected to the same conditions. Photopolymerization of
these monomers in the presence of a titanium initiator and their copolymerization with
monoacrylate organic monomers were also examined. In all cases, the copper com-
plexes inhibited the polymerization reaction. The palladium-containing polymers exhib-
ited liquid crystalline properties.'”
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17

Scheme 5 shows the proposed crosslinking mechanism of monomer 23 with an
excess of the diglycidyl ether of bis-phenol A (22) using tetra-butylammonium
hydroxide as the initiator to produce the copolymer 24.!! The first step is the thermally
initiated formation of the fetra-dentate complex (19) from the hexadentate complex
18. When the polymerization reactions were conducted at 110°C, the crosslinking
reaction required 4 h to reach completion; however, at 130°C, the crosslinking reac-
tion was complete in 1 h. Addition of a large excess of fetra-butylammonium hydrox-
ide to the solution reduced the amount of crosslinking observed. Direct reaction of
monomer 18 with 22 resulted in the isolation of hexadentate Schiff base metal-
containing epoxy polymers.!! The generation of Schiff base coordination polymers,
crosslinked via noncovalent T— interactions, has also been reported.'? A homochiral
silver Schiff base polymer has been described by Wild and coworkers. '3

III. PORPHYRINS

Conjugated polymers containing metal porphyrins within their structures have
potential use in optical and electronic devices, in solar energy conversion, and as
enzyme mimics.'*?3 Metalloporphyrin polymers have also been used to sense
dissolved oxygen by taking advantage of their luminescent properties.?’ Pomogailo
and coworkers have described the incorporation of metalloporphyrins into the side-
chains of polymers.!> For example, the copper and zinc complexes of monomers 25
and 26 were copolymerized with styrene to produce high molecular weight poly-
mers.'> The incorporation of these metal complexes reduced the molecular weights
of these materials. High MW polymetalloporphyrins are often difficult to isolate
because of their poor solubility.!*'7 It has also been reported that the bulkiness of
metalloporphyrins can inhibit the formation of extended m-conjugated systems.
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Metalloporphyrin functions, when properly aligned, are of interest for induc-
ing nonlinear optical properties.'®!” Anderson and coworkers have found that the
microscopic polarizabilities of porphyrins within polymers are three orders of mag-
nitude greater than those of monomeric porphyrins.!” This report described the
largest one-photon, off-resonance, third-order optical susceptibility for an organic
substance, which is indicative of interporphyrin conjugation. Soluble zinc polymers
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were synthesized by including bulky groups in the meso positions of the porphyrin
rings (Scheme 6).'® Polymer 28 exhibited good solubility in the presence of a small
amount of a coordinating ligand such as pyridine.

27

Scheme 6

The paramagnetic copper porphyrin polymer (32), shown in Scheme 7, was
formed by the Heck coupling of monomers 29, 30, and 31.23 This polymer had a very
low metal content (0.01%) incorporated into its structure. Polymer 32 had a number-
average molecular weight of 18,000 and a glass transition temperature of 16°C.
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IV. PHTHALOCYANINES

Polymetallophthalocyanines are structurally similar to polymetalloporphyrins;
however, the presence of an additional four arenes and four nitrogen atoms in their
structures has a strong influence on their UV-visible spectra.?*2® In 1958, Marvel
and Rassweiler reported the synthesis of copper-coordinated phthalocyanine poly-
mers, where polymerization occurred through the aromatic rings.?’ Polymer 33 is an
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example of a polymer that was prepared by the reaction of pyromellitic acid,
phathalic anhydride, and urea. These copper phthalocyanine polymers were blue-
green to green-black in color, and the intensity of their colors deepened with increas-
ing solution viscosities. Polymeric copper phthalocyanines with functional groups
on all four of the aromatic rings were also synthesized.?®

N=\_ 72N
N

— |
N—ICu—N

|
/)

33

A report by Kimura and coworkers described the synthesis of linear and net-
work copper and zinc polyphthalocyanines via olefin metathesis polymerization of
the corresponding monomers.?’ For example, Scheme 8 shows the synthesis of the
copper phthalocyanine monomer 36 and its subsequent polymerization, catalyzed by
(PCy3),ClL,Ru(=CHC4Hjs), to produce the linear polymer 37. X-ray diffraction and
transmission electron micrographs of polymer 37 indicate that the phthalocyanine
units stack in an ordered fashion.?

Phthalocyanine complexes of copper and zinc have also been incorporated
into copolymers of polyethers and polystyrene.***! Polymer 38 is an example of a
polystyrene prepared by free-radical polymerization of a zinc porphyrin complex
and styrene.>' This high molecular weight metallopolymer formed aggregates in
solution.

Cofacial phthalocyanine polymers are materials in which the macrocyclic
rings are stacked in a “shish-kebab” manner with the metals as part of the polymeric
chain.?*2632 These polymers often display excellent thermal and chemical stability
and are electrically conducting, sometimes even in the absence of a doping agent.
Scheme 9 shows the synthesis of polymer 41 by reaction of the ferrous phthalocya-
nine complex (39) with pyrazine (40).%
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V. PYRIDINE AND RELATED SYSTEMS

A. Bi- and Terpyridine-Based Materials

Polymers containing transition metals coordinated to pyridine-based ligands
have been the focus of many investigations because of the ease with which these
materials can be prepared and the properties they exhibit, in particular their lumines-
cent properties. There are three general classes of polymers incorporating metal—
pyridine complexes into their structures. These include the metal complex in the
mainchain, pendent to the mainchain and pendent to the polymer sidechains. Schubert
and coworkers reported the synthesis of micelles containing a ruthenium terpyridine
complex in its structure.’® Scheme 10 shows the synthesis of block copolymer (46),
containing polyethylene oxide and polystyrene blocks joined at the bis-terpyridine
ruthenium complex, by coordinating (45) to (44).
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Petzold and Harruna have synthesized three-dimensional high-performance
coordination polymers.>**> A number of these thermally stable, soluble ruthenium-
coordinated polymers (47) were examined by optical spectroscopy. Solutions of rigid
polyamides exhibited birefringence and the 3D polymers emitted at a A, of 620 nm.

47



184  Metal Coordination Polymers

Rehahn et al. have synthesized ruthenium(II) coordination polymers that could
be solubilized in organic or aqueous solutions depending on the counterion
employed.3*>° This class of polymer could be prepared either by complexation of
terpyridine ligands to ruthenium or by polycondensation of organometallic
monomers.>® For example, Scheme 11 shows the reaction of monomer 48 with ruthe-
nium chloride, which resulted in the production of the high molecular weight poly-
mer 49. The palladium catalyzed Suzuki coupling reaction between monomers 50
and 51 resulted in the formation of oligomeric materials. Polymer 49, and related
polymers, exhibited typical polyelectrolyte effects, and the ruthenium centers behave
as electronically isolated centers.>® The synthesis of Fe(Il) coordination polymers
using chiral ligands has been reported by Kimura and coworkers.*’ The monomers
self-assembled into helical high molecular weight polymers. Ruthenium #ris-
bipyridyl polymers have also been utilized with TiO, nanoparticles and graphite

oxide sheets in the production of self-assembled diode junctions.*!
RuCl; 3H30, 1-butanol/DMA
AgBFFjfacelone | b 1pECT COORDINATION

DMA, EN

SUZUKI COUPLING
[Pd(dppHCl,]

CeHis
Br + (HO),B B(OH),

CeHy3

51

Scheme 11
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The second type of pyridyl-based coordination polymers incorporates the
metal complex pendent to the polymer backbone. Yu and coworkers have reported
the synthesis of conjugated polymers containing metal coordination complexes
using the Heck reaction.*>** For example, the ruthenium- or osmium-containing
monomer (52) and 54 are terpolymerized with divinylbenzene (53) to generate the
conjugated polymer 55 (Scheme 12).** These polymers incorporate nonlinear opti-
cal chromophores in their backbones, and showed large net optical gains at a zero
external electric field.

SO,Me

Scheme 12

Scheme 13 illustrates an alternative route to this class of conjugated metal-
lopolymer. Using the strategy shown below, the ruthenium complex was reacted with
the preformed polymer (59), resulting in the isolation of polymer 60.%?
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Polyamides and polyesters containing ruthenium bipyridine complexes in their
structures have been synthesized by Chan and coworkers.** Scheme 14 depicts the
synthesis of polymer 64 by reaction of the metal-containing dicarboxylic acid
complex 61 and the organic dicarboxylic acid (62) with an aromatic or aliphatic
diamine (63). These polymers were thermally stable to temperatures between 320
and 500°C. Many of the polymers exhibited liquid crystalline characteristics. The
photoconductivity of this class of polymer increased with increasing metal content.**
Chan also reported that polybenzo-bis-oxazoles and polybenzo-bis-thiazoles that
contain ruthenium complexes coordinated to 2,2'-bipyridyl units in the backbone
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have charge carrier mobilities two orders of magnitude greater than did their non-
metallated analogs.*> Guillerez and coworkers provided evidence that conjugated
polymers with thiophene units in the backbone exhibit electronic interactions
between the organic portions of the polymer and the metal complex.*® The synthesis
and properties of conjugated polymers that contain Re(CO);Cl units coordinated to
bipyridine in the polymer backbone have also been examined.*’

HOOCMCOOH + YHOOCWCOOH
N N N N

62

+ (X+y) HzN-Ar-NH2

63

64

Scheme 14

The incorporation of bipyridine molecules coordinated to transition metals
into the sidechains of polymers has also been utilized to tune the electronic and opti-
cal properties of polymers.**=! Frechet and coworkers synthesized polymers incor-
porating coumarin dyes and Ru(BpyMe,);>* complexes into their structures using
two strategies.>® The first strategy, shown in Scheme 15, involves the coordination of
the metal complex (68) to the preexisting polymer (67) to yield the metallopolymer
69. This polymer exhibited limited solubility in organic solvents.
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Scheme 16 shows the second strategy utilized to prepare this class of polymer.>°

In this example, a ruthenium-containing monomer (71) was reacted with 65 and 70 to
produce polymer 72. Polymers prepared using the derivatized styrene monomers were
much more soluble than polymers prepared by the grafting approach. The absorption
and luminescent properties of polymers 69 and 72 were greater than those of their
corresponding monomeric metallated analogues due to efficient energy transfer
between the dyes and the complexes.>
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Scheme 16
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The synthesis of polydiacetylenes with bipyridine metal complexes in their
sidechains has been achieved by Lindsell and coworkers (Scheme 17).3! Complexes
of nickel, copper, ruthenium, and molybdenum were synthesized and the nonlinear
optical properties of the resulting polymers examined.

cis-Ru(bipy),Cl,
— s

74

73

Scheme 17

B. Catenanes, Rotaxanes, and Calixarenes

Polymeric systems that contain interlocking rings (catenanes) and threaded
rings (rotaxanes) with metals coordinated to their structures have been studied
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because of their electro- and photoactivity.”>>* A high MW polymer that contained
copper ions coordinated to pyridine-based ligands within its structure was synthe-
sized via polycondensation of a dicarboxylic acid with a dialcohol-derivatized
copper(I) catenate.”> Swager and coworkers have reported the synthesis of conduct-
ing polymetallorotaxanes that are coordinated to zinc and copper ions.>*** Thus,
reaction of bithionyl-substituted bipyridine (77) with the macrocyclic phenanthro-
line molecule (76) gave a metallorotaxane (78), which was electropolymerized to
give the polymetallorotaxane (79) (Scheme 18). A tungsten-capped calixarene func-
tionalized with ethylenedioxythiophene groups was also recently electropolymerized
to produce the corresponding polymer.>>

O "

Zn(ClOy),
o 7
Cu(CH3 CN)4BF4

Scheme 18
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C. Benzimidazoles

Polymers containing benzimidazole units in their backbones have been used
in the synthesis of coordination metallopolymers that exhibit electronic communi-
cation between the metal centers.’*®" The synthesis of osmium and ruthenium
polymers, where the metal was coordinated with bipyridine ligands, has been
accomplished by Cameron and Pickup.’®° Scheme 19 shows the reaction of poly-
mer 80, containing benzimidazole units in the backbone, with the osmium com-
plex 81 to produce polymer 82.37 These polymers possess metal-metal interactions
through their conjugated backbones. The osmium-coordinated polymer (82)
showed two reduction waves separated by 0.32V, which is indicative of strong
communication between the Os centers.’” Communication between the ruthenium
centers of the analogous polymer is increased by deprotonating the imidazole
rings.>®

zT

H
[0s(bpy),LT*" N @ N
olee R agicxgon!
N N H n \ / .
N OO
Scheme 19

A conjugated polymer that contains a tridentate 2,6-bis(benzimidazol-2-
ylpyridine ligand coordinated to ruthenium has also been synthesized by
Chan et al. (Scheme 20).%° Reaction of polymer 83 with 2,6-bis(benzimidazol-
2-yl)pyridine ruthenium trichloride formed polymer 84. The complexation
reactions were greater than 90% successful according to elemental analyses.
While polymer 83 was luminescent, its ruthenium complexed form (84) was
not luminescent because of photodissociation of the terminal benzimidazole
rings.%
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D. Dendrimers and Stars

There are numerous examples of dendrimers and star polymers that contain
metal coordination complexes based on pyridine ligands.%!~"! There is also inter-
est in the incorporation of more than one type of metal complex into these mate-
rials.®>%¢ Constable and coworkers have reported the synthesis of heptametallic
complexes containing six peripheral ruthenium coordination complexes and a
central iron or cobalt complex.®> Scheme 21 illustrates the reaction of 89 with
either iron or cobalt complexes to produce the heptametallic dendrimer 90.% A
heptametallic star-shaped complex with a CpFe*-coordinated arene as the core
and ruthenium hexa-pyridine complexes at the periphery has also been reported
by Astruc.®
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Newcome and coworkers have reported the synthesis of a tetraarm complex
containing two ruthenium coordination complexes in each branch.®® Polymer 91
was prepared by reaction of a core molecule containing four terpyridine units
with 4 eq of a bimetallic complex containing a reactive ruthenium trichloride
moiety.

Polypyridine ruthenium complexes prepared by palladium-catalyzed grafting
reactions have shown properties indicating their potential for use as light-harvesting
devices.”’ Fraser and coworkers have utilized ruthenium #ris-bipyridine complexes
as the core molecule in the preparation of star polymers.’!»”2
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VI. SUMMARY

Coordination macromolecules of the metalloenzyme class are responsible for
life through their role in photosynthesis and respiration. There exists a wide variety of
coordination polymers utilizing nitrogen, oxygen, and sulfur as the “chelating” atoms.
These macromolecules are generally made by introducing the metal-containing unit
during the formal polymer-forming sequence. In such cases the polymer is formed
through chelation with the metal, through inclusion of the metal-containing unit in the
polymer forming step where the connective sequence is removed from the metal, or
through introduction of the metal to already formed macromolecular structures.

Coordinating groups include porphyrins (as present in hemoglobin), Schiff
bases, phthalocyanines, and pyridine-related systems, but any appropriate Lewis
base can be utilized as the chelating agent. The metal atoms are included in macro-
molecular systems, typically through sigma bonding, but metals can also be attached
through other bonding avenues. The metal-containing unit may be neutral or it may
contain a net charge and thus exist as a salt.

As with other metal-containing systems, the polymer architecture can be lin-
ear, two- or three-dimensional, star, dendritic or “shish-kebab.” The metal-contain-
ing unit may be oriented along the mainchain or as an appendage, or in some
combination of placements. In general, such products exhibit fairly high glass and
melting points and poor solubilities. The structures are also generally not as stable in
solution as some other metal-containing systems, such as those described in Chapter
4, due to the ready reversibility of the metal—chelate atom bond. Some of the mate-
rials exhibit optical nonlinearity, electrical conductivity, charge-carrier ability, pho-
toactivity, and luminescence.
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I. INTRODUCTION

Group IVA starts with carbon, which is a nonmetal, followed by silicon and
germanium, which are metalloids (semimetals), and tin and lead, which are met-
als. All of the group IVA elements have the ability to catenate; however, as you
move down the group, this ability decreases. Some of the more important inor-
ganic polymers are polysilanes, in which there are repeat Si—Si units in the poly-
mer backbone. However, the bond energy of Si—Si bonds is 222 kJ/mol, while the

Macromolecules Containing Metal and Metal-like Elements,
Volume 1: A Half-Century of Metal and Metalloid-Containing Polymers, By Alaa S. Abd-El-Aziz,
Charles E. Carraher, Jr., Charles U. Pittman, Jr., John E. Sheats, and Martel Zeldin
ISBN 0-471-45832-5 Copyright © 2003 John Wiley & Sons, Inc.
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C-C bond energy is 346kJ/mol.! In contrast, Si-O bonds are more stable
(452kJ/mol), and have properties that lend themselves well to practical applica-
tions. For this reason, polysiloxanes are the best-studied class of silicon-contain-
ing polymer.

The chemistry of germanium developed more slowly than did that of the other
group IVA elements because of its relative rarity and high cost. It wasn’t until 1864
that Newlands first suspected that germanium was a missing element between sili-
con and tin.> Seven years later, Mendeleev recognized that germanium was a miss-
ing element in the periodic table, and predicted its general properties on the basis of
similiarities to silicon and tin. It was also believed that the chemistry of germanium
would be very similar to that of silicon and tin. All group IVA elements form com-
pounds with oxidation states of +4, which involves covalent bonding. Tin and lead
also form stable ionic compounds with oxidation states of +2, whereas the +4 oxi-
dation state is more thermodynamically stable for carbon and germanium. Carbon,
silicon and germanium can also have oxidation states of —4 when they are bonded
to more electropositive elements.

There are examples of polymers containing each of the group IVA semimetal
and metals; however, polymers containing silicon are the most prevalent. Much of
the interest in polysilanes, polygermanes, and polystannanes involves their ¢ delo-
calization and their 6—m delocalization when coupled with arenes or acetylenes. In
exhibiting electrical conductivity germanium and tin show more typical “metallic”
bonding. Some polystannanes have been referred to as “molecular metals.”
Conductivity is increased by doping,* illumination,” and application of an electric
field.

I1. SILICON

A. Polysilylenes (Polysilanes)

Polysilylenes are chains, rings and 3D network polymers of silicon that con-
tain the Si—Si bond in the polymer backbone. The tetravalency of silicon is generally
completed with hydrogen or organic (aliphatic or aromatic) moieties. The basic
structural unit of a polysilylene has formula 1.

R

+L1+ R, R"=H, organic
| n
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Polydiphenylsilanes were first reported by Kipping in the early 1920s, how-
ever, the oligomeric and/or polymeric products were not characterized.®’ It wasn’t
until 1949 that Burkhard® and subsequently Wesson and Williams® described the
preparation and isolation of polydimethylsilane by the condensation of a
dimethyldichlorosilane with an alkali metal dispersed in an inert solvent (i.e., Wurtz-
type reaction). The products were reported as insoluble, infusible, and intractable
substances and, therefore, could be only partially characterized. Thus, further
investigation was discouraged and this class of materials was neglected for several
decades until the issuance of patents by Clark'® and publications by Kumada and
Tamao!! on linear polydimethylsilanes and the pioneering work of West et al.!>"'4
and Trujillo,'®> who reported soluble linear polymethylphenylsilanes. The incentives
for continued investigations of these and related materials (e.g., polycarbosilanes
and polysilazanes) were based on their interesting and potentially important appli-
cations as precursors for thermally stable ceramics, photoresist materials in
microlithography, photoreceptors in electrophotography, piezoelectric and
piezochromic properties, and solid-state phase transition behavior, as well as prom-
ise as semiconductors, photoconductors, photocatalysts in polymerization reactions,
and devices requiring nonlinear optical materials.

The synthesis of polysilylenes has been extensively reviewed.!®2* A number
of effective methods are currently being used to prepare polysilylenes. They include
(1) reductive (Wurtz-type) coupling of halosilanes, (2) dehydrogenative coupling of
hydrosilanes, (3) ring-opening polymerization of cyclic oligosilanes, (4) anionic
polymerization of “masked” of disilylenes, (5) photochemical vapor deposition
(PCVD) of small cyclic oligosilanes, and (6) electrochemical polymerization of
chlorosilanes. A brief discussion of each is given below.

Waurtz-type reductive coupling of halosilanes (Scheme 1) is widely used in the
synthesis of silane homo- and copolymers. This is a heterogeneous reaction that uses
dispersed molten alkali metals (Li, Na, K) and alloys such as Na/K in relatively high-
boiling organic solvents.”!> Thus, metal/alloy slurries can be reacted with R,SiX,
(X=halogen) (2 or 4) where the R groups are alkyl, aryl, and/or organosilyl sub-
stituents that are inert to strongly reducing media. The types of products formed [i.e.,
cyclic and/or linear homopolymers (3) or copolymers (5)], and their molecular
weight and polydispersity depend on the reaction conditions (i.e., monomers used,
reaction time, temperature, polarity of the solvent, stirring speed, and metal or alloy
used). Under suitable reaction conditions and at low product conversion, reasonably
high molecular weight polymers (i.e., 1 X 10°) may be obtained. As the reaction pro-
ceeds, however, cyclic oligomers (mainly Sig and Sig) are formed to give an overall
broad and polymodal distribution of chain and ring products.>*2° The mechanism of
polymerization appears to include a slow initiation step to produce the ion pair,
R,SiCl~ M*, which is followed by fast rate-determining propagation steps involving (1)
reaction of the monomer with the ion pair to give a chlorine end-functional dimer
and the metal halide and (2) reduction of the dimer by the metal to give a new ion
pair. If a trifunctional silane (e.g., RSiCls) is the monomer, a network polysilylene is
formed. Furthermore, West et al.”’ have shown that if mixtures of monomers are
used, random copolymers (5) are obtained.
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Shizuka et al.?®?° and Wildeman et al.° have reported that the Wurtz-type
reaction may also be used to prepare alternating copolymers as in the coupling of
diorganolithium compounds (6) with dihalosilanes (7) (Scheme 2). The product (8)
of the reaction in this case forms a liquid crystalline, mesophase material that
exhibits 6—mt conjugation.

Aitken et al. have shown that catalytic dehydrogenative coupling of primary
alkylsilanes (RSiH;, 9) using titanocene, zirconocene, organolanthanum (e.g.,
[Cs(CH3)s],LaH) or organoplatinum compounds as a catalyst affords reasonably
good yields of soluble polysilylenes (Scheme 3).3!32 The reaction product (10) had
a modest molecular weight (M, = 20,000) and a fairly broad degree of polymeriza-
tion (n=10-20) depending on the monomer and catalyst used and the reaction con-
ditions employed.

Diorganosilanes (R,SiH,) under the same reaction conditions gave only
dimers: H(R,Si),H. Generally, to obtain reasonably high molecular weights, reac-
tions are carried out with a minimum quantity or no solvent. Furthermore, as
shown by Tilley et al. and others, the reaction is assisted by removal of H, gas, say,
under vacuum.>3#? Arylsilanes, for example, couple more rapidly than do alkylsi-
lanes, which suggests that steric factors play an important role in the reaction
mechanism. Moreover, the reaction can tolerate the presence of some reactive
groups (e.g., halogens) on the aryl moiety thereby providing a route to substituent
functionalization.
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In an extension of this reaction, Chauhan et al. used Pt(cod), to dehydrogenate
and couple 5- and 6-membered silacycloalkanes to obtain heteropolymers of intermedi-
ate molecular weight; specifically, 4-membered rings underwent both dehydrogenation
and ring-opening polymerization.*> In addition, cross-dehydrogenative coupling reac-
tions were reported by Li and Kawakami.***3 Thus polymers with the formula 11, where
X is —O—, -NH-, “ORO- (R=alkyl, aryl), were prepared by the reaction of the corre-
sponding silane with H-X—H. The mechanism of this reaction is not fully understood
and may involve a H-bridged intermediate, such as 12 or species 13.3! Alternatively,
Woo and Tilley suggested that the reaction may proceed to the polymer through a series
of 6-bond metathesis steps involving a four-centered transition state (14).33

Dendrimeric products can also be formed through dehydrogenative coupling. 46
These materials exhibit multidirectional ¢ conjugation and show good electrical con-
ductivity. These materials have also been used as negative-type photoresists because
their exposure to air or light yields insoluble products.

8
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Most cyclic silanes are thermodynamically stable relative to their linear
analogs. Therefore, ring-opening polymerization of cyclic oligosilanes requires
kinetic control of the ring scission reaction through, for example, structural control
in the form of strained cyclosilanes (Scheme 4) to obtain linear polysilylenes.
Consequently, Matyjaszewski et al.!®*° and Sakurai et al.’° prepared strained ring
silanes (16) from 1,2-dichloro-1,1,2,2-tetra-organodisilanes (15) by Wurtz coupling.
Using the appropriate R substituents on silicon, a ring-opening polymerization reac-
tion was initiated with an anionic catalyst (e.g., R"Li* or R3Si"K™) to obtain the lin-
ear polysilylene (17). The reaction involved an initial ring-opening nucleophilic
attack of the anion on an electrophilic silicon atom in the strained ring monomer. The
resulting silyl anion propagates by further monomer addition to form a linear poly-
silylene (enthalpic control) or it undergoes an intramolecular “backbiting” reaction
to produce a cyclic oligomer with reduced stain (entropic control). Which process
prevails depends on the nature of R, the monomer isomer used, reaction time, polar-
ity of the solvent, monomer-to-catalyst concentration, temperature, and catalyst
counterion. This method is most effective if the rings are small (e.g., Si4) and the sub-
stituents are not excessively bulky (e.g., H, CHs3, C¢Hs). Under optimum conditions
polysilylenes with molecular weights greater than 1 X 10° have been prepared.
Moreover, the use of mixtures of monomers affords copolymers.>!

Polysilylenes have also been prepared by anionic polymerization of “masked”
disilylenes. For example, Sakurai et al. have shown that when disilabicyclooctadiene
(18) is treated with n-BulLi, a polysilylene (19) with M = 50,000 is obtained with
biphenyl (20) as a byproduct (Scheme 5).4¢2 This synthetic method may be used to
prepare highly ordered and stereoregular polysilylenes. The reaction is also useful
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since addition of unsaturated organic monomers such as methyl methacrylate to the
masked organodisilylene gives block copolymers, such as poly(methyl methacrylate-
co-polysilylene).
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Linear polysilylenes, which are bonded to a silica surface, can be prepared by
photolysis coupled with chemical vapor deposition (photoCVD) of small cyclic
oligosilanes (Scheme 6). For example, Obata and coworkers have shown that
octapropylcyclo-tetra-silane (21) can be vaporized under vacuum at 270°C.3
Photolysis of the vapor at 254 nm presumably gives the transient species, [Pr,Si:]
(22), which can be deposited on a pretreated quartz surface (24—25) to form a poly-
silylene film (26). The presence of polysilylene on the quartz surface is confirmed



206 Silicon-, Germanium-, Tin-, and Lead-Containing Polymers

by absorption and emission spectroscopy. This novel synthetic method offers the
promise of forming various substituted polysilylenes as coatings on glass and metal
surfaces.

Przsi_SiPrz
n 270°C .. N
——— 2n [Pr,Si:] + n Pr,Si=SiPr,

Pr,Si SiPr, 254 nm
22 23
21

1. 10 % NaOH (aq.)
N 2. Mezsiclz
Bl 3 LiAHy/THF —O0SiMepH 22 ——0Si(Me,)(SiPr,),H
s|-° —0Si(Me,)H —0Si(Me,)(SiPr,),H

quartz surface 2 1Y)y

pretreatment

24 25 26
Scheme 6

Several research groups have developed electrochemical polymerization of
chlorosilanes as an innovative, practical, and convenient route to a range of catenated
silanes (e.g., di-, tri-, pentasilanes) as well as relatively high molecular weight poly-
silylenes (Scheme 7, where rt.=room temperature).>*% The molecular weights
and polydispersities of polymers formed by this method depend on the reaction
conditions: concentration of the monomer, concentration of the electrolyte, sacrificed
metal electrode used, and current density. For example, electroreduction of
methylphenyldichlorosilane (27) with a magnesium cathode (sacrificed electrode) and
anode in a one-compartment electrolysis cell gave the corresponding chlorine end-func-
tional polysilylene (28) with M, =~ 30,000 and M,,/M, = 1.8. Polygermylenes, silane-
germane copolymers (30) with M, = 20,000, poly[ p-(disilanylene) phenylene] (32) with
M, = 10,000 and M, /M, = 1.9, and polystannanes were also prepared in this manner.

The physical properties of polysilylenes (R,Si) depend on the organic sub-
stituents R attached to the silicon. Polymers with relatively small and identical
organic groups (e.g., R=Me, Et, Ph) bonded to Si are highly crystalline and gener-
ally insoluble and infusible solids. The crystallinity of the polymer decreases and the
solubility increases with an increase in the length of the alkyl group, branching of
the alkyl group and the presence of two different substituents on silicon.** Thus,
polysilylenes of formula [CH;RSi],, where R=n-butyl to n-dodecyl, are soluble
elastomers, and [CH;Si(n-hexyl)], is a soluble, meltable polymer with a glass tran-
sition temperature near —75°C. If R is C¢Hjs, the polymer is a high-melting resinous
solid and is soluble in organic solvents.% It is interesting to note that copolymers
[e.g., (R,Si)«(R",Si)y; R=Me, R'=Ph] have a lower crystallinity and are more solu-
ble in organic solvents than the corresponding homopolymers.
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The molecular weights of polysilylenes (see Table 1) depend on the method of
synthesis and the substituents on silicon. Although size-exclusion chromatography
(SEC) may be used to estimate molecular weight and polydispersity, more accurate
values of M, M, /M,, and radius of gyration (RG) are obtained from light-scattering
experiments.®® The data indicate that polysilylenes assume a random coil
configuration in solution.

Table 1 Molecular Weight Data for Polysilylenes®

Polymer Solvent MLSe MEPeh M /M RG? (nm)
(n-PrSiMe), THF 210,000 180,000 32 31
(c-HexSiMe),, c-Hexane 2,540,000 500,000 2.7 76
(n-Hex,Si), n-Hexane 6,100,000 1,900,000 2.3 108
(n-Hex,Si), THF 6,300,000 1,900,000 2.3 92
(n-Oct,Si), THF 320,000 2,600,000 2.4 100
(PhSiMe), THF 46,000 19,000 42 21
[n-BuC¢H}),Si],  THF 450,000 500,000 — 60

aMLS-weight average molecular weight from light scattering.

bMEPCweight average molecular weight from gel permeation chromatography.
‘M, /M -polydispersity.

9RG-radius of gyration.
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The structure of polysilylenes has also been explored with 'H, '*C, and 2°Si
NMR methods.?”$7-7° The studies indicate that polysilylene chain configurations in
solution are varied and quite complex for a wide range of asymmetrically substituted
homopolymers and copolymers. Thus, at high field (500 MHz) the alkyl protons in
poly(methyl-n-hexylsilylene) are well resolved and assigned using 2D spectra. The
13C spectra provide information about the microstructure and the 2°Si spectra appear
sensitive to stereochemical configuration at least to the pentad level.

Perhaps the most interesting property of polysilylenes is related to the nature
of the bonding in the catenated chains, namely, the effect of sigma-electron delocal-
ization resulting from relatively loosely held electrons in relatively low-lying o-
bonding and 6*-antibonding orbitals that are associated with the (Si), backbone.'®7=77
These unusual molecular orbitals coupled with the polymer backbone conformation
are responsible for strong electronic absorptions, electro- and photoconductivity,
thermochromism, and photosensitivity. Consequently, polysilylenes absorb in the
ultraviolet region of the spectrum with A, values between 300 and 400 nm by exci-
tation of electrons from the ¢ valence band to the 6* conduction band. A,,,, depends
on chain length, chain conformation, and the substituent(s) present. For example,
Amax (1) increases with an increase in polymer chain length to a limit of ~30 Si
atoms (Apax [MegSi,]|=190nm, A, [MesySijg]=312nm); (2) increases with an
increase in the branching of the alkyl substituent (A, [#-hexylSiMe],=315nm,
Amax [CyclohexylSiMe],=325nm); (3) increases with an increase in the number of
aryl groups (Ama [PhSiMe], = 326 nm, A, [Ph,Si], = 400 nm); and (4) increases
with the number of trans—anti (e.g., staggered) conformations along the silicon chain
backbones. In some instances, absorption is reversible with temperature (thermo-
chromism), which may be a result of equilibria between conformational orientations.
These allowed transitions also give rise to intense spectra with extinction coefficients
as large as 10,000 per Si—Si bond! Furthermore, for well-oriented films, this band is
polarized and exhibits a large dichroism along the chain axis.”® As a result of their
anisotropic electrooptical properties, polysilylenes have found applications, for
example, as photoresist materials in microlithography and free-radical photoinitia-
tors in polymerization of unsaturated hydrocarbons.!®’*8" The unusual electronic
and photochemical properties have lead to additional applications as semiconduct-
ing polymers, photoreceptors in electrophotography and devices requiring nonlinear
optical materials.3!%°

B. Polycarbosilanes

Polycarbosilanes are polymers in which organosilicon moieties as silanes, di-
silanes, and trisilanes and carbon as aliphatic or aromatic units lie in the polymer
backbone. The general formula for this class of material may be represented by
structure 33. Polycarbosilanes may be linear, cyclic, polycyclic, extended networks,
or any combination thereof. R and R’ are the usual substituents found in organo-
silanes, and (C) represents difunctional aliphatic (saturated or unsaturated) or aro-
matic groups that can serve as bridges between the silicon moieties. Consequently, a
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large number of polycarbosilane structures are conceivable and have been prepared.
The present discussion will be limited, for the most part, to materials with sili-
con—carbon bonds in the oligomer/polymer backbone. These materials have attracted
considerable attention owing to their applications, particularly in the fields of ceram-
ics and metallurgy, and more recently for their potential as photoresists in lithogra-
phy, photoinitiators in polymerization reactions and nonlinear optical materials.
Currently, polycarbosilanes are supplied commercially by several companies (e.g.,
Nippon Carbon Company and Starfire Systems) as preceramic oligomers to high
purity, high temperature stability silicon carbide fibers.

R
[ / | ‘ \ R, R”= H, organic group
St ©) C) = organic spacer
[ el J (C)=org p
| * n x>1
Rl
33

There are a number of excellent reviews on the subject of polycarbosilane syn-
thesis.”*® A brief overview is given here. The methods of polycarbosilane synthe-
sis include (1) coupling of multifunctional halosilanes using active metals or
organometallic reagents, (2) ring-opening polymerization of cyclic carbosilanes, (3)
catalytic hydrosilylation of silanes that contain unsaturated organic substituents, and
(4) electrochemical polymerization of chlorosilanes.

Low molecular weight polycarbosilanes were first prepared in the late 1940s
and early 1950s using organometallic routes. Specifically, difunctional halogenated
organosilanes such as 34 (Scheme 8) react with alkaline metals (e.g., Na, Na/Li) or
organometallics (RLi) to give linear oligomers (35) and 1,3-disilacyclobutane
(36).°77192 More complex branched and crosslinked structures were obtained by
Interrante et al.'®® and Tessier et al.'® from silanes that contain multifunctional
groups, such as X—RSiX, or X—RSiXj. Coupling reactions have also been reported
by Jung et al. using metallic copper.'® The yield of products (linear and/or cyclic
carbosilanes) depends on reaction conditions, specifically, metal, solvent, and tem-
perature. The molecular weight of the “linear” polymers, however, was relatively low
(<1000) and 35 was the principal byproduct. Since small ring compounds were rec-
ognized as important precursors to high molecular weight polycarbosilanes via cata-
lytic ring-opening polymerization, considerable effort was expended in controlling this
reaction and improving the yield. Thus, Kriner!° and Nametkin et al.'’” using mag-
nesium metal were able to obtain the cyclic derivatives with yields as high as 60%.
The byproducts were larger rings (viz., cyclic hexamer and octamer) and low molec-
ular weight linear compounds.
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Polycarbosilanes (38) have been obtained by the ring-opening polymerization
of cyclic carbosilanes (37) either thermally or catalytically (Scheme 9). Regarding
the latter, Nametkin et al. found that polymerization of a disilacyclobutane could be
initiated with anionic catalysts such as KOH and metal silanolates, although organo-
lithium compounds in THF solution were not found to be catalytically effective.!*®
Several research groups have since shown that transition metal catalysts (i.e., com-
plexes of Pt, Au, Pd, Ir, Cu, and Cr), are considerably more operative in ring open-
ing and, in some cases, result in polymers with molecular weights as high as
100,000.'99-113
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Scheme 9

Weber and his group took a different approach. Thus, Liao and Weber reported
that vinyl-substituted silacyclobutanes such as 39 undergo anionic ring-opening poly-
merization using #n-BuLi in a THF/HMPA solvent medium (Scheme 10).!'* The prod-
ucts (40) were soluble in organic solvents and had molecular weights (M,) in the
range of 6000—11,000 and polydispersities from 1.4 to 3.0 depending on R. Moreover,
the polymers were stable to 450°C and gave char yields of 45% above 1000°C.
Importantly, the reactive vinyl group in 40 provided ready access to polycarbosilanes
that contained other pendent substituents.
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More recently, Kawakami et al. have shown that when the R, R”, and R” sub-
stituents of 39 are methyl groups, this molecule undergoes regiospecific (head-to-
tail) ring-opening polymerization of silacyclobutanes in bulk using a platinum
1,3-divinyl-1,1,3,3-tetra-methyldisiloxane catalyst at 80°C or an alkyllithium cata-
lyst in THF at —40°C. Although M, values were relatively low (~3000), the molec-
ular weight distributions were narrow and conversions were quantitative.''> If an
optically active carbosilane (41) is used, an optically active head-to-tail polycarbosi-
lane (42) is obtained with M, > 10° and a molecular weight distribution of 1.7-2.4
(Scheme 11).115-117
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In the early 1990s, Wu and Interrante found that platinum catalysts (e.g.,
chloroplatinic acid or Pt-divinyl-fetra-methyldisiloxane complex) effected ring-
opening polymerization of 1,1,3,3-fetra-chloro-1,3-disilacyclobutane (43) to poly-
dichlorosilamethane (44) (Scheme 12).'%!1° Remarkably, the Si—Cl bonds remained
intact. The molecular weight (M,) of 44 was 12,300 and M, /M, ~ 3. The Si—Cl
bonds in 44 could be hydrogenated with LiAlH, to give the linear polymer 45. The
chlorinated polymer 44, however, could not be completely alkoxylated with either
NaOEt or EtOH/Et;N mixture.
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Alkoxylated polymers are accessible by Pt-catalyzed ring-opening polymerization
of the alkoxyl-substituted disilylcyclobutanes (46) (Scheme 13).!2° The products (47) of
this reaction have lower molecular weights and higher polydispersity than does 45.
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Scheme 13

Corriu et al. achieved polycarbosilane synthesis by catalytic hydrosilylation of
vinylsilanes.!?'"'?3 For example, polydichlorosilacthane (49) was prepared from
vinyldichlorosilane (48) using a platinum-on-carbon catalyst (Scheme 14). The prod-
uct 49 was hydrolytically sensitive. However, owing to the reactivity of the Si—Cl
bonds, 49 could be chemically modified to a variety of products containing either Si—-H
(50), Si—R [R=Me (51), naphthyl, vinyl], or Si-alkoxy substituents and Si—F (52).
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Lach and Frey have shown that silanes containing multiple vinyl groups such
as 53, yield hyperbranched polycarbosilanes (55) in the presence of a Pt catalyst

(Scheme 15).1%* A derivative of this product was characterized by the 2°Si NMR spec-
tra and had an M,, of ~1800 with a degree of dendritic branching (DB) of ~0.5.
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In a similar reaction, Xiao et al. reported that the hydrosilylation of a
diethynylsilane (56) produced an unusual dendrimer that contained —C=C- units
bridging silicon atoms with terminal C=C bonds (57) as deduced from the '"H NMR
spectrum (Scheme 16).'?° The molecular weight of 57 was ~3000, and the DB was
~0.56. These polymers were thermally stable to 1200°C and gave a ceramic yield of
87% in N, and 62% in air.
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Polycarbosilanes may also be prepared using difunctional hydrosilanes (58)
and difunctional unsaturated organic hydrocarbons [i.e., dienes (59) or diynes]. For
example, Zhou and Weber found that if R=—(CH,),— and R’ =—(CH,)g—, careful con-
trol of reaction stoichiometry gives the polymer, [Me,Si(CH,)g], (60) with M,
~30,000 (Scheme 17).'?® Similar reactions have been carried out by Tsumura et al.
for R=R’=—C¢H "%’
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It was mentioned earlier that polysilanes could be prepared by electrochemical
polymerization of chlorosilanes. In a similar manner, chloromethyldimethylchlorosilane
gives reasonable quantities (=40% yield) of relatively low molecular weight polycar-
bosilanes using aluminum as a sacrificial electrode and a current density of 2.2 F/mol
in a THF/DMF solution with Et,;NBF, as a supporting electrolyte.’’

One important application of polycarbosilanes is their use as precursors in the
preparation of high-temperature, high-strength silicon carbide fibers. It was advan-
tageous, therefore, to seek polysilylenes as a source of polycarbosilanes. High
molecular weight polydimethylsilylene is thermally stable in an inert atmosphere to
~450°C. Bamford et al. found that when heated to ~1000°C, polydimethylsilylene
undergoes a chain scission and depolymerization rather than crosslinking and
rearrangement to preceramic materials.!?® In the early 1980s, however, Yajima et al.
pioneered the development of an effective rearrangement of polysilylenes to poly-
carbosilanes, the latter of which could be pyrolyzed to give high-ceramic residues
(Scheme 18).12%13% The Yajima process is based on the thermal rearrangement of
[(CH3),SiCH,], (62) at 450°C to a complex polymer 63 that contains Si—CHj3, Si—H,
and Si—CH, bonds as well as cyclic structures. Further pyrolysis of 63 above 1000°C
in a stepwise fashion gave a B-SiC (64), which can be melt-spun into filaments and
pyrolyzed into commercial SiC (e.g., Nicalon) fibers.!3!
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C. Polysilazanes

Polysilazanes represent another important class of ceramic materials that con-
tain N—Si—N and C-Si—N units, sometimes with or without oxygen. The structural
forms of polysilazanes may be chains, rings, crosslinked networks, or, more recently,
dendrimers. Generally, the prepolymers contain silicon bonded to nitrogen in the
backbone and organic groups or hydrogen as substituents on Si and N (65).
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Ceramic materials such as silicon nitride, which are derived from the thermo-
lysis of silazane prepolymers, possess high thermal stability, high tensile strength, and
chemical resistance even under the most severely corrosive conditions. Silicon nitride
can be obtained directly by the reaction of (1) elemental silicon with N,, (2) silica with
N,, H, and carbon, or (3) SiCl, with NH; at high temperatures. The products from
these reactions are insoluble, infusible, refractory substances (i.e., Si;N,) that are
difficult to fabricate or to incorporate into composites with other materials. The highly
desirable thermal and mechanical properties as well as chemical inertness of silicon
nitride has prompted considerable effort to develop synthetic sources of soluble,
meltable, and/or processable oligomers and polymers that contain the Si—N bond.

There are a number of published reviews on the synthesis of poly-
silazanes.”®!3>141 The present discussion is limited to a brief history and develop-
ment of oligo- and polysilazane synthesis. The methods of synthesizing polysilazanes
include (1) polymerization by aminolysis (or ammonolysis) of chlorosilanes, (2) ring-
opening polymerization of oligomeric cyclosilazanes, (3) deamination and condensa-
tion of bis- and tris-aminosilanes, (4) redistribution polymerization of chlorosilanes
and aminosilanes, and (5) catalyzed dehydrocoupling of diamines and organosilanes.

Aminolysis of difunctional chlorosilanes (Scheme 19) generally leads to low
molecular weight oligosilazanes (68), particularly if sterically small substituents (H
or Me) are present on silicon. Larger substituents generally yield ring compounds.
Thus, Seyferth found that if R=R’=H and R”"=Me, the principal product is a mix-
ture of oligomers with an average degree of polymerization of <10, in addition to the
cyclic tetramer 69.!4>14 The oligomers, however, are believed to have a nonlinear,
complex structure that may contain oligosilazane rings bridged by disilazane units.
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In a related reaction, Arai et al. reported that ammonolysis of RHSiCl,-2py (70),
where R=H or Me (Scheme 20) gave a viscous material (72) that could be pyrolyzed
at 1300°C to silicon nitride with a ceramic yield of 80%.'44

H H
n RHSiCl, ' 2py + n NHy; ——PYHCUNH4CL { |Si I|\I |
70 7 £|{ J !
72

Scheme 20

Ring-opening polymerization of cyclosilazanes to give tractable materials
was first reported by Rochow et al.!**"147 Thus, heating [R,SiNH]; or [R,SiNH],
(R=Me) at 160°C with ammonium chloride as a catalyst gave a viscous, waxy mix-
ture of linear and cyclic products. Only low molecular weight oligomers were
obtained in this manner, and pyrolysis of the oligomers gave low ceramic yields
(<30%). Seyferth et al. examined the anionic ring-opening polymerization of the
cyclic tetramers (e.g., [Me,SiNMel,, [MeHSiNH],) using alkyllithium (RLi or
RLi/Me;CONa) catalysts.'*®!4° They obtained low molecular weight materials with
Me—Si, H-Si, H-N and Me—N bonds and postulated sheetlike polymeric structures
were formed in which the silazane ring frameworks were bridged by cyclodisi-
lazane units (73).
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Laine et al. have shown that ring-opening oligomerization of the cyclic
tetramer (74) can also be catalyzed by transition metal complexes such as Ru;(CO);,
(Scheme 21).13%15! In the presence of an end-blocking agent such as (Me;Si),NH,
only low molecular weight oligomers (76) are obtained. Without the end-blocker,
more complex oligomers with condensed rings are isolated.
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In the early 1990s, Soum et al. opened highly strained cyclodisilazanes under
specifically controlled conditions with anionic or cationic catalysts to give reason-
ably high molecular weight polymers. Consequently, the cyclic tetramer (77), which
contained a vinyl group on each silicon, could be ring-opened with anionic initiators
such as benzyllithium or sodium naphthalenide in THF at —40°C to give the linear
polymer (78) (Scheme 22).'32 Polymer 78 had an M, ~ 93,000 and a polydispersity
of 1.3. The reaction appears to involve a “living” polymerization process and, there-
fore, generates polymers with controlled architecture. Although cationic catalysts
(e.g., BF;:Et,0, MeOBF,, triflic acid) also open the cyclic tetramer, the products are
a mixture of linear and larger cyclic oligomers.'*3
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Scheme 22

Soum et al. also examined anionic copolymerization reactions involving
mixtures of different cyclodisilazanes. Reactivity ratios suggest that “block-like” copoly-
mers are obtained.'>>"'>> When the cyclodisilazane is copolymerized with (Me,SiO)s,
mixed cyclic oligomers (79, 80) are obtained in addition to the block copolymer.
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Bis- and tri-saminosilanes, R,Si(NHMe), and RSi(NHMe);, can be deami-
nated to give preceramic polysilazanes (84) and cyclic oligomers, such as 83, at
elevated temperatures (Scheme 23).!3%157 The efficiency of this commercial process
was improved by recycling the volatile products to give better yields of the resinous
material, which could be spun and then pyrolyzed into silicon nitride fibers. Little
is known about the structure of these prepolymers, although there have been sug-
gestions that they are comparable to 73 with a variety of ring sizes and chain
crosslinks present.!®

recycle
R Me
. >300°C | |
RySi(NHMe), ———» MeNH, + (R,SiNMe); + Si—N
n
81

82 83 resin
84

Scheme 23

Dow Corning Corporation scientists have explored SiCl/SiN redistribution
reactions as a source of silazane prepolymers for silicon-containing ceramic materials.
For example, a commercial process was developed in which (Me;Si),NH and HSiCl;
were redistributed to give a silazane oligomer (88) with M, ~3500 (Scheme 24).'%
This prepolymer could be spun into filaments that were subsequently pyrolyzed
at =750°C in an inert atmosphere or under vacuum into low carbon-containing
Si;N, fibers (89) with ceramic yields of ~50%.!6%:161

(Me;Si),NH + HSiCly — Me;3SiCl +—%HSi(NH)l_S%HSiNH(NHSiMq)%
x y

>750°C

vacuum or
inert atmosphere

SisNy
89

Scheme 24



220 Silicon-, Germanium-, Tin-, and Lead-Containing Polymers

Si3N, ceramics were also prepared from (R;Si),NH, where R=vinyl, Ph, or
alkyl, by first treating the polymer with a reactive metal halide; [e.g., MX, (M=Si, B,
P; X=Cl, Br)]. For example, if the prepolymer from (Me;Si),NH was treated with
SiCl, and subsequently pyrolyzed at 1600°C under N, the resulting ceramic material
contained mainly low carbon (<4%) Si;Nj,. Catalyzed dehydrocoupling of amines (or
diamines) with organosilanes was first reported by Fink !> and Andrianov et al.'®* The
reaction was later explored by Seyferth et al. for the catalytic synthesis of oligosi-
lazanes.'#>!% Laine et al. then showed that the dehydrocoupling of a bis-silazane (90)
is a facile method for obtaining a variety of preceramic oligomeric silazanes (92)
(Scheme 25).!% His group studied the reaction mechanism and concluded that the
rate law had a complex dependence on catalyst and amine concentration. Moreover,
the products that were formed depended on reaction conditions. Thus, they were able
to optimize the reaction to produce a tractable, processable species (e.g., R=H,
R’=Me) of modest molecular weight (M, ~ 1600) that could be transformed at ele-
vated temperatures into gels and then into ceramic coating, fibers, and molded com-
posites (ceramic yield ~ 70%).
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Scheme 25

D. Polysiloxanes

A comprehensive review of polysiloxanes is beyond the scope of this review of
organometallic polymers. The reader should, nevertheless, be aware of the many
more recently published reviews.'®"17¢ We will (1) review briefly the development of
polysiloxanes as the most commercially important class of commodity organometal-
lic polymer, (2) summarize the general methods of synthesis, and (3) briefly discuss
the properties of these materials that translate into versatile, industrial, and consumer
applications.

It is well known that the useful properties of siloxanes stem from the nature of
the siloxane bond (93), the structural characteristics of the polymer, the synthetic con-
trol over molecular weight and polydispersity, and the character of the framing groups
(R). Polysiloxanes are presently available commercially as linear chains (93),
rings, ladders, and three-dimensional networks (e.g., polyhedral oligomeric
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silsesquioxanes) that contain siloxane bonds in the polymer framework. The tetrava-
lency of silicon is generally completed with hydrogen, organic or organometallic
moieties, or silyl groups, although other substituents on silicon have been included.
The low rotational barriers about the Si—O bonds give low T, (glass transition) values
and high chain flexibility.

Historically, the most important and extensively studied class of polysiloxanes
is polydimethylsiloxanes (PDMS), which are linear chains composed of difunctional
siloxyl units. Although PDMS was first reported, but not recognized as such, in the
late 1800s by Ladenburg,'’”>!7® it wasn’t until the early 1900s that Kipping!7®!8°
established that silanediols condense intermolecularly to a new class of species,
which were named “silicones” owing to the initial belief that they were silicon
analogs to ketones. There was great interest in these compounds as intellectual
curiosities as well as for their unusual physical properties, thermal stability, and
chemical inertness. However, polysiloxanes did not become commercially practical
until the 1940s, when Rochow discovered a direct and efficient method, the “direct
process,” of preparing the monomer precursor, dimethyldichlorosilane (96, n=2),
from inexpensive silica (94) and methyl chloride (Scheme 26).'8! The process could
be optimized to maximize the yield of dimethyldichlorosilane and thus provide a
ready and inexpensive source of the monomer.

: CH;Cl
carboelectric
. duction Cu Catalyst _
S10, re—p 1 S —— (CH;),SiCly_, + other silanes
fluidized bed
94 95 300°C 96
Scheme 26

The period between the discovery of the direct process and the mid-1960s was
a renaissance for the development of commercial methods for the synthesis of PDMS
and related materials.'3>"'8 The preparative approach that was used was the con-
trolled hydrolysis of (CH3),SiCl, (Scheme 27). The isolated products of this reaction
are a mixture of small cyclic dimethylsiloxanes, mainly the cyclic trimer and tetramer
(99), in addition to linear hydroxyl end-functional oligomers (100). The formation of
rings and linear species occurs presumably through hydrolytic polycondensation of
the silanediol intermediate (98). The linear compounds that are prepared by this
method are relatively short-chain oligomers. However, higher molecular weight
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polymers can be obtained from 100 by removing water from the reaction mixture
and/or by catalytic polycondensation. Importantly, 100 can undergo thermal or cata-
lytic redistribution— depolymerization to increase the yield of cyclic materials, which
in a separate reaction, can be polymerized by ring-opening polymerization (ROP)
methods. Industrially, chain—ring interconversion reactions have been sufficiently
refined so that there currently exists excellent control over the linear or cyclic species
that are obtained.'®” Which species prevails depends on the kinetics of the competi-
tion between intra- or intermolecular condensation. Thus, the concentration of the
intermediates can be used to direct the reaction in water or other protonic solvents.
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Scheme 27

The kinetics and mechanism of oligosilanol polycondensation are further com-
plicated by redistribution—disproportionation, and depend on the monomers, catalyst
(e.g., acids, bases, metal salts, chlorinated PN oligomers), solvent, whether catalysis
is homogeneous or heterogeneous, the length of the reacting chains, the concentration
of reacting oligomers, and the presence of surfactants.!®¥ For example, Chojnowski
et al. have shown that cyclic products are preferred in dilute solutions.!®® On the
other hand, if polycondensation is carried out in an aqueous emulsion containing a
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sulfonic acid surfactant, linear polymers with molecular weights as high as 1 X 10%
can be obtained.!”°

Catalytic ring-opening polymerization (CROP) is the synthetic method of
choice to obtain high molecular weight linear polysiloxanes. Control of polydis-
persity, framing group functionality, degree of crosslinking, and other important
characteristics lead to commercially useful products. Much of the published work
on CROP involves studies of the cyclic trimer and tetramer (99, n=3,4).191:12
They are usually used as a mixture in the commercial preparation of siloxane
polymers.

Regardless of initiator or monomer used, the CROP reaction may be carried out
to equilibrium (thermodynamic control) if a high yield of polymer is sought. Both
rings and linear materials are formed. The process is almost enthalphically neutral and
thus independent of temperature. The driving force of the reaction, therefore, is attrib-
uted to the large increase in entropy that results from the higher degree of conforma-
tional flexibility of the open-chain polysiloxanes relative to the rings.!*> Furthermore,
the presence bulky or polar substituents on the cyclic monomer decreases the entropy
change on ring scission and leads to lower yields of linear polymers. For example,
when taken to equilibrium, the CROP of [(CH3),Si0]; gives ~82% by weight of lin-
ear polymers (i.e., ~12% cyclics) whereas [(CF;CH,CH,)(CH;)SiO]; gives only
18% linears (82% cyclics, mainly of n=3-6). [Ph,SiO]; gives essentially no linear
materials.'**

The molecular weight of the linear polymers can be controlled to some
extent in equilibration polymerization in two ways: (1) by adjusting the quantity of
initiator used in the reaction and (2) by adding an end-blocking agent such as
hexa-methyldisiloxane, which places nonreacting trimethylsilyl groups at the
chain terminals. In addition to the pervasive presence of cyclics in the products,
other drawbacks to equilibration polymerization are the large polydispersity of
the polymer (=2) and the lack of chain microstructure control when the monomer
contains several different framing groups. In order to minimize the ring
closure reaction and an equilibrium distribution of products, the polymerization
reaction can be prematurely quenched by deactivating the catalytically active ter-
minus. 38

Kinetic control and early quenching of the ring-opening reaction avoid many
of the problems associated with the equilibrium polymerization process, where (1)
advantage is taken by the relatively high reactivity of strained cyclic oligomers, (2)
the rate of chain extension exceeds the rate of ring closure and depropagation, and
(3) redistribution is kept to a minimum, thereby reducing the polydispersity of the
final product. Kinetic control is achieved with anionic or cationic catalysts. For
example, anionic CROP may be represented, in its simplest form, by the following
initiation and aggregation steps (Scheme 28). In this reaction, catalyst 102 is an alka-
line metal or other positively charged inorganic or organometallic ion and X~ is a
basic anion (OH™, silanolate ion, etc.).!”> The reaction may be accelerated by the
addition of a strong nucleophile.
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Kinetic investigations of model reactions indicate that the propagation process
is quite complex and involves ion—oligomer (103) and intermolecular
oligomer—oligomer (104a) and/or associative—intramolecular (104b) aggregate inter-
actions.!”!19¢197 In addition, the presence of even small quantities of protonic solvents
such as water or alcohols leads to polymers with broad and bimodal molecular weight
distributions. ¥

104a 104b

It is widely recognized that the properties of random, alternating, and block
polysiloxane copolymers differ. These properties depend on the sequencing of the
substituents on silicon; i.e., regularity of the polymer microstructure. As a result,
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there has been substantial interest in understanding those factors that control stereo-
and regioselectivity in the ROP of cyclic oligomers. To date (2003), it has been
extremely difficult to isolate highly stereoregular (e.g., isotactic) polysiloxanes even
if stereospecific monomers are used.!®® For example, Mazurek et al. found that
equilibration polymerization of 1,1-diphenyl-3,3,5,5-tetra-methycyclotrisiloxane
(106) gives the same random distribution of siloxyl units as does the copolymeriza-
tion of equivalent amounts of the perphenylated and permethylated cyclic
tetramers.”’”’ Some regiospecificity is obtained by quenching a cationic-ROP of
oligomer 106 using triflic acid as a catalyst. The product in this case is mainly a sym-
metric arrangement of triad units (~68% —O-SiMe,—O—-SiPh,~O—-SiMe,—) that
result mainly from ring opening at the oxygen, which bridges the Me,Si groups (106,
a). The reaction leadsto a lesser quantity of the unsymmetrical triad units
(~32%—-0-SiMe,—0—-SiMe,—0-SiPh,~), which result from unsymmetric scissions
(106, b).2"!

106

Weber and Cai, on the other hand, have reported that anionic ROP of a cyclic
trimer containing a divinylsilyl moiety (107, Scheme 29) proceeds through the inter-
mediate 109 using dilithiodiphenylsilanediolate as a catalyst. This gives the regio-
specific polysiloxane (111).2°2 However, if a cationic catalyst such as triflic acid is
used, monomer 107 undergoes a chemoselective ROP to give a complex mixture of
dimethylsiloxane-divinylsiloxane copolymers with four divinyl-centered and seven

dimethylsiloxyl-centered pentads.
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There has been considerable attention to developing materials that take advan-
tage of the unique properties of the siloxane chain (e.g., low glass transition tem-
perature, low surface energy, high gas permeability, high thermal and oxidative
stability, high resistance to electromagnetic radiation, and chemical inertness) and to
coupling these features with the properties of organic polymers.2?3-20 The ability to
include a wide variety of reactive substituents either along the chain or at the termini
of a polysiloxane provides a convenient synthetic route to hybrid polymers. In this
manner, an array of block, graft, and network organic siloxane copolymers has
been prepared. For example, Chaumont et al. have shown that hydrosilylation of a
difunctional o,m-divinyl-terminated organic polymers (112) with a difunctional
o, ®-SiH-terminated oligo- or polysiloxane (113) produces block copolymers with
hydrolytically stable Si—C linkages between the siloxane and the organic units (114,
Scheme 30).2%7 The same type of reaction can give graft copolymers if Si—-H func-
tional groups are along the polysiloxane chain.?%3
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A series of hybrid organic PDMS block copolymers linked by a Si—Y—C bridge
(Y=0, N, etc.) have also been prepared.”’® 212 One of earliest reports in this area was
by Vaughn,?!* who synthesized copolymers of bisphenol A polycarbonate and PDMS
by polymer—monomer polycondensation of chlorine-terminated PDMS (115) with
excess bisphenol A (116) and phosgene (Scheme 31). The composition of the product
(117) depends on the relative quantities of reagents used in the synthesis. The
microstructure and morphology of these random alternating copolymers were later elu-
cidated by Lind.>'* Similar methods have been used to prepare polyester-PDMS,!
polyamide-PDMS,?!'¢ polyurea-PDMS,?%%2!7 polyisoprene-PDMS,?'® and poly-
urethane-PDMS  copolymers.?!® Extension of this method involving polymer—
polymer polycondensation was used to obtain other regularly alternating PDMS-organic

(e.g., polyethylene,??° polystyrene,??!' polyketone,??? and polysulfone??®) hybrids.
Me
C—pPDMS—Cl + HOOH
Me
115
o 116
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Me (0] Me Me (0]
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Scheme 31



Silicon 227

An interesting approach to the synthesis of “perfect” hybrid organic PDMS
multiblock copolymers was reported by Nair and Clouet.??* The combined thermal
initiator-chain transfer-chain terminator (iniferter) properties of alkylthiuram
disulfides were applied to initiate the polymerization.?>> PDMS copolymers (121)
with methylmethacrylate, styrene, and acrylamide were made using this strategy
(Scheme 32). PDMS segments with molecular weight from 400 and 3000 were used.
The average number of A-B copolymer blocks ranged from 2 to 11 and the molecu-
lar weight of the vinyl block was as high as 10°.
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Scheme 32

Side-group modification of polysiloxanes was used to obtain copolymers with
organic grafts (124, 127, 130, 132). Thus, polysiloxanes containing Si—X and
Si—C—X groups, where —X is a reactive group on silicon (e.g., X=H, C=C, OH, SH,
OR, CN, NH,), and —C—X has an organic functional substituent, have been prepared.
Several examples of graft polymer formation are given in Scheme 33. These include
catalytic hydrolsilylation,??® hydrophosphination,??”-*?® and thiol-ene addition.??’

Polycondensation reactions have also led to some interesting and unusual liquid
crystalline and conducting polysiloxanes. For example, one-dimensional disk-shaped
(shish-kebab) polysiloxanes (133) with a degree of polymerization of ~15 have been
prepared by polycondensation of dihydroxysilicon phthalocyanines.?**?3! The prod-
uct is uniformly hydrophobic, rotationally symmetric, and highly ordered, and has mul-
tilayered chains. These materials also have favorable dynamic and mechanical
properties that are comparable to polyamides such as Kevlar. Furthermore, if doped
with iodine, the materials have useful magnetic, electric, and optical properties.

E. Polysilsesquioxanes

In 1946, Scott reported the first the example of oligomeric organosilsesqui-
oxanes [CH;Si0; 5],.2** This compound was isolated from the thermal rearrangement
of the cohydrolysis product of dimethyldichlorosilane and methyltrichlorosilane.
Reviews by Pittman et al. and Baney et al. showed the increasing interest in the chem-
istry of silsesquioxanes since the early 1950s.23323% Polyhedral oligomeric
silsesquioxanes (POSS) are inorganic—organic hybrid materials with an inner inor-
ganic framework of silicone and oxygen. The organic substituents on the outer sur-
face of POSS permit the incorporation of these compounds into polymeric materials.
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Polyhedral oligomeric silsesquioxanes have been divided into categories according to
their architectural makeup. These include ladder (134) random (135), partial cage
(136) and cage (137-139) structures. The cage structures 137-139 have Ty, T}, and

T}, geometries, respectively.
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The synthesis and polymerization of a styryl-substituted POSS, R,(SizO,)
(CH,CH,C¢H4,CH=CH,) (142) (Scheme 34), was accomplished by Haddad and
Lichtenhan.?*> Reaction of trisilanols (140) with a 3:1 mixture of the para and meta
isomers of (styrylethyl)trichlrosilane (141) resulted in the isolation of 142. Homo-
polymerization of 142 initiated by AIBN led to the formation of the styryl-POSS
polymer (143). The copolymerization of 142 with 4-methylstyrene generated
copolymer (144). The polymers with cyclohexyl substituents on the POSS cage
exhibited much higher solubility than the cyclopentyl derivatives.?*> Using a similar
strategy, norbornenes with pendent POSS groups were also synthesized and poly-

merized using ring-opening metathesis polymerization.

236
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Pittman and coworkers have reported the synthesis of epoxy copolymerized
composites incorporating either a multifunctional polyhedral oligomeric sil-
sesquioxane (145) or polyphenylsilsesquioxane (146) in their structures through ther-
mal curing reactions.”3” The incorporation of these silsesquioxane units into the
epoxy resin increased its flexular modulus; however, their flexular strengths are lower
than that of the neat epoxy. The units of monomer 145 appeared to be molecularly dis-
persed throughout the epoxy matrix when observed by TEM at a magnification of
8 X 10°. Pittman’s group also copolymerized commercial vinyl esters with 145 using
a MEP peroxide/cobalt salt catalyst system.?3® Some of monomer 145 was molecu-
larly dispersed and silicon-rich domains as large as 80 nm were also present as a result
of phase separation. These phase-separated regions were polymerized and could not
be extracted or dissolved. A number of other crosslinked polymers have been isolated
from the reaction of multifunctional epoxy and methacrylate POSS monomers.?3-242
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Laine and coworkers have reported the hydrosilation copolymerization of octahy-
dridooctasilsesquioxane (147) with the octavinylsilsesquioxane (148) (Scheme 35)
using platinum divinyl-tetra-methyldisiloxane as the catalyst.?*> The resulting poly-
mer (149) formed a gel within 9h and had a degree of condensation of 43%.
Lengthening the spacers between the cubes resulted in a greater degree of reaction,
and gelation occurred more rapidly.

The synthesis of polyhedral oligomeric silsesquioxane-siloxane copolymers
has been achieved by Lichtenhan and coworkers.?*#243 Reaction of the hydroxyl
groups on monomer 150 with bis-dimethylaminosilanes and siloxanes (151) resulted
in the formation of polymers such as 152 using the methodology described in
Scheme 36.2* This polymer had a glass transition at 23°C and a melting transition
at 114°C. On the basis of GPC measurements, this polymer had a degree of
polymerization of 21.
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I1I. GERMANIUM

The successful preparation of high molecular weight polysilanes suggested
that catenated germanium analogs might also be accessible. Like silicon, germanium
derivatives form cyclic and acyclic catenates. Soluble, high MW, substituted germa-
nium homopolymers (154) and silicon-germanium copolymers (156) have been
made by the Wurtz-type reaction of dichlorogermanium precursors (153) with
sodium dispersions (Scheme 37).246247 As frequently found in polysilane synthesis,
polygermanes (154) seem to exhibit binodal molecular weight distributions. The
charge transfer spectra of the TCNE adducts of permethylated polygermane have
been described by Mochida and coworkers.?*® The spectra of the charge transfer
complexes were red-shifted with increasing polymer chain length. The polygermanes
inserted into TCNE to produce 1-1 adducts at 50°C.



234 Silicon-, Germanium-, Tin-, and Lead-Containing Polymers

R R
| toluene |
Cl—Ge—Cl + 2Na —_— Ge
| heat | n
R R
153 154
R R = methyl, n-hexyl, n-octyl
2Na
Cl—Si—Cl
toluene
heat R
155
]
Ge—Si
| [ In
R R
156 random copolymer
Scheme 37

Highly branched polygermanes have also been isolated in high yields
by the demethanative coupling of HGeMe; using a catalytic amount of
Ru(PMe;)4(GeMes), (Scheme 38).24° The molecular weights of the polymers pre-
pared using this methodology were on the order of 10* to 10°. High molecular weight
polygermanes have also been prepared by reaction of a germanium dichloride com-
plex of 1,4-dioxane (157) with alkyl lithium compounds.?**?3! This methodology
gave better yields than did the traditional Wurtz-type coupling reactions typically
used to prepare polygermanes. The polymers (159) displayed high UV absorption as
a result of the conjugation within the polymer backbone and were photosensitive.?’!

|
GeClz'C4H802 + RLi1 [ G|C ]
R

157 158
R =CH; 159
CeHs
Scheme 38

Since the early 1990s, there has been an increased interest in the design of new
polymeric materials containing germanium. A monomeric system developed by
Sakurai and coworkers permitted the formation of a silane-germole copolymer, in which
the silane portion of the polymer is electron-donating.>> As shown in Scheme 39,
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monomer 161 reacted with a catalytic amount of butyllithium to undergo a highly
regioselective anionic polymerization to give polymer 162. This polymer had a M,
of 11,000 and a polydispersity index of 1.8.
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Scheme 39

Tilley and coworkers have also described the incorporation of a germole ring
into polymers to investigate the novel charge-transporting properties that these mater-
ials may display.>>* These conjugated polymers were prepared by Ni-catalyzed cou-
pling reactions of chloro- and bromo-substituted monomers (165). The M,, of polymer
166 was 20,000 with a polydispersity of ~2.9 when the bromo-substituted monomer
was polymerized (Scheme 40). The optical properties of the polymers were examined.
The A values for the absorption and emission of polymer 166 were 442 and
500 nm, respectively, and were red-shifted relative to monomer 165, which showed
Amax Values at 376 and 464 nm, respectively. In comparison to other conjugated poly-
mers such as poly(p-phenylene), the germole-containing polymers had a greater
degree of delocalization. The higher level of conjugation may be a result of the low-
lying LUMO (lowest unoccupied molecular orbital) of the germole ring. Higher-
molecular-weight polymers possessed higher quantum yields. For example, a polymer
with M,=4700 had a quantum yield of 0.52, while a polymer with M,=20,000 had a
quantum yield of 0.79. The cyclic voltammogram (CV) of the monomer showed an
irreversible reduction at —3.02 V versus Fc/Fc™, while the CV of the polymer showed
a quasi-reversible reduction at —2.66 V. The difference between monomer and poly-
mer redox potentials and their reversibility is consistent with the expected drop in the
HOMO-LUMO (highest occupied—lowest unoccupied molecular orbital) gap accom-
panying an increase in conjugation on polymer formation. Both the monomers and
polymers oxidized at approximately 0.6 V.25
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Wagener and Gomez reported the synthesis of organogermanium polymers,
such as 171 (Scheme 41) via acyclic diene metathesis polymerization (ADMET).?%*
These ADMET polymerizations were catalyzed using Grubbs’ or Schrock’s catalysts
to give 71-84% trans-polymers as determined by '*C NMR. The M, values were in
the range of 5000—-18,000, with polydispersities ranging from 1.4 to 1.8. These poly-
mers were 100% amorphous with 7, values ranging from —89 to —98°C.
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Scheme 41
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The synthesis of polyesters and polyamides containing germane units in the
polymer backbone were reported Tagle and coworkers.?>>2%¢ Scheme 42 shows the
phase-transfer-catalyzed polymerization of phosgene (172) with 173 to produce the
germanium-containing polycarbonate (174). Although the polymer yields were not
high, the inherent viscosities of the solutions increased somewhat. The authors
attempted the reaction in the absence of catalyst and found that no reaction occurred.
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Scheme 42

Organogermanium polymers were prepared by Kobayashi and coworkers via
the reaction of a germylene (175) with acetylene monomers (176) in the presence of
a rhodium catalyst (Scheme 43).2%7 Copolymer 177 incorporated a larger ratio of
polyacetylene units than germanium units in the backbone.
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Kobayashi’s group also conducted the oxidation—reduction polymerization
(Scheme 44), where the germylene (178) acts as a reductant and the p-benzoquinone
(179) as an oxidant.?®2% This polymerization occurs at —78°C to give high MW
polymers (>10°) within 1h. These copolymers (180) were stable at room tempera-
ture and were resistant to moisture and air. The mechanism of this reaction was stud-
ied by ESR spectroscopy. It was found that the reaction proceeded via a biradical
mechanism involving a germyl and a semiquinone radical.?*

N(SiMe3),
Ge[N(SiMe;),], + O 0o —» Ge—O 0%
N(SiMe3), "
178 H R R
179 R =H, Ph, ‘Bu 180

Scheme 44

Both 5- and 6-membered cyclic germylenes (e.g., 181) have also been reacted
with p-benzoquinones (182) in a 2:1 ratio to give the organogermanium polymers
with metal-metal bonds in their backbones (183) (Scheme 45).25%26° The MWs of
these materials were approximately 10°, with polymer yields around 90%. The
polymers had lower thermal stabilities than did their linear analogs because of the
instability of the Ge—Ge bonds. The decomposition temperatures were around
150°C, while the melting temperatures of the polymers with acyclic germylenes
were about 235°C.2%0

SiMe, R R , R R
I\§ Me; Si~ ~SiMe;
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SiMe, R R R R
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Scheme 45

Poly(germanium enolate) (186) has been synthesized as shown in Scheme
46.250.261 In order to form a polymeric material, o, B-unsaturated carbonyl compound
was required to react with a germylene in the presence of a lithium catalyst such as
LiCl or LiR. It was believed that initial formation of a germyl anion species was
achieved by coordination of the Li catalyst to the germylene compound.
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Nucleophilic attack of the germyl anion toward the B carbon of the cyclic ketone
formed a lithium enolate that coordinated to the germylene regenerating a germyl
anion. The organogermanium polymer was stable in aqueous solution and had a
M,, > 10°, T,=40°C, and T,,=221°C.

_ /o N(SiMe;),
(Me381)2N\ / Li catalyst /
Ge + & —_— —[— Ge—O n
(Me;Si),N (CHym N(SiMej3), (CHy)m
184 185 186
Scheme 46

Poly(germyl ether)s (189) were synthesized by Nishikubo and coworkers by
reaction of dimethyldiphenoxygermane (187) with bis-epoxides (188) (Scheme
47).2%2 The reactions were carried out with fetra-butylphosphonium chloride as the
catalyst to give the organogermanium polymers in good yields and moderate molec-
ular weights. The analogous poly(silyl ether)s had much higher molecular weights
and were not as sensitive to water and wet solvents. Germanium polyesters were also
reported by Carraher and Dammeier in 1971.263
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Reaction of CaGe, with HCI led to the formation of crystalline, layered
polygermyne (GeH), (Scheme 48).26% The crystallinity of the polygermyne could be
increased by lowering the reaction temperature. The crystalline polygermyne (191)
prepared in this study was reddish in color and displayed intense photoluminescence
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at 920 nm. The polymer also displayed semiconducting properties with an activation
energy of ~460 nm (i.e., half of the energy of the photoluminescence maximum).2%4
Amorphous polygermynes (GeR), formed by Wurtz coupling of organotrichloroger-
manes are light brown and display weak photoluminescence at 560 nm.2®> Branched
oligogermanes with alkyl or aryl substituents have also found applications in
micropatterning as a result of their UV light sensitivity.?%

n CaGe, + 2nHCl —> (GeH),, + ~nCaCl,

190 191

Scheme 48

IV. TIN

In 1849, Sir Edward Frankland reported the first example of an organotin com-
pound.?®” Tt was over 100 years later that Adrova et al. reported the synthesis of
polyolefins with tin ester side chains (192).2% Crosslinked polymers incorporating
organotin moieties in the structures (193) were also synthesized by Leebrick.?%
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Developments in this field then became rapid due to those polymers’ bioactiv-
ity, and in the 1960s organotin polymers were reviewed.?’?’> Adrova et al. also
described the incorporation of organotin moieties into the backbones of polymers
using the strategy shown in Scheme 49.273 The reaction of monomer 194 with organ-
otin hydrides such as 195 led to the isolation of polymer 196. This polymer had a
degree of polymerization of approximately 25.
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Polymers with organotin side chains are also important because of their appli-
cations in lithography. Trimethylstannyl groups are sensitive to electron-beam radia-
tion, and they resist oxygen- and fluorocarbon-based plasma degradation.?’* For
example, polymethacrylates containing trimethylstannyl groups in their sidechains
were prepared by the AIBN-initiated polymerization of the organotin methacrylate
monomers as shown in Scheme 50. Copolymerization reactions with methyl metha-
crylate were also performed and reactivity ratios showed that these reactions formed
perfectly random copolymers. The influence of the trimethyltin groups on the glass
transition temperatures of these polymers were compared to that of poly(methyl
methacrylate) (PMMA) prepared using the same reaction conditions. PMMA had a
T, of 115°C, while the T, values of the tin-containing polymers were dependent on
the R group. When R=H, the 7, was 40°C, however, the incorporation of dimethyl
groups into the polymer side chains resulted in a 7, at 145°C.
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High molecular weight linear and branched polystannanes have been synthe-
sized by dehydropolymerization of secondary organostannanes.?’>~2’” Polystannane
homopolymers such as 200 (Scheme 51) have been prepared via dehydropolymeriza-
tion of Bu’ SnH, (199), Hex3SnH,, and Oct5SnH, using zirconocene catalysts. While
some cyclic species were obtained, the predominant product was a polymer with an
average degree of polymerization of ~51.27° These polymers had A,,,, values between
380 and 400 nm, which were assigned to 6 to 6* transitions. Thin films of the dialkyl
substituted polystannanes doped with SbF5 had conductivities as high as 0.3 S/cm.?”>
Polystannanes are readily oxidized and are sometimes spontaneously flammable.

Bu”
Bu/,SnH, [Zr(C5H5)(C5MeS){Si(SiMe3)3}Me]= [ |S+
L™ 1,
199
Bu”
200

Scheme 51

Tin-containing polymers are also known to possess biological properties.
Organotin groups in the form of tributyltin functions (Bu3Sn—) have proven to have
powerful antimicrobial properties and are generally biocidal. For example, they were
widely used in marine antifouling coatings for ship bottoms, for paints, and in wood
preservatives both in low molecular weight compounds and as polymers.?’® The
antiviral agent acyclovir (201) has also been incorporated into a polymer containing
a tin moiety (203) (Scheme 52).2”°
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In the mid 1970s, monomers that were derivatives of triphenyl- or tributyltin
were found to be much more effective than cuprous oxide paints in controlling foul-
ing. Organotin compounds formulated into paints slowly leached, so the coatings
were excellent at first, but lost their antifouling ability with time. Thus polymers of
tin were prepared where the tin could leach from the polymer only via a chemical
hydrolysis of covalently bonded tin functions. This produced a low and steady leach
rate and created hydrophilic sites on the binder resin. This layer of resin then
washed away, exposing a new layer of polymer-bound organotin. Zeldin and Lin
prepared isotactic, syndiotactic, and heterotactic poly(tributyltin methacrylate) and
copolymers with styrene and have shown that tin release depends on polymer
microstructure.?8%-28! These coatings are known as controlled-release, self-polish-
ing, or ablative coatings. The tin-containing polymers lasted about 5 years when
applied at a dry-film thickness of 375 um. Typical representative structures are 204
and 205. Since organotin compounds kill many organisms and affect the growth and
reproduction of others, many nations now restrict organotin coatings to vessels with

aluminum hulls greater than 25 mm long.?82-283
Me Me
I, | I I, 1 I
|O o (l) ¢}
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Sn
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A series of organotin polyesters, polyethers, polyamines, polythioethers, poly-
aminoesters, and polyetheresters (207-212) have also been prepared by reacting
dialkyl (or bis-alkoxycarbonylalkyl) dichlorides with (1) organic dicarboxylic acids,
(2) diols or diphenols, (3) diamines, (4) dithiols, (5) amino acids, and (6) hydroxy
acids as shown in Scheme 53.2%4

A number of polymers containing tin and silicon have also been synthe-
sized.?872%7 The poly(organostanno-organosiloxane)s (215, 217) shown in Scheme
54 were found to have improved thermal stability and lubricating properties over
polysiloxane lubricating oils.?’

Tin—oxygen polymers derived from alkanestannoic acids [RSn(O)OH] are
reported to be hydrolytically stable, insoluble in most organic solvents but soluble in
alcohols (MeOH, EtOH, PrOH) via formation of some tin esters. Evaporation of
alcohol and heating gives transparent “plastics,” which Noltes has described as hav-
ing complicated crosslinked structures (218).2%% Another contributor to this area,
Zhivukhin et al., characterized the structure of the product from 1-butanestannoic
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acid after heating as having cyclic units in a sometimes crosslinked structure
(219).2%° The polymerization of distannoic acids in alkali media gives tin—oxy-
gen—carbon-bonded polymers. These are stable on heating to 360°C and are gener-

ally stable to alkali.
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The synthesis of one- and two-dimensional polymers has been achieved by
Wang et al. via the self-assembly of dicarboxylic acids with trimethyltin chloride.?*"!
Scheme 55 shows the synthesis of a two-dimensional sheet polymer (223) consisting
of dimeric dicarboxylato-tetra-organodistannoxane secondary building blocks via
reaction of diphenic acid (220) with trimethyltin chloride (221) under hydrothermal
conditions. The synthesis of a rhombohedral grid polymer with tetra-organodistan-
noxane units has also been synthesized by reaction of 4-hydroxy-3-methoxybenzoic
acid with trimethyltin chloride.>?
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V. LEAD

There are a limited number of examples of lead-containing polymers. This is
attributed partially to the insolubility of suitable organolead monomers. In the 1970s,
Carraher and Deremo Reese reported the synthesis and thermal properties of
lead(IV) polyesters.?*3-2% Reaction of dialkyllead dichloride (224) (Scheme 56) in
DMSO with dicarboxylic acids (225) in 50% DMSO-H,O0 led to the isolation of the
lead containing polymers (226) (Scheme 56).

Thermal analysis showed that initial degradation steps occurred between 200
and 300°C. At higher temperatures, PbO, was determined to be the residue formed.
Table 2 shows the percent yields and percent lead measured for the polymerization
of different monomers.?%3-2%
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Table 2 Yields for Lead-Containing Polymers
Et,PbCl, Ph,PbCl,
Diacid % Yield % Lead % Yield % Lead
2,5-Dichloroterephthalic 30 448 12 354
Terephthalic 67 48.3 24 41.0
2,5-Dimethylterephthalic 75 47.8 27 34.6
Nitroterephthalic 32 46.3 — —
Bromoterephthalic 44 44.5 — —

The synthesis of organolead polymers has been reported by Fischer and
coworkers by combining aqueous solutions of Me;PbCl and K4[M(CN)s] (M=Fe,
Ru), assemble to give supramolecular assemblies.?’® Edelmann and coworkers have
also reported the supramolecular assembly of triphenyllead(IV) dimethylphosphino-
dithioate to produce a linear polymer with the structure 227.2°7 It was noted that the
phosphinodithioate ligands were bridging with nearly linear S—Pb—S segments.
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VI. SUMMARY

With the exception of carbon, which is a nonmetal, a wide variety of macro-
molecular structures containing Group IVA main group elements have been dis-
cussed in this chapter. Most of the work has been done with silicon-containing
structures because of the industrial importance of polysiloxanes, polysilanes, poly-
carbosilanes, polysilazanes, and oligomeric silsesquioxanes. Tin-containing macro-
molecules have also received a great deal of attention, much of it driven by the
biological activities of the organotin compounds. The variety of germanium-
containing products is greatly reduced compared to tin and silicon mainly because
of its expense and the lack of suitable commercially available starting materials. The
least well studied of the group IVA—containing macromolecules are those of lead,
possibly because of their generally poor solubility and toxicity.
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silole ring complexation, 137

G
Gel permeation chromatography (GPC), homoan-
nular polymetallocenes, 58—59
Germanium:
heteroannular polymetallocenes, ferroceno-
phane-based polymers, 80-85
structure and properties, 230-238
Germylene, germanium polymers, 238-240
Glass transition temperatures:
metallocene polymers:
hyperbranched polymer structure, 87-89
sidechain structure, 4347
n-coordinated arene complexes, sidechain struc-
ture, 123-125

H
Halogenated organosilanes,
209-210
Halosilanes, Wurtz reductive coupling, 201-202
Head-to-tail polymers, polyacetylenes, sidechain
structure, 51-52
Heck reaction:
cyclobutadiene ring structures, 140—143
metal coordination polymers:
porphyrins, 178-179
pyridine ligands, 185-188
Heptametallic complexes, metal coordination
polymers, pyridyl ligands, 193-195
Heteroannular polymetallocenes, structural prop-
erties, 40, 59-85
conjugated systems, 71-74
coordination polymers, 74-76
ferrocenophane-based polymers, 76—85
metal/metalloid spacers, 6671
polyamides, polyurethanes, polyureas, poly-
esters, and polybenzimidazoles, 62—65
polyferrocenylenes, 59-62
Heterocyclic rings, metal-o bonds, acetylide poly-
mers, 156-159
Highest-occupied molecular orbital (HOMO), ger-
manium polymers, 236240
Homoannular polymetallocenes:
ferrocenophane-based polymers, 84-85
structural properties, 40, 57-59
Homopolymers:
germanium, 233-240
organometallics, kinetics, 11-16

polycarbosilanes,

n-coordinated rings, sidechain configuration,
120-125
polyhedral oligomeric silsesquioxanes (POSSs),
230-232
silane synthesis, 201-202
Hydroquinone manganese tricarbonyl complexes,
supramolecular assembly, 125-126
Hyperbranched structure:
branched polymers, 24-26
metallocene-based polymers, structural proper-
ties, 4041, 87-89
n-coordinated arene complexes, dendrimers and
stars, 126—-131
polycarbosilanes, 213-215

I

Iniferter properties, polydimethylsiloxanes (PDMS),
227-228

Iron polymers, network structures, 7-8

L
Ladder structures:
polyhedral oligomeric silsesquioxanes (POSSs),
228
polysiloxanes, 221
Lanthanides, Schiff base polymers, 173-176
Lead-containing polymers, structure and proper-
ties, 246248
Lewis bases, step-growth polymerization, 27-30
Linear polymers:
polycarbosilanes, 208-215
polysiloxanes, 221, 224
polysilylenes, 205-206
tin compounds, 242-246
Lithography, tin polymers, 241-242
Low critical solution temperatures (LCSTs), met-
allocene polymers, sidechain structure, 4447
Lowest unoccupied molecular orbital (LUMO),
germanium polymers, 236240
Low molecular weight polymers:
heteroannular polymetallocenes, conjugated
systems, 73-74
organotin groups, 243-246
polycarbosilanes, 209-215

M

Magnetic ceramics, hyperbranched polymer struc-
ture, 87-89

Mark-Houwink exponent, acetylide complexes,
metal-o bonds, 153-154

“Masked” disilylenes, polysilylene preparation,
204-205

Metal-carbene units, organometallic polymers,
15-16
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Metal-containing monomers:
Schiff base polymers, 174—176
step-growth polymerization, 28—29
Metal coordination polymers:
chemical synthesis, 171-173
phthalocyanines, 179-181
porphyrins, 176179
pyridine and related systems, 179-195
benzimidazoles, 189—-192
bi- and terpyridine-based materials, 181188
catenanes, rotaxanes, and calixarenes,
188-189
dendrimers and stars, 193—195
reaction mechanisms, 33-34
Schiff base polymers, 173-176
structure and function, 4-9
Metal halides, organometallic polymers, 13-16
Metallic spacers:
heteroannular polymetallocenes, 66—71
n-coordinated arene ring complexes:
backbone configuration, 114-117
dendrimers and stars, 126131
Metallocene-based polymers:
heteroannular polymetallocenes, 59-85
conjugated systems, 71-74
coordination polymers, 74-76
ferrocenophane-based polymers, 76-85
metal/metalloid spacers, 6671
polyamides, polyurethanes, polyureas, poly-
esters, and polybenzimidazoles, 62—65
polyferrocenylenes, 59-62
homoannular polymetallocenes, 57-59
hyperbranched/crosslinked polymers, 87—-89
metal-o bonds, 149
multidecker polymers, 85-87
sidechains, 41-57
polyacetylenes, 51-52
polyaspartamide, 49—50
polyferrocenophanes, 5051
polynorbonenes, 5254
polyphosphazenes, 55-56
polysilanes, 5657
pyrrole and thiophene polymers, 4849
vinyl, acrylate, and acrylamide polymers,
41-47
stars and dendrimers, 90-94
structure and properties, 40—41
Metallocenophanes, ring-opening polymerization
(ROP), 31-32
Metal-metal bonds:
chemical properties, 159-163
cobalt polymers, 159-160
dimeric monomers, 159-160
iron bonds, 160—-161

molybdenum bonds, 162
oligomer complexes, 163
photochemically reactive polymers, 161
platinum bonds, 162
ruthenium/osmium complexes, 162—163
stars and dendrimers, 163—166
Metal/metalloid polymers:
heteroannular polymetallocenes, 66—71
step-growth polymerization, 27-30
structure and bonding, 1624
backbone configuration, 17-21
branched polymers, 24-26
sidechain configuration, 21-22
transition metals, backbone coordination, 23
Metal phosphinate polymers, structures, 6—7
Micelles, metal coordination polymers, pyridine
ligands, 182188
Mixed metal systems:
metal-metal bonds, 159-160
Molecular orbitals:
germanium polymers, 236-240
polysilylene structure, 208
Molecular weight (MW):
metal coordination polymers, 4-9
metallocene-based polymers:
heteroannular polymetallocenes, 59-62
homoannular polymetallocenes, 57-59
organometallic polymers, 9-16
polysilylenes, 207-208
Monomeric structures:
lead-containing polymers, 246248
polygermanes, 235-240
Massbauer spectroscopy:
metallocene polymers, sidechain structure, 43-47
organometallic polymers, 11-16
Multidecker structures, metallocene-based poly-
mers, 40-41
structural properties, 85-87
Multidentate ligands, metal coordination, 33—-34

N
Nitrogen, metal-o bonds, 148—149
Nonlinear optical properties:
metal coordination polymers:
porphyrins, 177-179
pyridine ligands, 185188
metallocene polymers:
heteroannular metal/metalloid spacers, 69-71
sidechain structure, 45-47
Nuclear magnetic resonance (NMR):
polycarbosilanes, 213-215
polysilylene structure, 208
Nucleophilic substitution, ring structures, m-coor-
dination, metallic moieties, 104—105
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(0]
Olefinic monomers:
chain-growth polymerization, 30-31
metal coordination complexes, phthalocyanines,
180181
n-coordinated rings, sidechain configuration,
120-125
tin polymers, 240-241
Oligomeric structures:
metal coordination polymers, pyridine ligands,
184-188
metal-metal bonds, 163
Organometallic polymers, 9-16
conjugated systems, heteroannular polymetal-
locenes, 71-74
ferrocenes, 9-10
n-coordination, ring structures:
arene complexes, 105-131
backbone pendence, 105-120
dendrimers and stars, 126131
sidechain structure, 120-125
supramolecular assemblies, 125-126
cyclobutadiene complexes, 140—143
five-membered rings, 131-136
cyclopentadienylmetal carbonyl
plexes, 131-136
dendrimers, 138-139
silole ring complexation, 137
nucleophilic substitution, 104-105
sandwiched metallocenes, 143-144
sidechain structure, 4647
polyaspartamide, 49—50
tin (organostannanes), 242-246
Oxidation reactions:
germanium polymers, 238-240
metallocene polymers, sidechain structure, 47
Oximes, metal-o bonds, oxygen, sulfur, and nitro-
gen, 148-149
Oxygen:
metal-o bonds, 148-149
organotin compounds, 244-246

com-

P
Paints, organotin groups, 243-246
Phase-transfer catalysis, germanium polymers,
237-240
Phosphine complexes, m-coordinated rings, back-
bone configuration, 110
Phosphorus bridging ligands, heteroannular poly-
metallocenes, ferrocenophane-based poly-
mers, 7685
Photochemically reactive polymers:
linear polysilylenes, 205-206
metal-metal bonds, 161

polygermanes, 235-240
Phthalocyanine polymers:
backbone configuration, 18-20
metal coordination complexes, 179—181
sidechain structure, 21-22
7 bonds:
metal-metal complexes, 166167
metal/metalloid polymers, 17-18
in backbone, 17-20
sidechain structure, 21-22
n-conjugated systems:
metal coordination polymers,
176-179
organometallic polymers, 15-16
polysilanes, 100
n-coordination, organometallic ring structures:
arene complexes, 105-131
backbone pendence, 105-120
dendrimers and stars, 126131
sidechain structure, 120-125
supramolecular assemblies, 125-126
cyclobutadiene complexes, 140-143
five-membered rings, 131-136
cyclopentadienylmetal carbonyl complexes,
131-136
dendrimers, 138-139
silole ring complexation, 137
nucleophilic substitution, 104—105
sandwiched metallocenes, 143—-144
n-electron delocalization:
metal-o bonds, acetylides, 153-154
silicon polymers, 3—4
n-7 interactions, Schiff base polymers, 177
Polyacetylenes, sidechain structure, 51
Polyamides:
heteroannular polymetallocenes, 62—65
metal coordination polymers, pyridine ligands,
186-188
n-coordinated rings, backbone configuration,
106-107
Polyaryleneethynylenes, heteroannular polymetal-
locenes, conjugated systems, 71-74
Polyaspartamide, sidechain structure, 49-50
Polybenzimidazoles, heteroannular polymetal-
locenes, 62-65
Poly(benzyl phenyl ether) dendrimers, five-mem-
bered ring structure, 136, 138139
Polycarbosilanes, structure and properties, 208-215
Polychelation, toxic metal ion removal, 171-172
Polycondensation reaction:
heteroannular polymetallocenes:
conjugated systems, 72-74
polyamides, polyurethanes, polyureas, poly-
esters, and polybenzimidazoles, 63—65

porphyrins,
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metallocene-based polymers, 4041
polysiloxanes, 228
ring structures, z-coordination, metallic moi-
eties, 104-105
Polycyclic polycarbosilanes, structure and proper-
ties, 208-215
Polydecker sandwich structure:
metallocene-based polymers, 85-87
metal/metalloid polymers, 18-20
Polydimethylsilane, structure and properties, 201
Polydimethylsiloxanes (PDMSs), structure, 2—4,
221-228
Polydiphenylsilanes, structure and properties, 201
Polydispersity index (PDI):
conjugated polymers, 73
polycarbosilanes, 212-215
polygermanes, 235-240
polysilylenes, 202-208
Polyesters:
heteroannular polymetallocenes, 62—65
metal coordination polymers, pyridine ligands,

186188
Polyferrocenophanes, sidechain structure, 50-51
Polyferrocenylenes, heteroannular structure,
59-62

Polyferrocenylethylene, sidechain structure, 41
Polygermanes, structure and properties, 232-240
Polygermynes, structure, 240
Polyhedral oligomeric silsesquioxanes (POSSs),
structure and properties, 228-232
Poly(9-hexylfluorene), five-membered cyclopen-
tadienyl rings, 134-136
Polyimines, m-coordinated rings, backbone config-
uration, 109-110
Polymers:
historical background, 1-2
metal coordination, 4-9
organometallic, 9-16
silicon, 24
structure and bonding, 1624
backbone metals/metalloids, 17-21
backbone transition metals, 23
branched polymers, 24-26
sidechain metals/metalloids, 21-22
synthetic methodologies, 24-34
chain-growth polymerization, 30-31
metal coordination, 33-34
ring-opening polymerization, 31-32
step-growth polymerization, 27-30
Polymetallocarborane staircase oligomers, poly-
decker sandwich structure, 87
Polymethacrylates, sidechain configuration:
metallocenes, 43-47
n-coordinated rings, 120123

Poly(methyl methacrylate) (PMMA), tin polymers,
242-246
Poly(n-butylphenylene) (PBP), n-coordinated
rings, backbone configuration, 105-106
Poly(n-hexylphenylene) (PHP), n-coordinated
rings, backbone configuration, 105-106
Polynorbornenes, sidechain structure:
copolymer configuration, 21-22
metallocene-based polymers, 52-54
m-coordinated arene complexes, 122—125
Polyphenylene dendrimers, cyclobutadiene ring
structures, 142—-143
Poly(phenyl ethynyl), m-coordinated rings, back-
bone configuration, 108
Polyphosphazenes, sidechain structure, 55-56
m-coordinated arene complexes, 124—-125
Poly(p-phenylenes) (PPPs), m-coordinated rings,
backbone configuration, 105-106
Polysilanes:
bond energy, 199-200
sidechain structure, 5657
structure and properties, 3—4, 200208
Polysilazanes, chemical properties, 215-220
Polysiloxanes:
metal-metal bonds, 159-160
sidechain structure, m-coordinated arene com-
plexes, 125
structure and properties, 2—4, 220228
Polysilsesquioxanes, structure and properties,
228-232
Polysilylenes:
polycarbosilanes and, 214-215
structure and properties, 200-208
Polystannanes, structure and properties, 242-246
Polystyrene:
metal coordination polymers,
176-179
sidechain configuration, 21-22
n-coordinated rings, 120—123
Polyureas, heteroannular polymetallocenes, 62—65
Polyurethanes, heteroannular polymetallocenes,
6265
Porphyrins, metal coordination polymers, 176179
Preformed polymers, metal coordination, 33-35
Pre-polymers, polysilazanes, 219-220
p-type semiconductors, heteroannular polymetal-
locenes, 61
Pyridine ligands:
heteroannular polymetallocenes, coordination
polymers, 74-76
metal coordination polymers, 179-195
benzimidazoles, 189-192
bi- and terpyridine-based materials, 181-188
catenanes, rotaxanes, and calixarenes, 188—189

porphyrins,
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dendrimers and stars, 193-195
porphyrins, 178-179

Pyridyl ligands, metal/metalloid polymers, transi-
tion metals coordination, 23

Pyrrole polymers, sidechain structure, 4849

Q

Quadrupole splitting, metallocene polymers,
sidechain structure, 43—47

R
Random  structures, polyhedral
silsesquioxanes (POSSs), 228
Reaction mechanisms, polymers, 24—34
chain-growth polymerization, 30-31
metal coordination, 33-34
ring-opening polymerization, 31-32
step-growth polymerization, 27-30
Redox reactions:
metal polymers, 27
pyrrole/thiophene polymers, 48—49
Ring-opening metathesis polymerization (ROMP):
mechanisms of, 32
polyhedral oligomeric silsesquioxanes (POSSs),
230-232
polynorbornenes, sidechain structure, 5254
Ring-opening polymerization (ROP):
mechanisms of, 31-32
metallocene-based polymers, 40—41
ferrocenophane-based polymers, 7685
hyperbranched/crosslinked structures, 87-89
polyphosphazenes, 55-56
polysilanes, 56-57
n-coordinated arene complexes, sidechain struc-
ture, 122-125
polycarbosilanes, 210-215
polydimethylsiloxanes (PDMSs), 222-223
polysilanes, 204-205
polysilazanes, 216, 218-220
polysiloxanes, 224-228
Ring structures:
cyclopentadienyl rings, metallocene-based poly-
mers, 4041
heteroannular metal/metalloid spacers, 69—71
metal coordination complexes, phthalocyanines,
179-181
m-coordination, metallic moieties:
arene complexes, 105-131
backbone pendence, 105-120
dendrimers and stars, 126131
sidechain structure, 120-125
supramolecular assemblies, 125-126
cyclobutadiene complexes, 140—143
five-membered rings, 131-137

oligomeric

cyclopentadienylmetal
plexes, 131-136
dendrimers, 138-139
silole ring complexation, 137
nucleophilic substitution, 104-105
sandwiched metallocenes, 143144
polysilazanes, 215-220
polysiloxanes, 221
Rotaxanes, metal coordination polymers, 188—189

carbonyl com-

S
Schiff base polymers, structure and properties,
173-176
Schrock molybdenum metathesis catalyst, poly-
acetylenes, sidechain structure, 51
Scission:
polyamine dendrimers, 138-139
polysilanes, 204
Shish-kebab structures:
metal coordination complexes, phthalocyanines,
180181
metal/metalloid polymers, 18-20
Sidechain structure:
heteroannular polymetallocenes, ferroceno-
phane-based polymers, 82-85
metal coordination polymers, pyridine ligands,
182-188
metallocene-based polymers:
polyacetylenes, 51
polyaspartamide, 49-50
polyferrocenophanes, 5051
polynorbonenes, 52-54
polyphosphazenes, 55-56
polysilanes, 56-57
pyrrole and thiophene polymers, 48-49
structural properties, 40-57
vinyl, acrylate, and acrylamide polymers,
41-47
metals/metalloid polymers, 21-22
n-coordinated ring structure:
arene complexes, 120-125
five-membered cyclopentadienyl rings,
131-136
polysiloxanes, 228
tin polymers, 241-246
o bonded metals:
acetylide bonds, 153-159
aryl bonds, 149-150
cyclopentadiene bonds, 151-152
metallocene-based polymers, 40—41
metal/metalloid polymers, 17-18
in backbone, 17-21
metal-oxygen, metal-sulfur, and metal-nitrogen
bonds, 148-149
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polysilanes, 202-204
research background, 147-148
stars and dendrimers, 163—-166
o-electron delocalization:
polysilylene structure, 208
silicon polymers, 3—4
Silacycloalkanes, polysilane heteropolymers, 203
Silanes:
heteroannular polymetallocenes:
ferrocenophane-based polymers, 80-85
metal/metalloid spacers, 66—71
n-coordinated arene ring complexes, dendrimers
and stars, 130-131
Silicon:
chemical properties, 199-200
organotin compounds, 244-246
n-coordinated arene ring complexes, dendrimers
and stars, 130131
polycarbosilanes, 208-215
polymers, 2—4
polysilazanes, 215-220
polysiloxanes, 220-228
polysilsesquioxanes, 228-232
polysilylenes (polysilanes), 200-208
Silicon carbide fibers, polycarbosilanes, 214-215
Silicon nitride, polysilazanes, 215-220
Silole rings, five-membered complexes, 137
Siloxane bridges, heteroannular polymetallocenes,
metal/metalloid spacers, 66—71
Size-exclusion chromatography (SEC), polysi-
lylenes, 207208
Soluble systems:
metal coordination polymers, 8-9
n-coordinated ring complexes, backbone con-
figuration, 114-117
Sonogashira coupling, metallocene-based poly-
mers, homoannular polymetallocenes, 57-59
Stacked systems, metal/metalloid polymers:
backbone configuration, 18-20
sidechain structure, 21-22
Star structure:
branched polymers, 24-26
metal coordination polymers, pyridyl ligands,
193-195
metallocene-based polymers, 4041, 90-94
m-coordinated arene complexes, 126—131
o bond and metal-metal bonds, 163-166
o-metal bonds and metal-metal bonds, 163-166
Step-growth polymerization:
mechanisms of, 27-30
organometallic polymers, 14-16
Sulfur, metal-o bonds, 148-149
Supramolecular assembly, 7n-coordinated arene
complexes, 125-126

Suzuki coupling, metal coordination polymers,
pyridine ligands, 184188
Symmetric metallocenes, polymer structures,
94-95
Synthetic techniques:
polydimethylsiloxanes (PDMSs), 222-223
polyhedral oligomeric silsesquioxanes (POSSs),
232
polymers, 24-34
chain-growth polymerization, 30-31
metal coordination, 33-34
ring-opening polymerization, 31-32
step-growth polymerization, 27-30
polysilazanes, 216-220

T
Terpyridine-based materials, metal coordination
polymers, 181-188
Tetraarm complexes, metal coordination polymers,
193-195
Thermal curing, polysilsesquioxanes, 231232
Thermochromism, polysilylene structure, 208
Thermosensitive polymers, sidechain structure,
45-47
Thioethers:
metal-o bonds, oxygen, sulfur, and nitrogen,
149-150
n-coordinated ring complexes, backbone con-
figuration, 111-118
Thiophene polymers:
Schiff base polymers, 174—176
sidechain structure, 48-49
Thiopicolinamids, structure, 69
Three-dimensional networks, polysiloxanes, 221
Tin:
bridging ligands, heteroannular polymetal-
locenes:
ferrocenophane-based polymers, 80-85
metal/metalloid spacers, 6671
structure and properties, 240-246
Transition metals:
backbone structure, 23
heteroannular polymetallocenes, ferroceno-
phane-based polymers, 84-85
metal-o bonds, acetylide polymers, 155-156

U

Uranyl ions, toxic metal ion removal, 171-172

\%

Vinylferrocene:
redox reactions, 27
sidechain structure, 41-47
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Vinyl polymers:
five-membered structures, cyclopentadienyl
carbonyl complexes, 131-136
polycarbosilanes, 212-215
sidechain structure, 41-47
3-Vinyl-bis-fulvalenediiron, sidechain structure,
metallocene polymers, 4247

w

Water-soluble polymers, heteroannular polymetal-
locenes, ferrocenophane-based polymers,
82-85

Waurtz reductive coupling:
germanium polymers, 233-240
halosilanes, 201-202
ring silanes, 204

Y

Yajima process, polycarbosilanes, 214-215





