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This is the second volume in the series, Macromolecules Containing Metal and
Metal-like Elements. The first volume presented a half-century, historical perspec-
tive of metal- and metalloid-containing polymers. This tome on iron-containing
polymers represents the first of several thematic volumes that will be published
within this series. The lead chapter highlights the development of organoiron poly-
mers since the early 1950s. It also describes many of the different classes of these
macromolecules and the current trends in the field. The subsequent 10 chapters
review many of the important findings from research groups from around the world.

Two different classes of organoiron polymers are the focus of this volume: 
ferrocene-based macromolecules and polymers containing cationic arene cyclopen-
tadienyliron complexes incorporated into their structures. Ferrocene-based polymers
are the best-examined class of organo-transition-metal polymer. Since they were first
examined in the 1950s, this class of organoiron polymer has been synthesized by
almost all imaginable polymerization techniques.

Since the early 1990s, significant advances have been made in the synthesis of
new classes of high-molecular-weight ferrocene-based polymers. This has led to
countless examples of homo- and copolymers with well-defined structures. These
materials exhibit attractive electrochemical, optical, thermal, biological, and magnetic
properties. New structurally defined copolymers have also been shown to possess
interesting morphologies. While arene complexes have also been known since the
1950s, polymers containing these cationic cyclopentadienyliron moieties in their
structures were not reported until the 1990s.

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

John E. Sheats
Martel Zeldin
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xv

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.

Series Preface
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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

xvi Series Preface
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CHAPTER 1

Overview of Organoiron Polymers

Alaa S. Abd-El-Aziz

Department of Chemistry, The University of Winnipeg, 
Winnipeg, Manitoba, Canada
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I. INTRODUCTION

Iron is the second most abundant metal and the fourth most abundant element
found in Earth’s crust. In 1951, Kealy and Pauson made the extraordinary discovery
of ferrocene.1 Prior to that time, complexes containing transition metal–carbon
bonds were rare, and it was thought that these bonds must be unstable. The high 
thermal stability of ferrocene changed many of these ideas, and organoiron chemistry
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became the focus of numerous investigations. From the initial reports on the synthe-
sis and structure of ferrocene, there have been countless studies examining the
chemistry of organoiron complexes.1–3

The rich chemistry of ferrocene stems from the nucleophilicity of the cyclopen-
tadienyl rings, which allows for their reactions with numerous electrophiles. Within a
few years of its discovery, a number of functionalized ferrocene molecules had been pre-
pared, and in 1955, the first polymer containing ferrocene in its structure was reported
by Arimoto and Haven.4 In the years to follow, the fascinating chemistry associated with
ferrocene led to research in the synthesis of ferrocene-based polymers in which the
organometallic group exists in sidechains, the mainchain, or discrete locations within
the polymer.5–7 Ferrocene-based polymers are the most well-examined class of
organometallic polymer, and their methods of synthesis and their properties cover a
wide spectrum. These types of polymers have been shown to exhibit interesting electro-
chemical, optical, thermal, morphological, pharmacological, and magnetic properties.5,6

The displacement of one of the cyclopentadienyl rings of ferrocene by an arene
allows for the isolation of cationic η6-arene-η5-cyclopentadienyliron complexes.8

While Coffield and coworkers reported the first cyclopentadienyliron coordinated
arene in 1957 by refluxing mesitylene with cyclopentadienyliron dicarbonyl chloride,9

it was 6 years later when Nesmeyanov and coworkers prepared these complexes using
ferrocene.10,11 These cationic organoiron complexes had properties very different from
those exhibited by ferrocene. For example, the complexed benzene rings were found
to be susceptible to attack by nucleophiles, and did not show the same reactivity as did
uncomplexed benzenes. Also, while the iron centers in ferrocene undergo stable elec-
trochemical oxidation, arene cyclopentadienyliron complexes are reduced electro-
chemically.12 It is also important to note that the arene iron bond does not show the
same thermal stability, and is readily cleaved by pyrolysis, photolysis, and electrolysis.
While arene complexes of cyclopentadienyliron have been known since the 1950s, it
was not until the 1990s that polymers containing these organometallic groups in their
structures were reported.

While many studies have reported the interesting chemistry associated with the
cyclopentadienyl and benzene complexes of iron, a number of other studies have
reported the synthesis of other classes of organoiron polymers. For example, iron car-
bonyl moieties π-coordinated to dienes and cyclopentadienyl compounds have been
investigated, and each new class of polymer relates new information about organoiron
polymers and the chemistry of organoiron complexes. Polymers possessing iron–
carbon σ and π bonds or only iron–carbon σ bonds within the polymer’s backbones
are classes of polymers that have not received a great deal of attention. Polymers con-
taining iron–iron bonds within, or pendent to their backbones have also been synthe-
sized using a number of different strategies, and have exhibited interesting properties.

This chapter presents an overview of all classes of macromolecules containing
iron–carbon bonds and highlights some examples of these materials. The methods
utilized to synthesize and characterize these polymers are described and the proper-
ties of some of the organoiron-based polymers are noted. This chapter focuses on the
diversity found in the area of organoiron polymer chemistry and briefly introduces
the materials covered in the remaining chapters in this volume.

2 Overview of Organoiron Polymers
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Ferrocene-Based Polymers 3

II. FERROCENE-BASED POLYMERS

Soon after the monumental discovery and elucidation of the structure of fer-
rocene, the homo- and copolymerization of vinylferrocene was reported using a num-
ber of different catalysts.4 The solution and bulk synthesis of polyvinylferrocene (1) has
been studied in detail, as have the properties of polyvinylferrocene.13–15 While many of
these studies were undertaken in the 1960s and 1970s, the polymerization of vinylfer-
rocene continues to be an active area of research. The copolymerization of vinylfer-
rocene with styrene using a “living” radical initiator (viz., TEMPO) was also reported.16

Fe

1

n

The properties that the ferrocenyl groups introduce into polymers have been the
focus of numerous investigations. Kuramoto and coworkers have shown that copoly-
mers (2) prepared from N,N-diethylacrylamide and vinyl ferrocene had decreasing low
critical solution temperature (LCST) values with increasing ferrocene incorporation
because of their reduced solubility in aqueous solution.17 Oxidation of the ferrocene
units increased their hydrophilicity and resulted in increased LCST values for these
materials. The same observations were observed for copolymers prepared with ferro-
cenylethylacrylamide and isopropylacrylamide.18 These organoiron polymers had lower
LCST values than did poly(N-isopropylacrylamide). In both of these studies, there was
only a low incorporation of the organometallic monomer into these materials.

2

Fe

n m

O N
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4 Overview of Organoiron Polymers

Fe

C

O

OO

C

O

O O C O

O

(CH2)10 O P

O

O

CO

O

(CH2)10O
n

3

It has also been reported that polymers containing ferrocene units in the main-
chain or sidechains may possess liquid crystalline characteristics.19–23 Ferrocene-based
liquid crystalline polyesters (3) containing phosphorous groups in their backbones
have been reported by Senthil and Kannan.23

O O O
O

4

Fe

NC

OO

0.05 0.95

Similarly, Neuse and coworkers have reported that the incorporation of a small
amount of a ferrocene-containing sidechain into polyaspartamide introduces antipro-
liferative properties into these materials.27–29 Polymer 5 is an example of an organo-
iron-functionalized polymer prepared from reaction of the preformed organic
polymer with 4-ferrocenylbutanoic acid.29

Polymers containing sidechain and mainchain ferrocenyl moieties have also
been reported to possess nonlinear optical (NLO) properties.24–26 By incorporating
5 mol% of the organometallic monomer into the polymethacrylate (4), it was possi-
ble to generate NLO properties.26
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Ferrocene-Based Polymers 5

5

Fe

n
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NH

O

NH

O

m

N

NH

O
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O

O

6

Fe

n

O

O

Me

The redox stability of the ferrocenyl group has led to the incorporation of this
organoiron unit into a number of different classes of macromolecules.30–32 An
amperometric glucose sensing electrode has been prepared utilizing a polymethyl-
siloxane with ferrocene groups in its sidechain.30 Peptides functionalized with fer-
rocene units interact with each other through hydrogen bonds resulting in
supramolecular assemblies.31 Schrock and Wrighton have reported the synthesis of
polynorbornenes with ferrocenyl moieties pendent to the norbornene unit (6).32

The synthesis of metallocenes functionalized with alkyne groups has been
reported using a molybdenum catalyst to produce polyacetylenes with ferrocene
groups in their sidechains (7).33,34 The living polymerization reactions produced
head-to-tail polymers with trans double bonds. The living polyacetylene could be
surface grafted to a norbornene-functionalized silica support and used in anion
exchange chromatography following oxidation of the iron centers.34

c01.qxd  9/9/2003  2:59 PM  Page 5



6 Overview of Organoiron Polymers

Fe

7

n

8

n
N P N P N P

Fe

O O

O

Fe
CF3

CF3

CF3

Allcock and coworkers have reported the ring-opening polymerization of
cyclic phosphazenes functionalized with ferrocenyl groups.35,36 The polymers were
attached to the metallocenes by the phosphorous atoms to either one or both of the
cyclopentadienyl rings (8).36

Polycondensation reactions have produced mainchain ferrocene polymers since
1961, and since that time, there have countless studies outlining the preparation of
this class of material.37 The functional groups and reaction conditions utilized to pre-
pare these materials are varied, as are the properties of the resulting materials. In the
1970s, Pittman and coworkers reported the synthesis of a thermally stable, high
molecular weight polymer (9) via polycondensation of disilanols with bis-dimethy-
laminodimethylsilylferrocene.38
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Ferrocene-Based Polymers 7
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R′ = NHRNH or R
R = alkyl, aryl

n

n
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Fe

N

OO

O

n

12

Fe

Polyamides and polyureas (10) have also been synthesized by polycondensa-
tion reactions of 1,1�-bis(β-aminoethyl)ferrocene with diisocyanates or diacid chlo-
rides, respectively.39

The polymerization of 1,2,3-substituted ferrocenes containing one iodo and
one acetlyene group using Sonogashira coupling resulted in the production of poly-
mers with functionalized sidechains (11).40 The reaction of 1,1�-diiodoferrocene
with diethynyl monomers has also been used in the production of polymetallocenes
with semiconducting properties (12).41
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High molecular weight face-to-face polymetallocenes (17) have been prepared
by Rosenblum and coworkers.46 These polyferrocenes were found to be electrically
conducting on doping with I2.

8 Overview of Organoiron Polymers
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Mainchain ferrocene-based polymers have also been synthesized by poly-
addition reactions.42 For example, the reaction of 1,1�-dimercaptoferrocene with 
1,4-butandiyl dimethacrylate resulted in the isolation of polymer 13.
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A polyferrocenylsilane (14) has been prepared via the reaction of the dilithium
salt of dicyclopentadienyldimethylsilane with ferrous chloride.43 Polyferrocenylene
substituted with hexyl groups (15) has been reported by reaction of the dihexylful-
valene dianion with [FeCl2(THF)2].

44 The hexyl groups attached to the cyclopenta-
dienyl rings resulted in an enhanced solubility of these materials, and
electrochemical studies showed that the iron centers were interacting. Southard and
Curtis have used a similar strategy to prepare soluble conjugated polymetallocenes
(16) by reaction of an isomeric mixture of bis(alkylcyclopentadienide arenes) with
ferrous iodide.45
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The ring-opening metathesis polymerization of ferrocenophanes containing
bridging vinyl groups has also been reported.47–49 The incorporation of alkyl groups
pendent to their backbones increased the solubility of these polymers (18). An
enhancement of solubility could also be achieved by copolymerization reactions.
Some of these polymers exhibited electrical conductivity.

Rauchfuss and coworkers have reported the ring-opening polymerization of
[3]trithiaferrocenes and [3]triselenaferrocenes with PBu3.

50,51 The ring-opening-
induced desulfurization and deselenization reactions resulted in the formation of
high molecular weight polymers. The polyferrocenylene persulfides (19) can be
reductively decomposed with LiBHEt3 and regenerated on oxidation. The thermal
and anionic ROP of [1]thia- and [1]selenaferrocenophanes has also been reported by
Manners.52 The presence of two reversible oxidation processes in the cyclic voltam-
mograms of the polyferrocenyl sulfides indicates that these polymers possess strong
metal–metal interactions.
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Thermal ring-opening polymerization of [2]ferrocenophanes has also been
reported by Manners and coworkers (20).53,54 Oxidation of the polyferrocenylethyl-
ene with tetracyanoethylene resulted in antiferromagnetic interactions.53

Unsymmetric [2]ferrocenophanes (R�S, P) have also been synthesized and ring-
opened; however, a ferrocenophane containing a C–Si bridge was resistant to ther-
mal, anionic, and transition-metal-catalyzed ROP.54 The [2]carbathioferrocenophane
could also be polymerized in the presence of cationic initiators.

Polyferrocenylphosphines have been synthesized by the ring-opening poly-
merization of [1]ferrocenophanes.55–57 These polymers can be further reacted with
elemental sulfur to produce the corresponding polyferrocenylphosphine sulfides
(21).55 Borane adducts of polyferrocenylphosphines have been isolated via thermal
ROP of the functionalized ferrocenophane, or by addition of the borane to the pre-
formed polyferrocenylphosphine.56 Manganese and tungsten complexes have also
been reacted with a [1]ferrocenophane bearing a bridging phosphine ligand.57

[1]Ferrocenophanes containing boron bridges have been found to possess large ring
tilts, and have been ring-opened thermally to produce the corresponding polymers
(22).58 [1]Germaferrocenophanes undergo facile ROP to yield high molecular
weight poly(ferrocenyl germanes) (23) thermally and with transition metal cata-
lysts.59,60 The ROP of ferrocenophanes with tin bridges has also been described by
the research groups of Manners and Pannell.61,62 High molecular weight tin poly-
mers (24) have been produced by thermal ring-opening polymerization, or at room
temperature in solution. It was reported that the ring opening of tin- and germanium-
bridged [1]ferrocenophanes is facilitated by the addition of amines.61
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Since the first report on the ring-opening polymerization of [1]silaferroceno-
phanes in 1992, there have been many developments in this area of research.63–65

Polymerization of [1]silaferrocenophanes has now been achieved thermally, anioni-
cally and with transition metal catalysts. The solid-state polymerization of 
Fe(η-C5H4)2SiMeR (R�Me, Ph) has also been accomplished using a 60C γ-ray
source.66 It was determined that irradiation of the unsymmetric ferrocenophane
(R�Ph) resulted in a stereoregular polymer.

A number of copolymers have been prepared by anionic polymerization
of silicon-bridged [1]ferrocenophanes.67–69 For example, the copolymerization
of dimethylsilaferrocenophane with living polystyrene produced a polymer to
which 12-crown-4 and [Me2SiO]3 was added. The living polymer ends of the
resulting triblock copolymer were subsequently coupled with Me2SiCl2 to pro-
duce polymer 25.67

Copolymerization reactions with ferrocenophanes using transition metal cata-
lysts have also been accomplished.70,71 The self-assembly of block copolymers has
been examined, and polymers with dimethylsiloxane or ethyleneoxide blocks have
been found to be soluble in aqueous solution.72,73 These ferrocene-based polymers
have been found to self-assemble in solution, and their morphologies have been
investigated.70–73 A number of water-soluble anionic (26)74 and cationic (27)75 poly-
electrolytes have also been produced by sidechain functionalization.

n
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n
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CO2
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Tang and coworkers have reported that pyrolyzed hyperbranched polyferro-
cenylsilanes have greater ceramic yields than their linear polymeric counterparts.76

Manners has reported that thermally crosslinked polyferrocenylsilanes (28) pos-
sessed greater thermal stability than their linear analogs.77 The swelling properties
of these crosslinked polymers were examined, and the solubility parameter of the
corresponding linear homopolymer was determined. The pyrolysis of linear,
hyperbranched, and crosslinked polyferrocenylsilanes has resulted in the produc-
tion of ceramics that possess magnetic properties.76–78

12 Overview of Organoiron Polymers
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The synthesis and properties of star polymers and dendrimers functionalized
with ferrocene units has attracted a great deal of attention. The synthesis of high-gen-
eration dendrimers functionalized with chiral ferrocenyl units in their structures has
been reported.79 The chiroptical properties of this class of dendrimer was dependent
on the number of ferrocenyl groups and their chemical environment, but not on their
position within the dendrimer. Deschenaux has reported the synthesis of liquid crys-
talline ferrocene-based polymers prossessing an enantiotropic smectic A phase.80

Ferrocene-functionalized cyclic siloxane (29) and silsesquioxane branched polymers
have also been reported.81 A hyperbranched polymer with a cubic silsesquioxane core
was used to mediate the electrocatalytic oxidation of ascorbic acid.

The guest-host relationship of dendrimers containing 4, 6, and 8 ferrocene
groups with cyclodextrins has been examined by Cuadrado and coworkers.82 It was
found that the low-generation dendrimers formed reversible complexes with 
β-cyclodextrin, while the dendrimer with 16 peripheral ferrocene groups underwent
incomplete complexation reactions. The synthesis of a dendrimer containing nine 
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peripheral organoiron groups (30) was prepared by reaction of an amine-functional-
ized dendrimer with the acid chlorides of ferrocene.83 These polymers were utilized
as supramolecular redox sensors for the recognition of small inorganic anions.
Ferrocenylsililation reactions were also used by Astruc and coworkers to prepare
dendrimers with up to 243 ferrocenyl units at the periphery.84

III. POLYMERS CONTAINING
CYCLOPENTADIENYLIRON–COMPLEXED
ARENES

We have reported the synthesis of polymethacrylates (31) and polystyrenes
with cationic cyclopentadienyliron moieties coordinated to their sidechains using
AIBN.85,86 Photolysis of these organoiron polymethacrylates allowed for the isola-
tion of the corresponding organic polymethacrylates. The weight-average molecular
weights (Mw) of these organic polymers ranged from 48,000 to 68,000.
Electrochemical studies of the metallated polymethacrylates showed reductions of
the iron centers occurring between E1/2��1.1 and �1.3 V.
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The ring-opening metathesis polymerization of norbornene monomers func-
tionalized with arene complexes of cyclopentadienyliron has been reported using
Grubbs’ catalyst.87 These polymerization reactions proceeded rapidly to produce the
corresponding polynorbornenes (32 and 33). It was found that the incorporation of
bulkier aromatic groups in the sidechains of these materials increased their glass
transition temperatures and thermal stability.

The synthesis of cyclopentadienyliron-coordinated polyaromatic ethers and
thioethers has been achieved by reaction of dichlorobenzene complexes with various
oxygen and sulfur dinucleophiles.88 These polymers exhibited good solubility in polar
organic solvents such as acetone, acetonitrile, DMF, and DMSO. Photolysis of these
polymers allowed for the isolation of the corresponding organic polymers; however, the
solubilities of these polymers were much lower than those of their metallated ana-
logues. Thermogravimetric analysis of the organoiron polymers indicated that the
metallic moieties were cleaved from the polymers at approximately 200°C, while
degradation of the polymer backbones occurred around 500°C. By designing diiron
complexes containing terminal chloroarenes, polymers with alternating ether– thioether
or amine–thioether spacers were also synthesized.88 Differential scanning calorimetry
(DSC) showed that the organic polyethers had the highest glass transition temperatures
and polymers with thioether bridges had the lowest. Cyclic voltammetric studies of the
cyclopentadienyliron-coordinated polyethers and thioethers (34–36) showed that these
polymers underwent reversible reduction processes. Polymers containing CpFe� and
Cp*Ru� moieties pendent to their backbones have also been synthesized.89

The synthesis of polyaromatic ethers (37) and thioethers containing azoben-
zene dyes in their sidechains has been achieved.90 These polymers were prepared by
reaction of cyclopentadienyliron-complexed azobenzene monomers with various
dinucleophiles. These organoiron polymers were bright orange or red, and could be
bleached by irradiating the polymer in a solution containing hydrogen peroxide.
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The synthesis of polymers containing cyclopentadienyliron moieties 
within and pendent to their backbones (38) was reported by Abd-El-Aziz and
coworkers.91 The cationic cyclopentadienyliron moieties were pendent to the poly-
mer backbones, while the neutral ferrocene units were incorporated into the poly-
mer backbones. The cationic iron centers underwent reversible reduction processes,
while the neutral iron centers underwent reversible oxidation processes. The
cationic cyclopentadienyliron moieties were cleaved from the polymer backbones
by photolysis; however, the ferrocene units in the polymer backbones were not
degraded.

16 Overview of Organoiron Polymers
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The design of polyether/imines coordinated to cyclopentadienyliron moi-
eties (39) has been achieved via the reaction of a dialdehyde complex of cyclopen-
tadienyliron with a number of aliphatic and aromatic diamines.92 The
polycondensation reactions resulted in the isolation of the polyether/imines in
good yields.

Nishihara has reported the complexation of poly(hexyl phenylene) with
cyclopentadienyliron, where approximately 1 in every 1.6 aromatic rings was coord-
inated to the metallic moiety.93 Spectroelectrochemical analysis of this organoiron
polymer (40) suggested that a network was formed between the aromatic rings of
neighboring polymer chains following reduction of the cationic iron centers to the
neutral radicals.

Fe+

C6H13 C6H13

0.6

40

1
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Abd-El-Aziz and coworkers have reported the synthesis of star-shaped polyaro-
matic ethers containing up to 15 cyclopentadienyliron cations pendent to aromatic
rings.97 Polymer 42 is an example of a water-soluble hexa-metallic star complex. Elec-
trochemical studies showed that reduction processes for the inner and outer iron com-
plexes could be distinguished for the hexa- and nonametallic stars.

18 Overview of Organoiron Polymers
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Star polymers and dendrimers have been synthesized by Astruc using
cyclopentadienyliron-mediated peralkylation, benzylation, and allylation reactions
of cationic tri-, tetra-, and hexa-methylbenzene cyclopentadienyliron com-
plexes.94–96 These star and dendritic polymers contained cationic cyclopentadienyl-
iron moieties at the core and/or the periphery. The cathodic reduction of nitrates and
nitrites to ammonia has been achieved using a water-soluble dendrimer containing
six cationic cyclopentadienyliron moieties as a redox catalyst.94 The octametallic star
(41) was prepared by deprotonation of permethylated iron complexes.96
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IV. POLYMERS CONTAINING IRON CARBONYL
COMPLEXES

Polymers containing metal–carbon σ and π bonds were reported by Mapolie and
coworkers.98 Homo- and copolymerization reactions of organoiron monomers con-
taining olefins with AIBN yielded the corresponding organometallic polymers (43).
Bifunctional hydroxyl monomers functionalized with iron complexes were subjected
to polycondensation with terephthaloyl chloride to produce low molecular weight
polyesters (44).99

Martin and Hanks have reported the oxidative polymerization of dicarbonyl
(η5-cyclopentadienyl)(η1-pyrrolyl)iron(II).100,101 The resulting polymer (45)
yielded an azaferrocene polymer (46) on refluxing. The electrical conductivities
of polymers 45 and 46 were found to be 7 � 10�3 and 1.5 � 10�4 S/cm,
respectively.
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In 1973, the homo- and copolymerization of π-(2,4-hexa-dienyl acrylate)tri-
carbonyliron with styrene, methyl acrylate, acrylonitrile, and vinyl acetate was
reported by Pittman and coworkers.102,103 It was reported that these polymers (47)
could be protonated to produce the π-allyliron derivatives.103 Nakamura and
coworkers have also reported the synthesis and electrochemical properties of poly-
mers containing dienes coordinated to iron tricarbonyl moieties in the polymer
sidechains.104

UV irradiation of polymers containing silole units in their backbones 
in the presence of iron pentacarbonyl resulted in the coordination of iron 
tricarbonyl units to one of every two silole rings in the polymer backbone.105

On doping, these organoiron polymers (48) become electrically conducting 
and their UV absorption bands are red shifted relative to the uncoordinated 
polymers.
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V. IRON POLYYNES

Since the late 1970s, poly(metal acetylide)s have been examined for group 9 and
10 transition metals. Lewis and coworkers have also demonstrated that group 8 metals,
including iron, can form σ bonds with alkynes via reaction of an iron-chelating phos-
phine dichloro complex with bis-trimethylstannylalkynes to form high molecular
weight polymers in the presence of a catalytic amount of CuI.106,107 The weight-aver-
age molecular weight of polymer 49 was determined to be 173,000 by GPC.
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VI. POLYMERS WITH IRON-IRON BONDS

In the early 1990s, Tyler and coworkers described the synthesis of oligomeric
urethanes and ether urethanes containing photodegradable iron–iron bonds in their
backbones.109–112 The solid-state photochemical degradation of low molecular
weight polyurethanes such as 51 was also examined in the presence of light and
oxygen.

Vinyl monomers were also homo- and copolymerized in the presence of AIBN
to produce polymers (52) with Fe�Fe bonds in their backbones.

Oligomeric complexes containing iron acetylide units in units in their struc-
tures (50) were also examined by Lo Sterzo and coworkers.108
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Cuadrado and coworkers have reported the synthesis of polysiloxanes with
Fe�Fe bonds using two different methodologies.113 Polymers with the metal–metal
bonds within their backbones (53) were synthesized by polycondensation reactions
of disilanols with a dinuclear iron–iron bonded complex, while reaction of a poly-
siloxane with Fe(CO)5 resulted in polymer 54. Polymer 54 possessed good thermal
stability and poor solubility, which indicates that crosslinking between polymer
chains may have occurred. Molecular weight analysis of polymers prepared by poly-
condensation reactions shows that these polymers have degrees of polymerization
between 5 and 10.

VII. OUTLOOK

The history of organoiron polymers can be traced to the 1950s, and much of
the fundamental knowledge we possess of these materials, and organometallic poly-
mers in general, stems from work done in and prior to the 1970s. However, there
have been significant advances in organoiron polymers since the early 1990s. Within
this time, we have seen a huge variety of organoiron polymers emerge. The discov-
ery that the ring opening of ferrocenophanes produces high molecular weight 
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polymers, and that these polymers possess a wide range of properties, has changed
the perceptions of organometallic polymers. Many of the difficulties that early
researchers in this area had in producing well-defined, high molecular weight poly-
mers have since been overcome. New classes of polymers containing organoiron
groups continue to emerge, leading to new properties and applications.

This chapter was intended to briefly introduce the types of organoiron poly-
mers that have been developed since the early 1950s. Subsequent chapters in this
volume will detail some of the advances that have taken place in recent years. The
synthesis and properties of ferrocene-based polymers and polymers containing arene
complexes of cyclopentadienyliron will be described. The properties and applica-
tions of some of these materials will be described, and the reader will hopefully gain
an appreciation of organoiron polymers.
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I. INTRODUCTION

Organometallic macromolecules are hybrids of organic and metallic species.
The hybrid vigor enables the molecular offspring to inherit specific characteristics of
its parents and meanwhile to develop new features that are difficult or impossible to
access by either of its parents alone. The creation of new organometallic polymers
and the exploration of their unique properties have been under enthusiastic pursuit;
during the course, many advanced materials with high potentials for technological
applications have been generated.

Polyalkynes, with polyacetylene as their representative example, are the best-
known conjugated macromolecules, whose studies have attracted much interest
among scientists and technologists. A rich variety of polyalkynes has been prepared,
thanks to the relentless synthetic efforts of polymer chemists.1–13 The conjugated
polymers exhibit an array of exotic properties, examples of which include photo-
conductivity,14,15 chromism,16–18 photo- and electroluminescence,19–21 radiolysis,22,23

optical nonlinearity,24 liquid crystallinity,25–28 helical chirality,29–31 biomimetic envir-
onmental adaptability,32 and cell growth-stimulating capability.33–35 Polysilynes, a
group of inorganic congeners of the organic polyalkynes, have also been created in
the hot pursuit of new polymers with new molecular structures.36–38 Indeed, although
the polysilynes resemble the polyalkynes in stoichiometry [�(RSi)n� vs. �(RC)n�],
their molecular structures are distinctly different: the backbone of the former com-
prises three-dimensionally continuous silicon–silicon single bonds, while that of the
latter consists of linear alternating carbon–carbon double bonds. The polysilynes have
a random network structure analogous to that postulated for bulk amorphous sili-
con39,40 and this structural feature endows the polymers with a host of intriguing prop-
erties. For example, the polymers possess extensive Si�Si σ conjugation, whose
absorption extends well into the visible spectral region.36–38,41–44

In the polysilyne backbone, each silicon atom is tetrahedrally hybridized and
bound via single bonds to three other silicon atoms. The resulting silicon cages are
thus tight inorganic networks knitted up by the short σ bonds. Insertion of bulky
organometallic moieties such as ferrocene rings into the polysilyne structures may
expand the caged networks into hyperbranched spheres divergently emanating in the
three-dimensional space, thus improving the solubility (and processibility) of the
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inorganic polymers.45–62 The mixing between the σ orbitals of the silicon atoms and
the π orbitals of the ferrocene rings may confer unique electronic properties on the
polymers.63–66 The introduction of another kind of inorganic atom, namely, iron, into
the silicon polymers may add new functionalities to the materials; for example, the
polymers may show electrochemical redox activity67–68 and serve as precursors to
magnetoceramics.69–73 An outstanding example in this regard is the creation of poly-
ferrocenylenesilenes by the incorporation of ferrocene rings into linear polysilene
chains at the molecular level.74–84 The molecular melds have been found to exhibit
an impressive array of novel materials properties.85–87 Hybridization of the organo-
metallic ferrocene rings with the nonlinear inorganic silicon networks has, however,
not been attempted.88–95

The use of chemical approaches to generate nanostructured morphologies and
to tune the properties of ceramic materials is a rapidly growing area of research. The
vigorous research activity in the synthesis of organometallic polymer precursors and
their controlled pyrolysis to ceramic materials has opened up a new branch of macro-
molecular science—preceramic polymer chemistry. The polymer precursor route
offers the following, among other, noteworthy advantages: (1) the diversity in chem-
ical compositions of organometallic macromolecules provides a large palette for
manipulating the structure and properties of the ceramic products; (2) the inorganic
metal atoms distributed along the macromolecular chains and segregated by the
organic moieties can, on pyrolysis, form nanoclusters, interconnection of which may
generate mesoporous morphologies; and (3) the unique processing characteristics of
the precursor polymers may enable the fabrication of bulk ceramic bodies of com-
plex shapes. Not all these advantages have, however, been realized or utilized, and
indeed, most studies in preceramic polymer chemistry have thus far focused on the
fabrication of structural ceramics with outstanding mechanical properties, examples
of which include silicon carbide (SiC) and silicon nitride (Si3N4). Incorporation of
nanoclusters of transition metals into ceramics may lead to the development of novel
nanostructured materials with unique magnetic, electrical, and optical properties.
Such possibility, intriguing notwithstanding, has not been well explored.

Hyperbranched polymers are different from their linear counterparts in archi-
tectural dimensionality; the former are three-dimensional spheres, whereas the latter
are one-dimensional chains. Compared to the chains, the spheres should in principle
better retain the constituent elements during the pyrolysis process, leading to the for-
mation of ceramic materials in higher yields. Hyperbranched polymers are also
different from crosslinked networks—the former are often soluble, whereas the 
latter are inherently insoluble. Processibility or tractability is one of the most import-
ant advantages of preceramic polymer processes, and the hyperbranched polymers
are thus promising precursor candidates for the fabrication of advanced ceramic
materials.

In this work, we utilized a coupling reaction of difunctional ferrocene with tri-
functional silane and synthesized hyperbranched polyferrocenylenesilynes with
different organic substituents (1; Scheme 1). In comparison to the parent inorganic
polysilyne networks, the hyperbranched organometallic polyferrocenylenesilynes
showed improved solubility, better stability, and more extended conjugation. Pyrolysis
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of the polymers with small R substituents produced in high yields ceramic materials
consisting of metallic nanoclusters, all of which were magnetizable and one of which
showed excellent soft ferromagnetism.
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Scheme 1 Molecular structure of polyferrocenylenesilynes (1).
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II. POLYMER SYNTHESIS

To prepare the hyperbranched polyferrocenylenesilynes, dilithioferrocene
[(η5-C5H4Li)2Fe or FcLi2] and trichlorosilanes (Cl3SiR) were made to react under
vigorously dried and strictly controlled polymerization conditions (Scheme 2). The
coupling of FcLi2�TMEDA complex with Cl3SiCH3 readily produced hyperbranched
poly[1,1�-ferrocenylene(methyl)silyne] [1(1)] in a high isolation yield (�71%; 
Table 1, no. 1). Poly(methylsilyne) network was completely insoluble13 but 1(1) was
partially soluble in common organic solvents; that is, the hyperbranched polymer had
a better solubility. The polymerization of FcLi2 with Cl3SiHC�CH2 also produced a
partially soluble polymer [1(V)], although the isolation yield of the polymer was low.

Many (partially) insoluble conjugated polymers can be made soluble by 
introducing long alkyl chains into their molecular structures.96–112 Borrowing this 
“solvating flexible chain” concept, we incorporated long alkyl groups into the 
polyferrocenylenesilyne structures. This strategy worked well: the polymer with
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flexible n-octyl substituents [1(8)] was completely soluble in common organic solv-
ents (Table 1, no. 3). Increasing the length of the alkyl chain to 12 carbon atoms
resulted in the formation of a high molecular weight polymer [1(12)] in a high yield
(77%). Different from the polymers with short R groups, this polymer was a brown
elastomer, due to a large decrease in its glass transition temperature (Tg) induced by
the internal plasticizing effect of the long n-dodecyl group. The elastomeric polymer
easily formed shaped objects during the isolation process. When the thick films or bars
of the polymer were broken, their cross sections exhibited shinny metallic luster.
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BuLi/hexane RSiCl3

THF
Fe Fe

Li

Fe

Si

R

n

inert gas
Fe/Si/C ceramics

1

4

700°C, N2   2(7N)

1000°C, N2   2(10N)

700°C, Ar   2(7A)

1200°C, Ar   2(12A)

R = CH3

R = CH CH2

1(1)

1(V)

700°C, N2   3(7N)

1000°C, N2   3(10N)

700°C, Ar   3(7A)

1200°C, Ar   3(10A)

TMEDA
TMEDA

Li

Scheme 2 Polymer synthesis and pyrolytic ceramization.

Table 1 Synthesis of Hyperbranched Polyferrocenylenesilynes (1)a

Yield Mw

No. R in 1 (wt%) Solubilityb (Da)c Mw/Mn
c Appearance

1 CH3 71.1 � 2,000 2.0d Golden powder
2 CH�CH2 32.0 � 1,300 1.6d Golden powder
3 C8H17 67.5 � 2,600 1.5 Amber powder
4 C12H25 77.0 � 6,300 3.8 Brown elastomer
5 C16H33 52.0 � 9,800 4.3 Brown elastomer
6 C18H37 72.3 � 11,900 7.3 Golden powder

a Carried out under nitrogen in THF at �78°C for 24 h.
b Tested in common organic solvents (chloroform, dichloromethane, toluene, hexane, dioxane, 

acetone, THF, DMF, DMSO, etc.); symbols: ��partially soluble, ��completely soluble.
c Estimated by SEC in THF on the basis of a polystyrene calibration.
d For the THF-soluble fraction.
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We further increased the length of the alkyl chain and found that the molecular
weight of the polymer monotonically increased with the alkyl chain lengthening. When
the alkyl length was increased to 18, the Mw of the polymer [1(18)] reached a high value
of �12,000 Da [noting that this is an SEC (size-exclusion chromatography)-estimated
relative value; the absolute value is much higher]. Interestingly, while polymer 1(16)
was elastomeric, 1(18) was powdery in appearance. As will be discussed later, this is
probably due to the self-crystallization of the long n-octadecyl chains, a phenomenon
often observed in sidechain liquid crystalline polymer systems.25–28,112–117

The excellent solubility of the high molecular weight polymer 1(18) was a par-
ticularly exciting result. It has been reported that the solubility of some polysilynes
decreases with time,13b and we thus checked whether 1(18) would undergo a similar
solubility change. We took two approaches: one accelerated test in which a high tem-
perature was applied and another, slow test that involved a long period of time. In
the accelerated test, we added �150 mg of the polymer to a Pyrex vacuum tube,
which was sealed under vacuum and was then heated at 150°C for 2 h. This thermal
treatment resulted in little change in the solubility of the polymer. To test this quan-
titatively, we used a DSC apparatus to check the heat flow in situ at 150°C isother-
mally. Nothing except a horizontal straight line was recorded, proving that the
polymer has not undergone any chemical reactions during the heating process. For
the slow test, we put a sample of 1(18) on a shelf in our laboratory under ambient
conditions. After �4 years, the sample was still completely soluble. The polymer
thus passed both the short- and long-term tests; it maintained soluble after the ther-
mal treatment and the shelf storage.

It is well known that SEC, when calibrated with standards of linear polymers
(normally polystyrene), often underestimates the molecular weights of hyper-
branched polymers.45–59,96,97,118–120 Bianconi et al., for example, found that the
molecular weights of their polysilynes estimated by SEC were �4-fold smaller than
the actual (or absolute) values.37 More recent research in the area has revealed that
the underestimation can be as high as �30 fold for some hyperbranched poly-
mers.119 We thus determined the absolute molecular weights of 1(18) by an SEC sys-
tem equipped with light-scattering and viscometer detectors.96 The absolute Mw

value given by the light-scattering detector was 5 � 105 Da, much higher than the
relative Mw value calibrated against the linear polystyrene standards. The intrinsic
viscosity ([η]) given by the viscometer was, however, as low as 0.02 dL/g. A hyper-
branched polymer with a high molecular weight often shows a low intrinsic
viscosity;96,97,118–120 polymer 1(18) exhibited this characteristic property of a hyper-
branched polymer.

III. STRUCTURAL CHARACTERIZATION

We used spectroscopic methods to analyze the molecular structures of the poly-
ferrocenylenesilynes. Figure 1 shows their Fourier transform infrared (FTIR) spectra.
All the polymers exhibited similar spectral profiles. Taking 1(1) as an example, it
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exhibited ferrocene-associated vibration bands at 1690, 1421, and 1036 cm�1 and 
silicon bands at (1421), 1166, and 732 cm�1,121–123 spectroscopically proving that the
polymer is consisted of ferrocene ring and silicon atom. The vinylsilyl (CH2�CH�Si)
moiety of 1(V) vibrated at 1592, 1404, and 958 cm�1 (Fig. 1, curve B). Silane (Si�H)
and siloxane (Si�O�Si) bonds are known to show very intense and broad absorption
bands at �2200 and �1100 cm�1.36–38,121–123 No such bands were, however, observed
at the wavenumbers in the spectra of the hyperbranched polymers.
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Figure 1 FTIR spectra of hyperbranched polyferrocenylenesilynes (1) with R � CH3 [1(1)]
(A), CH�CH2 [1(V)] (B), n-C8H17 [1(8)] (C ), n-C12H25 [1(12)] (D), n-C16H33 [1(16)] (E),
and n-C18H37 [1(18)] (F).

Two broad resonance peaks at δ 4.12 and 0.55 were observed in the 1H NMR
(nuclear magnetic resonance) spectrum of polymer 1(1) (Fig. 2), which can be readily
assigned to the absorptions of the protons of the cyclopentadienyl (Cp) and methyl
(Me) groups, respectively.78–84,124 The repeat unit of polymer 1(1) comprises 1.5 fer-
rocenylene {[(η5-C5H4)2Fe]3/2 or (Cp2Fe)3/2] and 1 methyl (CH3) groups or 12 Cp and
3 Me protons. The ratio of the integrated areas of the resonance peaks of the Cp and
Me protons was 1:0.26, identical (within experimental error) to the theoretical value
of 12:3 (or 1:0.25). For comparison, we prepared a linear polysilene of similar struc-
ture, poly[1,1�-ferrocenylene(dimethyl)silene] [5(1)], according to a published
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procedure.24 The linear polymer showed two resonance peaks in the Cp and Me spec-
tral regions with a Cp/Me ratio of 1:0.76 (the theoretical ratio was 4:3 or 1:0.75). The
spectral profile of the linear polymer was similar to that of its hyperbranched counter-
part but the peaks of the former were better resolved than those of the latter. The
absorption of the Cp protons of 5(1), for example, were resolved into a partially over-
lapping bimodal envelope with two peaks clearly discernible at δ �4.2 and �4.1.
These two peaks were almost completely merged into one broad one in the case of
1(1). The broadness of the absorption peak is indicative of the structural complexity of
the three-dimensional hyperbranched polymer arising from the variations in the chem-
ical environments where the protons are located.
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Figure 2 1H NMR spectrum of a chloroform-d solution of hyperbranched poly[1,1�-
ferrocenylene(methyl)silyne] [1(1)] (soluble fraction).

The poor solubility of the hyperbranched polymers with small R groups made
it difficult to measure their 13C NMR spectra. The excellent solubility of the poly-
mers with long alkyl groups made the job easier and enabled us to obtain 13C NMR
spectra of good quality, an example of which is shown in Figure 3. The ipso carbon
atoms of the Cp ring gave three resonance peaks: two small but clearly observable
ones at δ 73.15 and 70.93, and another partially observable one underneath the big
peak of the other carbon atoms of the Cp ring. These three peaks may be associated
with the absorptions of the ipso carbon atoms in the dendritic, linear, and terminal
units,28 each of which experiences a different microstructural environment,
although we do not know the exact assignments of the peaks at present. The carbon
atoms of the alkyl group resonated in the upfield (δ �35–10). Close inspection of
the carbon resonance structures revealed that the carbon atoms located closer to the
silicon core gave weaker, broader “peaks,” in comparison to those located far apart
from the core. Similar phenomenon was observed in the polysilyne system, in
which the resonance signal of the carbon atom directly attached to the silicon atom
(C1) was completely missing or totally unobservable.37 This suggests that, similar
to the polysilynes, our hyperbranched polyferrocenylenesilynes also possess a rigid
molecular structure.
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Figure 3 13C NMR spectrum of hyperbranched poly[1,1�-ferrocenylene(n-octyl)silyne]
[1(8)] in chloroform-d. The solvent peaks are marked with an asterisk (*).

IV. ELECTRONIC AND THERMAL TRANSITIONS

All the soluble hyperbranched polyferrocenylenesilynes, namely, 1(8)–1(18),
exhibited absorption peaks in the UV region, and the maximum molar absorptivity (εmax)
increased with an increase in the length of the alkyl chain (Fig. 4). The absorption 
spectra of the polymers tailed into the infrared spectral region (�700 nm). On the
other hand, 5(1), a linear congener of 1, had a lower εmax in the UV region and a
shorter-wavelength band edge in the visible. The higher molar absorptivities and
longer-wavelength band edges of the hyperbranched polymers indicate that they 
possess more extended conjugations than their linear counterparts.

The absorption band edges of linear polydiorganosilenes {�[(RR�)Si]n�; R,
R��alkyl and/or aryl} normally do not enter the visible region irrespective of
whether they are symmetrically (R�R�) or asymmetrically substituted (R �
R�).36–38,125–127 The band edge of poly(di-n-hexylsilene) {�[(n-C6H13)2Si]n�}, for
example, is located in the UV region (�350 nm).36,37 The absorption spectra of the
three-dimensional polysilyne networks were, however, tailing into the visible spec-
tral region; for instance, the band edge of poly[(n-hexyl)silyne] {�[(n-C6H13)Si]n�}
was at �450 nm, which was about 100 nm redshift from that of its linear con-
gener.36,37 This bathochromic shift was attributed to the extended Si�Si σ conjuga-
tion across the three-dimensional polysilyne networks.36–38,41–44 Linear
poly[1,1�-ferrocenylene(methyl)silene] 5(1) had a band edge in the visible
(�600 nm), due possibly to the σ–π conjugation63–66,128–130 between the silene moi-
ety and the Cp ring. The band edge of the hyperbranched polyferrocenylenesilynes
further extended into the infrared with even larger extents of bathochromic shifts,
probably due to the more extended σ–π conjugations in the three-dimensional hyper-
branched macromolecular spheres.
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The polyorganosilynes {�[(R)Si]n�} were photoluminescent, emitting blue and
green lights with luminescence maximums in the wavelength region of �440–
520 nm.41 In contrast, the hyperbranched polyferrocenylenesilynes were nearly non-
emissive, although they were more conjugated than their polyorganosilene con-
geners. This seemed to be odd at first glance but may not be difficult to understand
if we think about it twice. The better conjugation can confer high charge mobility
and fast charge transport on the polymers on the positive side, but on the negative
side, it may generate many defective traps that quench the emission of the polymers.
This is not an uncommon phenomenon in conjugated polymer systems. We have, for
example, synthesized many chromophorically substituted polyacetylenes
[�(RC�CR�)n�] that have shorter effective conjugation lengths but are highly photo-
and electroluminescent.19–21,131–138 Their parent form, i.e., the unsubstituted
polyacetylene [�(HC�CH)n�], is highly conjugated but is practically nonlu-
minescent.139,140

As shown in Table 1, the physical appearance of the hyperbranched polyferro-
cenylenesilynes changed with their R groups (from powdery to elastomeric and then
back to powdery). To know the cause for this change in physical state, we investi-
gated the thermal transitions of the polymers by differential scanning calorimetry
(DSC) analyses. The polymer samples were pretreated by heating them to, and
annealed at, a high temperature of 150°C. The DSC thermograms of the polymers
were recorded during the second heating scans, as a precaution against recording
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Figure 4 Absorption spectra of hyperbranched polyferrocenylenesilynes �[Fc3/2(n-CmH2m+1)
Si]n� [1(m); m�8–18] in dichloromethane. The spectra of the partially soluble polymers
1(1) and 1(V) are not given because it was difficult to accurately determine their solution
concentrations and molar absorptivities. The spectral data for a THF solution of linear
poly[1,1�-ferrocenylene(dimethyl)silene] [5(1)] is shown for comparison.
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false signals in the heat changes associated with such events as evaporation of
volatile impurities, such as the solvents trapped inside the hyperbranched polymers.
An example of the DSC curves so recorded is shown in Figure 5. The thermogram
is clearly artifact-free, from which, the glass transition temperature (Tg) and the
melting point (Tm) of the polymer can be readily determined.
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Figure 5 DSC thermogram of poly[1,1�-ferrocenylene(n-hexa-decyl)silyne] [1(16)] 
measured  under nitrogen at a heating rate of 10°C/min during the second heating scan 
after the sample had been annealed at 150°C for 10 min.

The thermal transition parameters obtained from the DSC analyses are sum-
marized in Table 2. The polymer with a methyl group [1(1)] underwent no melting
transition but a glass transition at �53°C. When the R substituent changed to a
“big” vinyl group, Tg decreased to 40°C. When the number of the carbon atoms in
the alkyl chains (m) increased from 8 to 18, Tg monotonically decreased from 0 to
approximately �70°C. Compared to their linear poly[1,1�-ferrocenylene(di-n-
alkyl)silene] counterparts [5(m)], the hyperbranched poly[1,1�-ferrocenylene(n-
alkyl)silyne]s [1(m)] exhibited higher Tg values (∆T � 20°C; Fig. 6). This is a
reflection of the rigid molecular structure of 1; the hyperbranched polymers possess
three rigid Cp rings in one of their constitutional repeat units, while the linear poly-
mers have only two Cp rings in one of their monomer units. The Tg of 1(m) sharply
decreased with an increase in m when m was small, but the extent of change (or the
slope of the Tg–m plot) became smaller when m became larger. This is probably
caused by the antagonistic effect of the partial crystallization of the long alkyl
chains, as discussed below, which hampered the segmental movements of the
macromolecular branches.

From R�n-C12H25 (or m�12) onward, the hyperbranched polymers [1(m)]
started to undergo crystallization/melting transitions (Table 2, nos. 4–6). It has been
observed in many liquid crystalline polymer systems that the long alkyl spacers and
tails of their mesogenic units tend to order and eventually to crystallize, when the alkyl
chain lengths become long enough.112,141 The melting transitions observed in our
hyperbranched polymers thus may be associated with the disassembling of the partially
aligned or crystallized long alkyl chains. It has been noted that the polyalkylsilyne with
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short methyl groups is apt to form irregular cagelike networks, whereas the polymers
with long alkyl groups favor the formation of sheetlike structures,36–38 which allow
better steric packing. Similarly, our hyperbranched polyferrocenylenesilynes with
small R groups were amorphous, while those with long alkyl chains were semicrys-
talline. To further verify this point, we measured the X-ray diffraction (XRD) patterns
of the polymers.

40 Synthesis and Properties of Hyperbranched Polyferrocenylenesilynes

0 3 6 9 12 15 18

-70

-40

-10

20

50

m

T
g

(°
C

)

5(m) 1(m)

Figure 6 Change of glass transition temperature (Tg) with number of carbon atoms of alkyl
chains (m) in the hyperbranched poly[1,1�-ferrocenylene(n-alkyl)silyne]s [1(m)]. Data for
the linear poly[1,1�-ferrocenylene(di-n-alkyl)silene]s [5(m)] are shown for comparison (data
taken from Refs. 72, 73, and 78–84).

Table 2 Thermal Properties of Polyferrocenylenesilynes (1)a

R in ∆H Ceramic Yield
No. �[Fc3/2(R)Si]n� (1) Tg (°C) Tm (°C) (kcal/mol)b (wt%)c

1 CH3 [1(1)] 53.1 — — 62.5
2 CH�CH2 [1(V)] 40.0 — — 61.3
3 n-C8H17 [1(8)] 0 — — 33.1
4 n-C12H25 [1(12)] �54.5 �20.5 0.91 29.9
5 n-C16H33 [1(16)] �67.7 �13.8 1.15 28.5
6 n-C18H37 [1(18)] �69.7 �36.7 7.76 23.6

a Measured under nitrogen by DSC (Tg, Tm, and 
H ) and thermogravimetric analysis (TGA)
(ceramic yield) at heating rates of 10 and 20°C/min respectively. Abbreviation: Fc�1,1�-ferrocenylene.

b Enthalpy of melting transition.
c In the temperature region of 678–687°C.
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As can be seen from Figure 7, polymer 1(1) exhibited no sharp reflection signals
but a diffuse halo peak at a 2θ angle of 15°. Polymer 5(1), an amorphous polymer and
the linear congener of 1(1), was found to show a diffuse halo at a similar 2θ angle
(�14°).145 Thus, like 5(1), 1(1) is also an amorphous glass at room temperature. A 
narrow reflection peak was, however, observed at a 2θ angle of 21.6° in the XRD
diffratogram of 1(18). The reflection peak was not sharp because of the imperfect pack-
ing of the alkyl chains in the crystallites. Using the Scherrer equation,88,146 it was cal-
culated from the line broadening that the crystallite was of nanodimension, as it was
�15 nm in size. Obviously, the rigid skeleton structure of the hyperbranched polymer
impeded the nanocrystallites from growing into big crystals of macroscopic sizes.
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Figure 7 XRD diagrams of poly[1,1�-ferrocenylene(methyl)silyne] [1(1)] and poly[1,1�-
ferrocenylene(n-octadecyl)silyne] [1(18)] measured at room temperature at a scan rate 
of 2��0.02°/s.

V. PYROLYTIC CERAMIZATION

The linear polyferrocenylenesilenes have been utilized as organometallic poly-
mer precursors to ceramics,72,73,85–87,147–150 and we also explored the possibility of
using our hyperbranched polyferrocenylenesilynes as the precursor materials.88–90

We investigated the thermolysis behaviors of our polymers by TGA analyses. The
polymer with methyl groups [1(1)] was thermally stable, losing little of its weight
when heated to �400°C (Fig. 8). The polymer underwent a rapid thermolytic degrad-
ation in the temperature region of �400–500°C, after which the TGA curve almost
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leveled off. Little further weight loss was recorded when the sample was further
heated to �680°C, indicating that the polymer had been ceramized by the high-
temperature pyrolysis. The ceramization yield of the polymer at this temperature was
�63 wt%, much higher than that of its linear cousin 5(1) under comparable pyrolysis
conditions (36 wt%).73 It is worth pointing out that 5(1) dropped to �50% of its ori-
ginal weight when heated to 500°C,73 while at this temperature, 1(1) still held more
than 72% of its weight. This difference is obviously associated with the difference in
their molecular structures. It was found that the three-dimensional polyorganosilyne
networks were more stable than their linear polydiorganosilene congeners;13a for
example, to achieve the same extent of photolysis, the network polymers require
larger doses of photoirradiation.74 The higher ceramization yield of hyperbranched
polyferrocenylenesilyne 1(1), in comparison to that of its linear counterpart 5(1),
may thus be attributed to the higher stability of the hyperbranched polymer and to
the better retention of the pyrolysis-generated ceramic species inside the three-
dimensional macromolecular spheres, melding of which within the cages afforded
the desired ceramic product in a higher yield.
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Figure 8 TGA thermograms of hyperbranched polyferrocenylenesilynes measured under
nitrogen at a heating rate of 20°C/min.

The pyrolysis behavior of the hyperbranched polymer with short, reactive
vinyl groups [1(V)] was similar to that of 1(1). Its ceramization yield at the high tem-
perature was also quite high (�61 wt%). Although the polymer with the long n-octyl
chains [1(8)] commenced to lose its weight at a temperature similar to that of 1(1)
or 1(V), its ceramization yield was much lower: only �33 wt% at �680°C. A fur-
ther increase in the alkyl chain length led to a further decrease in the ceramization
yield. From the pyrolysis of 1(18) at �690°C, a ceramic product was obtained in a
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yield as low as �24 wt%. Clearly, the long alkyl chains are detrimental to the
ceramization of the hyperbranched polymers.

Since the TGA analyses showed that the polymers with small methyl [1(1)] and
vinyl groups [1(V)] were promising precursor candidates for ceramics, we further
studied their ceramization processes. We heated the polymers to high temperatures
(700–1200°C) and isothermally sintered the samples at high temperatures under
inert-gas atmosphere (see Scheme 2), which afforded ceramic products in �50 wt%
yields. As shown in Figure 9, the ceramic produced by the calcination of polymer 1(1)
at 1200°C under argon [2(12A)] was mesoporous in morphology, composed of many
three-dimensionally tortuously interconnected clusters with sizes of a few hundred
nanometers. This morphological structure suggests such a process of ceramization;
the pyrolytic decomposition strips off some of the organic moieties from the skeletons
of the hyperbranched polymer spheres, and the fast evaporation of the volatile frag-
ments at the high temperature leaves behind the mesoscopic pores. In the meantime,
the naked reactive inorganic residues undergo heavy crosslinking reactions to aggre-
gate into the nanoscopic clusters, forming the basic components of the ceramic 
product.
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Figure 9 SEM photomicrograph of ceramic 2(12A) prepared by pyrolysis of hyperbranched
poly[1,1�-ferrocenylene(methyl)silyne] 1(1) at 1200°C in an atmosphere of argon.

VI. CERAMIC COMPOSITION

We used X-ray photoelectron spectroscopy (XPS) and energy-dispersion 
X-ray (EDX) techniques to analyze the ceramic products in an effort to learn their
chemical compositions. Similar to the ceramics prepared from the pyrolyses of the
linear polyferrocenylenesilenes,72–73,85–87 the ceramics from our hyperbranched
polyferrocenylenesilynes all contained iron, silicon, carbon, and oxygen species.
The combined XPS and energy-dispersive X-ray (EDX) analyses revealed that the

c02.qxd  9/9/2003  3:02 PM  Page 43



oxygen contents of the ceramics decreased from the surfaces to the bulk, suggest-
ing that the oxygenic species were formed by the reactions of the oxygen and mois-
ture absorbed on the surfaces of the polymer precursors during the ceramization
processes and/or by the postreactions of oxygen and moisture with the surfaces of
the ceramic products during the handling and storage processes. The latter possi-
bility is supported by the observations that many metallic nanoclusters can be read-
ily oxidized in a split second.151–154 Moving inward from the surfaces to the bulk,
the iron contents of the ceramics increased, while their carbon contents decreased.
For example, the atomic composition of iron of 2(12A) increased from a low sur-
face value of �4% (measured by XPS) to a high bulk value of �43% (by EDX).
On the contrary, its atomic composition of carbon decreased from �87% (on the
surface) to �22% (in the bulk). This suggests that the ceramization process started
from the formation of the iron nanocluster inner cores, onto which other ceramic
species were depositing along with the progress of the pyrolytic crosslinking
reaction.

The surface and bulk iron contents of the ceramics prepared under different
conditions varied in the ranges of �4–17% (XPS) and �15–43% (EDX), respec-
tively, both of which are much higher than those (1% by XPS and 11% by EDX) of
the ceramic prepared from the pyrolysis of linear 5(1) at a similarly high tempera-
ture (1000°C) under inert-gas atmosphere.72,73 For the linear polymer, cutting a few
bonds will significantly decrease its molecular weight and generate volatile ferro-
cenyl fragments, evaporation of which at the high temperature results in the loss of
the iron species. On the other hand, the molecular weight of our hyperbranched poly-
mers would not change much by cleaving a few bonds because of their three-dimen-
sional topological structures. The retention of the high molecular weight branches
and the confinement of the ferrocenylene moieties in the hyperbranched spheres
allow the iron species to have more time to take part in the crosslinking reactions,
hence enhancing their chances to transform into the nonvolatile inorganic
agglomerates.

To gain insights into the chemical structures of the iron species in the ceramic
products, we inspected their Fe 2p core level photoelectron spectra. Examples of the
Fe 2p photoelectron spectra of ceramics 2 and 3 are given in Figure 10. The ceramic
produced by the pyrolysis of polymer 1(1) at 1200°C [2(12A)] exhibited, in addition
to the noisy tails in the high-binding-energy region, three major peaks at 720.2,
710.8, and 707.4 eV, which are the Fe 2p1/2 peak of iron atom and the Fe 2p3/2 peaks
of Fe3O4 and Fe3Si species, respectively.88–90,155–157 On the other hand, the ceramic
obtained from the pyrolysis of polymer 1(V) at 1000°C, namely, 3(10A), displayed
two main peaks at 724.8 and 711.2 eV, which are associated with the Fe 2p1/2 and Fe
2p3/2 core-level binding energies of Fe3O4 and Fe2O3, respectively.88–90,155–157 Thus
the ceramics prepared from different precursor polymers under different sintering
conditions can have quite different chemical compositions.

To collect more information on the bulk compositions of the ceramic mater-
ials, we measured their XRD patterns. While the precursor polymers 1(1) and 1(V)
were amorphous (see Table 2 and Fig. 7), their ceramic products exhibited XRD 
diagrams with many Bragg reflection peaks, suggesting that they contain different
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crystalline species. We used the data files in the databases of the Joint Committee 
on Powder Diffraction Standards of the International Center for Diffraction Data
(JCPDS–ICDD) to identify the reflections; for instance, the peaks at 2θ angles of
14.15° and 35.60° in the diffractogram of 2(7A) (Fig. 11, curve A) are associated
with the reflections of γ-Fe2O3�H2O and γ-Fe2O3 crystals, according to ICDD data
files 02-0127 and 25-1402, respectively. The reflection peaks were, however, broad,
suggesting that the crystallites are imperfect in packing and small in size. Using the
full widths at half-maxima (FWHMs) of the reflection peaks, it was calculated from
the Scherrer equation that the sizes of the γ-Fe2O3�H2O and γ-Fe2O3 crystallites were
�9 and �7 nm, respectively, similar to those (�2–20 nm) of the iron oxide nano-
particles in the ceramics prepared from the pyrolyses of the linear polyferrocenyle-
nesilenes.72,73,78–84,147–150
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Figure 10 Fe 2p photoelectron spectra of ceramics (curve A) 2(12A) and (curve B) 
3(10A) prepared by pyrolytic ceramizations of hyperbranched (curve A) poly[1,1�-
ferrocenylene(methyl)silyne] [1(1)] at 1200°C and (curve B) poly[1,1�-
ferrocenylene(vinyl)silyne] [1(V)] at 1000°C under argon.

The reflection peaks of the ceramic prepared at a higher temperature of 1200°C,
specifically, 2(12A), were much sharper, indicating that the ceramic contains bigger
crystals. Among the many peaks in the XRD diagram, the most outstanding one was
the intense peak of iron silicide (Fe3Si) crystal at a 2θ angle of 45.4° (ICDD data file
45-1207). Its size calculated from the Scherrer equation was as big as �37 nm. This
ceramic also contained γ-Fe2O3 crystal (2θ�35.5°), whose reflection was, however,
better defined and whose size was much bigger (�60 nm). Thus the calcination at the
higher temperature facilitated the crystallites to increase in size, in agreement with
the early observations of Manners and Ozin’s groups.72,73,78–84,147–150
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Figure 11 XRD diffractograms of ceramics (tracing A) 2(7A), (tracing B) 2(12A), and
(tracing C) 3(10A).

The diffractogram of 3(10A) was similar to that of 2(7A); thus, although 3(10A)
was prepared at a higher temperature (1000°C), it contained small nanocrystallites.
The high reactivity or polymerizability of the vinyl groups may have enabled 1(V) to
undergo crosslinking reactions at lower temperatures and this early formation of 
carbonaceous network structures may have prevented the metallic species from enter-
ing the crystalline lattices in the latter ceramization stage at high temperatures, hence
hampering them from growing into bigger crystals.

VII. MAGNETIC SUSCEPTIBILITY

It has now become clear that all the ceramic materials contain nanoscopic iron
species, which are thus expected to be magnetically active. This was indeed the case:
the ceramics were attracted to a bar magnet at room temperature; that is, they were
readily magnetizable. We thus used the SQUID (superconducting quantum interfer-
ence device) technique to investigate their magnetization behaviors in externally
applied magnetic fields (with field strength up to 20 kOe) at different temperatures
(300 and 5 K). The magnetization curves for ceramic 2(12A) are shown in Figure 12
as an example and the magnetic properties of all the ceramic materials are summar-
ized in Table 3.

When placed in an external magnetic field at a temperature close to room tem-
perature (300 K), 2(12A) was swiftly magnetized, as evidenced by an immediate raise
in its magnetization curve (Fig. 12). The magnetization rapidly increased with an
increase in the strength of the applied field and leveled off at a field strength of �5 kOe.
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When the temperature was decreased to 5 K, the magnetization was enhanced, and the
saturation magnetization (Ms) rose to �51 emu/g, close to the value for bulk γ-Fe2O3

maghemite (74 emu/g).158 To see whether there exists any hysteresis in the magnetiza-
tion process of 2(12A), we enlarged its magnetization curves in the low-field region.
As can be seen from the inset of Figure 12, even at the high magnification, no hys-
teresis loops can be identified; its magnetization curves cross directly through the zero
point, when the magnetization experiments were carried out at either 300 or 5 K.
Clearly, no remanence and coercivity were observable in the magnetization of 2(12A).
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Figure 12 Plots of magnetization (M) versus applied magnetic field (H) at 300 and 5 K for
ceramic 2(12A). Inset (lower right panel): enlarged portion of the magnetization curves in
the low magnetic field region.

Table 3 Magnetic Properties of Ceramics 2 and 3a

300 Kb 5 Kb

No. Ceramic Ms Mr Hc Ms Mr Hc

1 2(7N) 7.3 0.9 0.19 8.9 3.4 0.61
2 2(10N) 15.9 2.6 0.65 21.3 6.4 0.18
3 2(7A) 5.0 0.3 0.50 7.3 1.6 0.43
4 2(12A) 48.6 �0 �0 51.3 �0 �0

5 3(7N) 9.6 �0 �0 13.0 3.1 0.54
6 3(10N) 12.1 1.3 0.11 14.8 5.1 0.60
7 3(7A) 9.7 �0 �0 13.1 2.6 0.59
8 3(10A) 10.8 2.0 0.27 13.2 4.6 0.67

a Fabricated by pyrolysis at a high temperature (700, 1000, or 1200°C) in an inert-gas atmosphere
(nitrogen or argon).

b Abbreviations: Ms (emu/g)�saturation magnetization (in an external field of 20 kOe), Mr
(emu/g)�magnetic remanence (at zero external field); Hc (kOe)�coercivity (at zero magnetization).
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Not all the ceramics, however, behaved like 2(12A). The ceramics fabricated
from different precursor polymers under different pyrolysis conditions performed
magnetically differently. The ceramic prepared from the pyrolysis of precursor 1(1) at
700°C under nitrogen [2(7N)] exhibited a low Ms of �7 emu/g in a magnetic field of
20 kOe at 300 K (Table 3, no. 1). Hysteresis loop was observed in the magnetization
process, although both remanence Mr (�1 emu/g) and coercivity Hc (�0.2 kOe) were
low. When the magnetization temperature decreased to 5 K, all the magnetization
parameters increased. The ceramic prepared from 1(1) at a higher temperature
[1000°C; 2(10N)] performed better magnetically than did its counterpart prepared at
the low temperature [2(7N)]; the Ms values of the former were more than 2-fold
higher than those of the latter at both 300 and 5 K.

Similar but more profound effect of pyrolysis temperature was observed when
the ceramics prepared under argon was magnetized. Similar to 2(7N), 2(7A) was
also poorly magnetic, whose Ms values were in the range of �5–7 emu/g. The
ceramic prepared at the high temperature of 1200°C [2(12A)] was, however, a much
stronger magnet, whose Ms values were �10- and �7-fold higher than those of
2(7A) at 300 and 5 K, respectively. The superior magnetic performance of the ceram-
ics fabricated at the higher temperatures may be associated with their greater crystal
sizes. A small crystal possesses a large area of surface, on which the discontinuity of
the superexchange bonds between the iron species leads to the formation of canted
spins.159–171 The noncollinear spin structures due to the pinning of the surface spins
at the interfaces of the magnetic nanoclusters and the nonmagnetic ceramic sur-
roundings reduce the total magnetic moments of the nanoclusters, resulting in a
decrease in their magnetizability.159–171 The bigger crystals have smaller surface
areas and hence higher magnetic susceptibilities.

The magnetization behaviors of the ceramics fabricated from polymer 1(V),
namely, 3, were similar to those of 2 in one aspect but different in the other.
Similarly, higher pyrolysis temperature again favored the formation of ceramics with
higher magnetizabilities; the Ms values of the ceramics prepared at 1000°C were
always higher than did those prepared at 700°C. However, different from 2, none of
ceramics 3 exhibited a really high magnetizability. The Ms values of the ceramics
prepared at the high pyrolysis temperature (1000°C) [i.e., 3(10N) and 3(10A)] were
moderate at the low magnetization temperature (5 K), in the range of �13–15 emu/g.
These values are, however, still much higher than those of the ceramics prepared
from the pyrolyses of linear polymer 5(1), which were in the range of
0.52–3.5 emu/g.72,73,78–84,147–150 This difference in magnetizability may be caused by
the difference in their iron contents: the atomic compositions of iron in 3 were
�28–31% (by EDX), while those in the ceramic prepared from the linear polymer
precursor was only 11% (also by EDX).72,73

Ceramics 3(7N) and 3(7A) exhibited typical superparamagnetic behavior;172–176

there were practically no hysteresis loops in their magnetization curves at 300 K but
well-defined loops were observed when the magnetization was carried out at 5 K
(Table 3, nos. 5 and 7). Remarkably, however, 2(12A) did not show any hysteresis
loops even when it was magnetized at 5 K (Table 3, no. 4). In other words, this ceramic
does not suffer any magnetic hysteresis loss at either high or low temperature. Silicon
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steel (Si�Fe) is widely used in the electromagnetic systems (generators, motors, trans-
formers, solenoids, etc.) because of its very low magnetic hysteresis loss.177–180 XRD
analysis has revealed that the major component of iron nanoclusters in 2(12A) is the
iron silicide (Fe3Si) species (see curve B in Fig. 11), which may be the cause for its
near-zero Mr and Hc values. This ceramic is thus an excellent soft ferromagnetic mater-
ial with a high magnetic susceptibility (Ms �51 emu/g) and low hysteresis loss (Mr and
Hc: practically nil).

VIII. SUMMARY AND PERSPECTIVES

In summary, in this work, we generated a group of new hyperbranched organo-
metallic polymers by molecularly fusing the ferrocenylene and silyne moieties into
a three-dimensional macromolecular structure. The polyferrocenylenesilynes were
readily synthesized by a one-pot experimental procedure in good isolation yields.
The properties of the polymers changed with the alkyl substituents on the silicon
atom; with an increase in the length of the alkyl chain, the solubility of the polymer
increased, while its Tg and ceramization yield decreased. The pyrolysis temperature
affected the structure and properties of the resultant ceramic materials: sintering
polymers 1(1) and 1(V) at higher temperatures produced ceramic materials with big-
ger iron nanoclusters and higher magnetic susceptibilities. Pyrolyzing 1(1) at
1200°C under argon resulted in the formation of an outstanding soft ferromagnetic
ceramic, 2(12A), which was magnetically highly susceptible but practically hystere-
sis-free in its magnetization processes.

In comparison to the polyalkylsilyne networks, our hyperbranched polyferro-
cenylenesilynes were electronically more conjugated, with their absorption band
edges entered the infrared spectral region, due probably to the extended σ–π conju-
gation in the three-dimensional macromolecular spheres. Compared to their linear
polyferrocenylenesilene cousin 5(1), hyperbranched polymers 1(1) and 1(V) pro-
duced, on sintering at high temperatures, ceramics with higher iron contents and big-
ger nanocrystals in higher ceramization yields, due to the better retention of the
pyrolysis-generated ceramizing species inside the macromolecular cages. Our hyper-
branched polymers are thus a group of better precursor polymers for the fabrication
of nanostructured magnetoceramics.

The information gained in this work is useful in terms of guiding molecular
engineering endeavors in the design of molecular structures of precursor polymers.
Our study suggests such an “ideal” molecular structure for an organometallic poly-
silyne precursor: “high branching density 
 small substituents on silicon.” Thus,
replacing the methyl group in 1 with a hydrogen atom, which is small yet reactive,
should lead to high-yield production of a ceramic material with high iron content.

The pyrolysis process provides a fast and simple route for the preparation of
mesoporous ceramic materials. While the spatial distribution of the nanoclusters in
2 is random, we are extending our research efforts to the design and synthesis of
amphiphilic copolyferrocenylenesilynes, in the hope of converting self-assembled
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nanostructures of the copolymers to well-ordered mesoporous morphologies by con-
trolled pyrolysis.

The mesoporous structure, coupled with other properties inherent with ceramic
materials (thermal stability, mechanical strength, solvent resistance, etc.), makes
ceramic 2 a promising candidate for many practical applications. For example, this
ceramic may be used as high-temperature filters or separation membranes, whose
three-dimensionally tortuously interconnected pathways offer the advantage of
decreasing the likelihood of the mesopores being clogged by filtrates. The high sur-
face areas associated with the mesoporous structures may be utilized in the supported
catalysis; that is, 2 may be used as matrix nanomaterials for embedding catalytic
species in the preparation of efficient and reusable catalysts.

The soft ferromagnetism of 2(12A) may also find technological applications 
in many areas such as information storage and magnetic refrigeration. The nano-
structured magnetoceramic materials are electrically highly conductive, further
investigation of which may lead to the development of novel electromagnetic devices
of nanodimensions, for example, nanomotors24,181 and nanoswitches.

IX. EXPERIMENTATION

A. Materials

Ferrocene was purchased from Aldrich and was further purified by recrystal-
lization from ethanol in our laboratory before use. The R-substituted trichlorosilanes
R�SiCl3, i.e., methyl- (Aldrich), vinyl-, n-octyl-, n-octyldecyl- (all Lancaster), n-
dodecyl-, and n-hexadecylltrichlorosilanes (both UCT) were all distilled over cal-
cium hydride. Diethyl ether, hexane, THF (all Lab-Scan), dichloromethane (DCM;
Aldrich), and N,N,N�,N�-tetramethylethylenediamine (TMEDA; Acros) were dis-
tilled from either calcium hydride or sodium benzophenone ketyl. n-Butyllithium
(1.7 M in heptane) and all other solvents and reagents were from Aldrich and were
used as received. Dilithioferrocene·TMEDA (4; Scheme 2) and poly[1,1�-ferroceny-
lene(methyl)silene] 5(1) were prepared according to published experimental proced-
ures.78–84

B. Instrumentation

The IR spectra of the polymers were measured on a Perkin Elmer 16 PC FTIR
spectrophotometer. The NMR analyses were performed on a Bruker ARX 300 NMR
spectrometer in deuterated chloroform using TMS as internal standard. The UV spec-
tra were recorded on a Milton Roy Spectronic 300 Array spectrophotometer and the
molar absorptivity (εmax) was calculated on the basis of the repeat unit of the polymer.
The relative molecular weights of the polymers were estimated using a size-exclusion
chromatograph (SEC) system equipped with a Waters 510 HPLC pump, ultrastyragel
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columns (HT3, HT4, and HT6), a column temperature controller, a Waters 486 
wavelength-tunable UV–vis detector, and a Waters 410 differential refractometer (RI).
THF was used as eluent at a flow rate of 1.0 mL/min. A set of monodisperse poly-
styrene standards covering molecular weight range of 102–107 Da was used as cali-
bration references. The absolute molecular weights and the intrinsic viscosities of the
polymers were determined in THF by another SEC system (Waters 590) equipped
with a set of parallel-series detectors, where a RI detector is connected in parallel with
two series detectors: a right-angle laser light-scattering (RALLS) detector and a
differential viscometer (DV) detector.96–99

The differential scanning calorimetry (DSC) analysis was performed on a
Setaram DSC 92 calorimeter at a heating rate of 10°C/min under nitrogen. 
Thermogravimetric analysis (TGA) was performed at a heating rate of 20°C/min
under nitrogen using a Perkin-Elmer TGA 7 analyzer. The morphologies of the
ceramization products of the polymers were imaged on a JEOL 6300 scanning elec-
tron microscope (SEM) operating at an accelerating voltage of 5 kV. The X-ray pho-
toelectron spectroscopy (XPS) experiments were conducted on a PHI 5600
spectrometer (Physical Electronics), and core level spectra were measured using a
monochromatic Al Kα X-ray source (hν�1486.6 eV). The analyzer was operated at
23.5 eV pass energy and the analyzed area was 800 µm in diameter. The binding
energies were referenced to the adventitious hydrocarbon C 1s line at 285.0 eV, and
curve fitting of the XPS spectra was performed using the least-square method.
Energy-dispersion X-ray (EDX) analyses were performed on a Philips XL30
SEM system with quantitative elemental mapping and linescan capacities operating
at an accelerating voltage of 15 kV. The X-ray diffraction (XRD) diagrams were
recorded on a Philips PW 1830 powder diffractometer using the monochromatized
X-ray beam from a nickel-filtered Cu Kα radiation (λ�1.5406 Å). The magnetiza-
tion measurements were carried out using a SQUID magnetometer (Quantum
Design MPMS-5S) at fields ranging from 0 to 20 kOe and at temperatures of 5 and
300 K.

C. Polymerization

All the polymerization reactions were carried out in an atmosphere of vigor-
ously dried nitrogen using the Schlenk technique. A typical experimental procedure
for the preparation of poly[1,1�-ferrocenylene(n-hexadecyl)silyne] 1(16) is given
below as an example. Ferrocene (0.622 g), 0.6 mL of TMEDA, and 15 mL anhydrous
hexane were added into a baked 100 mL two-necked round-bottomed flask at room
temperature (�22°C), into which a 2.5 M hexane solution of n-BuLi (2.7 mL) was
carefully injected using a syringe under nitrogen with magnetic stirring. An orange
slurry solution was obtained gradually. The solution was stirred for 8 h at room tem-
perature and was then cooled to �78°C using a dry ice/acetone bath, after which,
0.8 mL n-hexadecyltrichlorosilane in 50 mL THF was added. The temperature was
gradually raised from �78°C to room temperature in 4 h. The mixture was stirred for
another 20 h at room temperature and the reaction was then terminated by adding
0.2 mL methanol. The mixture was passed through a Pyrex filter to remove the fine
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white particles of LiCl. The filtrate was slightly concentrated and then passed
through a cotton filter into a large volume of methanol (�1000 mL) in a glass beaker
under vigorous stirring. A brown thin film formed at the bottom of the beaker on
standing. After standing overnight, the methanol solvent was decanted and the film
became transparent. The film was put into an oven and dried under vacuum to a con-
stant weight.

Characterization Data of the Polymers. Poly[1,1�-ferrocenylene(methyl)silyne]
[1(1)]. Golden yellow powder. IR: ν (cm�1) 3088, 2958, 2930, 2115, 1690, 1570,
1421, 1252, 1166, 1036, 776, 732. (Soluble fraction used for NMR analysis) 
1H NMR (300MHz, CDCl3), δ (TMS, ppm): 4.12 (Cp), 0.55 (Me).

Poly[1,1�-ferrocenylene(vinyl )silyne] [1(V)]. Golden yellow powder. IR: ν
(cm�1) 3090, 2943, 1694, 1592, 1420, 1404, 1164, 1105, 1036, 958, 830, 819,
732, 693. (Soluble fraction used for NMR analysis) 1H NMR (300 MHz, CDCl3),
δ (TMS, ppm): 5.5–6.2 (vinyl), 4.19 (Cp).

Poly[1,1�-ferrocenylene(n-octyl )silyne] [1(8)]. Amber powder. IR: ν (cm�1)
3090, 2955, 2924, 2854, 1693, 1466, 1164, 1108, 1036, 830, 724, 684. 1H NMR
(300 MHz, CDCl3), δ (TMS, ppm): 4.31 (Cp), 1.45, 1.06 (alkyl). 13C NMR
(75 MHz, CDCl3), δ (TMS, ppm): 73.15, 70.93 (ipso-Cp), 67.73 (Cp), 34.88,
31.53, 29.31, 26.90, 25.32, 22.80, 14.22, 12.30, 11.51 (alkyl). UV (DCM), λmax

229 nm, εmax 8.88 � 103 mol�1 L cm�1.

Poly[1,1�-ferrocenylene(n-dodecyl)silyne] [1(12)]. Brown elastomer. IR: ν
(cm�1) 3088, 2954, 2922, 2855, 1694, 1466, 1360, 1164, 1037, 1024, 829, 688. 
1H NMR (300 MHz, CDCl3), δ (TMS, ppm): 4.52, 4.21 (Cp), 1.30, 0.90 (alkyl). 13C
NMR (75 MHz, CDCl3), δ (TMS, ppm): 73.10, 70.81 (ipso-Cp), 67.91 (Cp), 31.93,
22.68, 14.09, 13.38, 2.34 (alkyl). UV (DCM), λmax 229 nm, εmax 8.98 � 103 mol�1

L cm�1.

Poly[1,1�-ferrocenylene(n-hexa-decyl)silynes] [1(16)]. Brown elastomer. IR:
ν (cm�1) 3090, 2922, 2852, 2112, 1696, 1629, 1466, 1379, 1165, 1036, 807, 722,
688. 1H NMR (300 MHz, CDCl3), δ (TMS, ppm): 4.12 (Cp), 1.26 (alkyl). UV
(DCM), λmax 229 nm, εmax 12.49 � 103 mol�1 L cm�1.

Poly[1,1�-ferrocenylene(n-octyldecyl)silyne] [1(18)]. Golden yellow powder.
IR: ν (cm�1) 3091, 2923, 2853, 1692, 1672, 1467, 1379, 1165, 1037, 830, 817,
721, 688. 1H NMR (300 MHz, CDCl3), δ (TMS, ppm): 4.52, 4.22 (Cp), 1.28, 0.89
(alkyl). 13C NMR (75 MHz, CDCl3), δ (TMS, ppm): 73.30, 71.60 (ipso-Cp),
68.40 (Cp), 33.81, 31.88, 30.43, 30.07, 29.74, 22.63, 14.82, 13.44 (alkyl). UV
(DCM), λmax 229 nm, εmax 15.80 � 103 mol�1 L cm�1.

D. Ceramization

The ceramics were prepared by high-temperature pyrolyses of the polymers
under nitrogen or argon (see Scheme 2). In one typical ceramization experiment con-
ducted under nitrogen, poly[1,1�-ferrocenylene(methyl)silyne] [1(1); 28 mg] was
placed in a sample cell of Perkin-Elmer TGA 7 analyzer. The sample was heated to
1000°C at a rate of 10°C/min and calcinated at the highest temperature for 1 h. 
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A ball-shaped ceramic product 2(10N) was obtained in �50% yield. In another typical
pyrolysis experiment carried out under argon, �40 mg of 1(1) was placed in a quartz
tube in a Winston-Salem Thermcraft furnace, which was heated to 1200°C at a rate of
10°C/min in a stream of argon (flow rate �200 cm3/min). The sample was sintered at
the highest temperature for 1 h, which gave a ceramic product 2(12A) in �50% yield.

Characterization data of the ceramics are as follows:

2(7N). XPS, atomic composition (%): Fe 10.3, Si 21.7, C 6.4, O 61.6; binding
energy (eV): Fe 2p3/2: 711.7; Fe 2p1/2: 720.0, 725.1; Si 2p: 104.1. EDX, atomic
composition (%): Fe 24.0, Si 19.8, C 7.4, O 48.9. XRD, 2θ (degree)/d spacing
(Å): 25.25/3.52, 33.2/2.70, 35.7/2.51, 40.9/2.21, 49.5/1.84, 54.25/1.69, 62.6/1.48,
64.05/1.45, 72.05/1.31, 75.5/1.26.

2(10N). XPS, atomic composition (%): Fe 6.1, Si 0.7, C 78.0, O 15.2; binding
energy (eV): Fe 2p3/2: 707.4, 712.3; Fe 2p1/2: 720.2, 725.8; Si 2p: 104.0. EDX,
atomic composition (%): Fe 36.0, Si 24.4, C 30.2, O 9.4. XRD, 2θ (degree)/d spa-
cing (Å): 19.00/4.68, 26.90/3.31, 28.45/3.13, 32.35/2.76, 33.00/2.71, 35.65/2.52,
38.45/2.34, 43.65/2.07, 44.55/2.03, 49.50/1.84, 51.00/1.79, 51.60/1.77,
54.75/1.68, 57.50/1.60, 59.85/1.54, 66.30/1.41, 67.40/1.39.

2(7A). XPS, atomic composition (%): Fe 12.9, Si 19.7, C 6.7, O 60.7; binding
energy (eV): Fe 2p3/2: 711.2; Fe 2p1/2: 719.4, 724.9; Si 2p: 103.2. EDX, atomic
composition (%): Fe 15.5, Si 20.3, C 6.6, O 57.8. XRD, 2θ (degree)/d spacing
(Å): 14.15/6.25, 33.05/2.71, 35.6/2.52.

2(12A). XPS, atomic composition (%): Fe 3.8, Si 0.6, C 86.7, O 8.9; binding
energy (eV): Fe 2p3/2: 707.4, 710.8; Fe 2p1/2: 720.2, 724.8; Si 2p: 99.9, 101.5,
104.0. EDX, atomic composition (%): Fe 43.2, Si: 29.1, C 22.4, O 5.3. XRD, 2θ
(degree)/d spacing (Å): 26.50/3.36, 27.40/3.24, 30.40/2.94, 33.00/2.71,
35.48/2.53, 38.05/2.36, 40.75/2.21, 41.20/2.19, 45.40/2.00, 46.50/1.95,
59.95/1.54, 66.35/1.41, 69.00/1.36, 84.15/1.15.

3(7N). XPS, atomic composition (%): Fe 14.9, Si 15.7, C 14.3, O 55.2; bind-
ing energy (eV): Fe 2p3/2: 711.4; Fe 2p1/2: 719.3, 725.1; Si 2p: 103.1. EDX,
atomic composition (%): Fe 29.1, Si 15.8, C 5.2, O 50.0. XRD, 2θ (degree)/d
spacing (Å): 14.5/6.10, 35.55/2.52, 40.65/2.22, 49.5/1.84, 54.1/1.69, 57.5/1.60.

3(10N). XPS, atomic composition (%): Fe 9.1, Si 21.0, C 14.9, O 55.0; bind-
ing energy (eV): Fe 2p3/2: 711.1; Fe 2p1/2: 719.4, 724.8; Si 2p: 103.3. EDX,
atomic composition (%): Fe 27.7, Si 18.1, C 3.1, O 51.2. XRD, 2θ (degree)/d
spacing (Å): 24.15/3.68, 33.2/2.70, 35.7/2.51, 40.9/2.21, 49.5/1.84, 54.25/1.69,
62.6/1.48, 64.05/1.45, 72.05/1.31, 75.5/1.26.

3(7A). XPS, atomic composition (%): Fe 17.1, Si 16.7, C 8.0, O 57.8; binding
energy (eV): Fe 2p3/2: 711.4; Fe 2p1/2: 720.0, 725.0; Si 2p: 103.0. EDX, atomic
composition (%): Fe 28.1, Si 13.0, C 3.6, O 55.3. XRD, 2θ (degree)/d spacing
(Å): 32.70/2.74, 34.95/2.57.

3(10A). XPS, atomic composition (%): Fe 14.7, Si 18.4, C 8.7, O 58.2; bind-
ing energy (eV): Fe 2p3/2: 711.2; Fe 2p1/2: 719.6, 724.8; Si 2p: 103.2. EDX,
atomic composition (%): Fe 30.9, Si 16.7, C 5.6, O 46.9. XRD, 2θ (degree)/d
spacing (Å): 14.50/6.10, 33.00/2.71, 34.95/2.57, 35.60/2.52.
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I. INTRODUCTION

Metal-containing polymers1–3 exhibit rich potential, and much of the early work
in the area in the 1950s and 1960s targeted polymetallocenes.1–6 However, most of the
attempted polymer syntheses utilized polycondensation reactions involving inefficient
coupling methodologies or impure difunctional monomers.1–3 In the vast majority of
cases, such step-growth processes led to the generation of poorly defined, low molec-
ular weight oligomeric materials (Mn � �3000) of correspondingly low processabil-
ity, which were often also insoluble and poorly characterized, although important
recent advances have been made.4–6

Our group has developed ring-opening polymerization (ROP) routes to a variety
of polyferrocenes since the early 1990s. Among the species studied were silicon-
bridged [1]ferrocenophanes 1 ([1]silaferrocenophanes), which undergo thermal ROP
at 120–150°C to afford high molecular weight (Mn � 105) polyferrocenylsilanes
(PFSs) (Scheme 1).7 A large variety of monomers 1 are readily accessible via reaction
of dilithioferrocene-TMEDA adduct with the appropriate dichlorosilane RR�SiCl2.

62 Ring-Opened Polyferrocenes

heat

1

Fe Si
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Scheme 1 Preparation of polyferrocenylsilanes via ROP of [1]ferrocenophanes.

Copolymerization of silicon-bridged [1]ferrocenophanes with other monomers
has also been achieved, and we have expanded this ROP methodology to a range of
analogous strained monomers that contain other single-atom bridges (Ge, P, Sn, S,
etc.), 2-atom bridges (C�C, C�P, C�S, etc.), and transition metals (e.g., Ru, Cr)
and/or different π-hydrocarbon rings (arenes).8,9 Thus an extensive array of polyfer-
rocene materials are accessible, opening an interesting and broad area of potential
applications. This chapter surveys some of the most recent developments.

II. PROPERTIES OF POLYFERROCENYLSILANES

Polyferrocenylsilanes (PFSs) have attracted growing interest since the early
1990s.10–18 These materials exemplify the types of polymers accessible by the use of
the novel ring-opening polymerization (ROP) approach. PFS materials can be easily
fabricated and processed as films, gels, and monoliths, and have even been
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electrospun into nanofibers.10 Thermotropic, liquid crystalline PFSs have also been
synthesized and studied.10,19 A trans-planar zigzag conformation for the protypical
PFS, polyferrocenyldimethylsilane appears favored in the solid state according to
studies of model oligomers, molecular mechanics calculations, and X-ray diffraction
studies of crystalline films and fibers (see Fig. 1).10,14,20

Properties of Polyferrocenylsilanes 63

Figure 1 View of the crystal packing arrangement of the pentamer analog of polyferro-
cenylsimethylsilane showing one pair of molecules. The terminal ferrocenyl groups are
twisted in opposite directions perpendicular to the interior, planar, all-trans, zigzag units.

Cyclic voltammetric studies of PFSs show clear evidence for the existence of
interactions between the iron atoms.10 Comparisons of the behavior of PFSs with
other polyferrocenes indicate that the metal–metal interactions are influenced by the
silicon spacer.9,10 PFSs have been found to possess interesting hole transport prop-
erties, and partial oxidation causes up to a 1010 increase in electrical conductivity
with values in to the semiconductor range.10,21–23

Controlled crosslinking of PFSs has also been achieved to yield solvent-
swellable, redox-active gels.24 The degree of crosslinking can be varied by using
specific amounts of a spirocyclic [1]ferrocenophane 2 in the polymerization mix-
tures (see Scheme 2). On oxidation of the gels a broad absorption assigned to an
intervalence (charge) transfer (IT) band is detected, consistent with the presence of
hole-hopping processes.10,24

In collaboration with G. A. Ozin and others, we have reported the formation of
shaped, magnetic ceramics (including films) from the pyrolysis of highly crosslinked
PFS networks.11 The magnetic properties arise from the presence of iron nanoparticles
(Fen) formed within the ceramic matrix. Their size is dependent on the pyrolysis 
temperature, which allows the magnetic properties to be controlled. Magnetization
measurements for ceramics formed at 650 and 850°C show evidence for smaller,
superparamagnetic Fen clusters, while at higher temperatures (1000°C) the size of the
Fen clusters is large enough to display ferromagnetic behavior. Ordered micrometer-
scale patterns of the magnetic ceramic can also be fashioned by the pyrolysis of the
patterned crosslinked PFS precursors created using soft lithography techniques 
(see Fig. 2).25
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PFSs have been synthesized in the form of microspheres by the use of a pre-
cipitation polymerization methodology developed by Stöver.12,26 Chemical oxidation
of the microspheres with iodine leads to positively charged particles, which then can
electrostatically self-assemble into superstructures with smaller, negatively charged
silica particles (see Fig. 3a). The crosslinked PFS microspheres act as precursors to
spherical magnetic ceramic particles on pyrolysis. As a result of their magnetic prop-
erties, assembly into well-ordered 1D and 2D arrays by interaction with an applied
magnetic field is possible (Fig. 3b).12,26 PFSs can also be formed via ROP within the
3-nm channels of mesoporous silica (MCM-41). As a result of the constrained envir-
onment, subsequent pyrolysis yields nanostructured magnetic ceramic composite
materials with smaller Fen nanoparticles compared to those obtained from pyrolysis
of the bulk polymeric material.10,25
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Figure 2 SEM micrographs showing (a) surface relief pattern and (b) top view of ceramic
film obtained by micromolding spirocyclic [1]ferrocenophane 2 into anisotropically 
etched channels housed inside silicon wafers (periodic spacing is �8 µm), crosslinking via
thermal ROP and pyrolyzing at 600°C under N2. (Adapted from Ref. 25.)
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Scheme 2 Preparation of crosslinked PFSs.
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Thin films of PFS homopolymers have also attracted attention as potential pro-
tective charge dissipation coatings for dielectrics, as electrochromic materials, as sen-
sors, and as electrode mediators.10 In addition, the relatively high refractive indices 
of PFS derivatives make these materials of interest for applications in photonics—
for example, in photonic crystals where periodic variations in refractive index are 
necessary.27

Although much less studied than PFSs, significant information has been gathered
on other ring-opened polyferrocene systems.8 For example, polyferrocenylgermanes
appear to possess properties that are generally similar to those of their silicon analogs.
However, polyferrocenylethylenes with a CH2�CH2 spacer (and other polymers derived
from the ROP of [2]ferrocenophanes) possess much weaker metal–metal interactions
than for PFSs, whereas for polyferrocenylsulfides the interaction is stronger.8,9 Poly-
ferrocenylphosphines offer additional possibilities as facile coordination of transition
metals to phosphorus is possible.8

III. WATER-SOLUBLE PFS DERIVATIVES FOR 
LAYER-BY-LAYER SELF-ASSEMBLY
APPLICATIONS

Water-soluble polymers are of great industrial and commercial importance.
While water-soluble organic polymers have been widely studied, their inorganic
counterparts have been largely left unexplored. Modification of the polymer side
groups at silicon has been shown to allow access to water-soluble PFSs.28 For 
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a b

Figure 3 SEM micrographs of (a) negatively charged silica microspheres electrostatically
bound to the surface of oxidized polyferrocenylsilane microspheres and (b) aligned strand 
of spherical magnetic ceramic particles obtained from pyrolysis of polyferrocenylsilane
microspheres at 900°C displaying magnetic ordering in an external magnetic field. 
(Adapted from Ref. 26.)
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example, ROP of 1a (R�Me, R�Cl) to give poly(ferrocenylchloromethylsilane) (3),
followed by substitution of the Si�Cl bonds with functionalized alcohols permits
access to hydrophilic and water-soluble PFSs.28

Convenient and general routes have been established for the preparation of a range
of water-soluble PFS polyelectrolytes from the substitutionally labile silicon-bridged
[1]ferrocenophane fcSiMeCl (1a) (fc�Fe(η5-C5H4)2) and polymer 3 via reaction of the
Si�Cl bonds with lithium reagents.29,30 Scheme 3 highlights the preparation of both
cationic and anionic water-soluble PFSs.30 For example, reaction of 3 with the amino-
protected, propargyl lithium salt Li(C�CCH2NR2) [R2�(SiMe2CH2)2] yields
[fcSiMeC�CCH2N(SiMe2CH2)2]n (4). Deprotection of 4 is readily achieved using
THF/MeOH, to yield the aminopropynyl-functionalized polymer [fcSiMe(C�
CCH2NH2)]n (5), which is then conveniently reduced with hydrazine in THF to the 
analogous aminopropyl polymer [fcSiMe(CH2CH2CH2NH2)]n (6). Treatment of PFSs
5 and 6 with HCl generates the water-soluble cationic polyelectrolytes [fcSiMe(C�
CCH2NH3Cl)]n (7) and [fcSiMe(CH2CH2CH2NH3Cl)]n (8), respectively. Treatment of
polymer 4 with 1,3-propanesultone affords the anionic polyelectrolyte [fcSiMe{C�
CCH2N(CH2CH2CH2SO3Na)2}]n (9) and reduction of the propynyl unit with hydrazine
gives [fcSiMe{CH2CH2CH2N(CH2CH2CH2SO3Na)2}]n (10). The PFS polyelectrolytes
7–10 are readily soluble in water, making them potentially useful materials for a range
of applications.
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These water-soluble PFS derivatives are of potential interest as electrode mater-
ials and as redox-active polymeric electrolytes for which the ionic conductivity might
be tuned by oxidation of the iron centers. These materials may also prove useful as
exploratory redox-controlled drug delivery agents as various water-soluble ferrocenium
salts have been shown to display anticancer activity.

Another interesting application of these materials is as electrostatic super-
lattices formed via layer-by-layer (LbL) self-assembly. The technique involves the
sequential adsorption of polyion monolayers from aqueous solution to form nanos-
tructured multilayer polymer films of controlled thickness. Such film architectures
can be manipulated to achieve unique and tunable physical properties, and can be
used for the construction of a range of devices. In collaboration with Ozin, we have
studied well-characterized organic–organometallic31 and also all-organometallic32

polymer electrostatic superlattices formed from PFS derivatives.33 Alternate adsorp-
tion of the anionic polystyrenesulfonate (PSS) and the cationic water-soluble
[fcSiMe(C6H5NMe3

�)]n (11) were deposited on Si and Au substrates chemically
modified with (3-aminopropyl)trimethoxysilane (AMPS) and 2-aminoethanethiol
(AET), respectively (Fig. 4a). The wettability of the surface of the film was shown to
be dependent on the outermost layer of the multilayer assembly as shown by the
advancing contact angle measurements (Fig. 4b).31 These LbL self-assembled PFS
multilayers may be directly visualized via TEM techniques, allowing a useful way to
monitor the growth of the superlattices (Fig. 5a).32 Self-assembly of the multilayers
can also be performed on curved surfaces. For example, LbL of PFS polyelectrolytes
of opposite charge on silica nanospheres followed by etching of the inorganic core
with HF yields hollow PFS spheres (Fig. 5b).

Future work on these composite superlattices will focus on patterning appli-
cations (e.g., using microcontact printing) and the generation of magnetic and redox-
tunable multilayers that take advantage of the unique features of polyferrocenylsilanes.

IV. METAL-CONTAINING BLOCK COPOLYMERS:
FORMATION OF SELF-ASSEMBLED,
SUPRAMOLECULAR MATERIALS AND
NANOSCOPIC CERAMIC PATTERNS

Thermal ROP of metallocenophanes leads to virtually no control over molecular
weight and the molecular weight distribution is broad (PDI��1.5–2.5). Subsequently,
living anionic and transition metal catalyzed ROP routes to polymetallocenes have been
developed.10,34–36 These have permitted unprecedented control of mainchain metal-
containing polymer architectures. In particular, the access provided to the first block
copolymers with metals in the mainchain has created unique opportunities for the 
generation of self-assembled, supramolecular materials.

Living anionic ROP of silicon-bridged [1]ferrocenophanes was reported by our
group in 1994 and occurs at ambient or subambient temperatures using initiators such
as n-BuLi or PhLi.35 This has permitted the synthesis of PFSs with controlled molecular
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weights and narrow molecular weight distributions, and has also allowed the preparation
of end-functionalized polymers and block copolymers.36 The prototypical PFS block
copolymers contained inorganic [polydimethylsiloxane (PDMS)] and organic [poly-
styrene (PS)] coblocks, respectively.36 The living anionic ROP of phosphorus-bridged
[1]ferrocenophanes is also possible.37 A range of diblock, triblock, and even pentablock
materials with crystalline or amorphous polyferrocene blocks and a variety of different
inorganic and organic coblocks are now available (Scheme 4).36
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Figure 4 (a) Schematic representation of sequential polymer electrolyte adsorption for 
growing anionic polystyrenesulfonate–cationic water-soluble polyferrocenylsilane
organic–organometallic multilayer thin films. (b) Advancing water contact angle on PSS 
(odd-numbered layers) and PFS 11 (even-numbered layers)-terminated multilayer films 
grown on Au substrates. (Adapted from Ref. 31.)
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Figure 5 (a) TEM image of a cross section of 30 bilayers of positively charged PFS/negatively
charged PSS deposited on a gold surface chemically modified with AET (adapted from 
Ref. 32). (b) SEM image of hollow spheres of 5 bilayers of positively charged PFS/negatively
charged PSS obtained from templating on �500-nm silica spheres followed by etching with HF.
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Scheme 4 Synthesis of PFS block copolymers via anionic polymerization.

Transition-metal-catalyzed ROP of silicon-bridged [1]ferrocenophanes was
reported in 1995 and occurs in solution at room temperature in the presence of PtII, Pt0,
RhI, and PdII precatalysts. Transition-metal-catalyzed ROP is a mild method that does
not require monomer with an exceptional degree of purity and has now been developed
to the stage where considerable control over polymetallocene architectures is possible.34

On the basis of the behavior of all-organic analogs, polyferrocene block
copolymers would be expected to self-assemble to form supramolecular
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organometallic micellar aggregates in solvents selective for one of the blocks. In col-
laboration with the group of M. A. Winnik at Toronto we have shown that many poly-
ferrocene block copolymers form spherical micelles with a polyferrocene core in
nonsolvents for the organometallic block. In these cases, the PFS or PFP block pres-
ent was amorphous. However, using crystallizable PFS blocks we found that well-
defined cylindrical micellar structures can be generated. For example, the solution
aggregation of PFS-b-PDMS block copolymers with a polyferrocenyldimethylsilane
block in n-hexane as a PDMS-selective solvent yielded novel wormlike micelles
(PFS–PDMS ratio 1–6).38,39

These structures maintain their integrity in the solid state and the structures are
unchanged in size after heating in aliphatic hydrocarbon solvents to 80°C. In con-
trast, when micelles are formed above the Tm (melting point) of the polyferrocenyl-
dimethylsilane block (�120–145°C), spherical aggregates are formed, suggesting
that the crystallization of the core polymer is the key driving force for the formation
of cylindrical structures below Tm.40 The preference for the polyferrocenyldimethyl-
silane blocks to pack parallel to one another in the core, as appears to be the case in
samples of the homopolymer, presumably results in a strong preference for the for-
mation of a lower curvature cylindrical structure.40 Block copolymers with crystal-
lizable polyferrocenyldimethylsilane segments and polyisoprene (PI) coblocks
similarly form cylindrical micelles with a PFS core in n-hexane.41 Water-soluble PFS
diblock copolymers with polyaminomethacrylate coblocks behave similarly.42

The self-assembled cylinders formed in n-hexane consist of a wirelike core 
of PFS surrounded by an insulating sheath or corona of polydimethylsiloxane or
polyisoprene and are candidates for the formation of semiconducting nanowires.
Furthermore, these well-defined aggregates may be of use as etching resists for semi-
conducting substrates such as GaAs or Si, and offer potential access to magnetic or
semiconducting nanoscopic patterns on various substrates. As the accessibility of
smaller and smaller length scales by lithographic techniques becomes more difficult,
the use of such methods clearly becomes of interest. In collaboration with J. Spatz
and M. Möller of the University of Ulm, Germany, the cylindrical block copolymer
structures have been positioned on the surface of a GaAs resist by capillary forces
along grooves that were previously formed from electron-beam etching of the sur-
face.43 Connected ceramic lines of reduced size were generated by subsequent reac-
tive ion etching with hydrogen plasma (see Fig. 6). Such an approach allows the
formation of nanolines that have widths as low as �8–10 nm if easily etched organic
coronas are present (e.g., PI) and lengths can reach �500 nm through a combined
“top–down/bottom–up” approach. Current work focuses on detailed characterization
of the nanoscopic lines and compositional tuning of their conductive and magnetic
properties.

Self-assembling polyferrocene triblock copolymers are also accessible via living
anionic or transition metal-catalyzed ROP.34,44 We have reported studies of the self-
assembly of PFS-b-PDMS-b-PFS triblock copolymers. If crystallizable PFS blocks are
present, remarkable flowerlike architectures form on self-assembly in n-hexane as the
PDMS-selective solvent with cylindrical micelles as a major component.44 In contrast,
analogs with amorphous PFS blocks form spherical micelles. In the former case it also
appears that crystallization directs the self-assembly process and the ability of the
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triblock copolymer to function as a tie molecule between individual micelles is critical
to the hierarchical assembly to yield the flowerlike superstructures.44
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Figure 6 Scanning Force Microscopic (SFM) image of PFS-b-PDMS diblock copolymer
cylinders deposited along a prepatterned groove on a resist film, followed by liftoff with
acetone followed by hydrogen plasma treatment; the aligned nanoscopic line, height 4 nm, 
is composed of clusters of Fe, Si, O, and C (adapted from Ref. 43).

Figure 7 (a) TEM of films of PS-b-PFS (block ratio �1–1) after annealing at 180°C showing
lamellar ordering (interdomain spacing 310 Å). The white regions are PS domains while the
darker regions are PFS domains. (Adapted from Ref. 38.) (b) AFM image of pyrolyzed sample
at 600°C for 2 h under N2, of a PS374-b-PFS45 thin film (25 nm) in which the PS matrix had
been crosslinked by UV radiation. The dot size is �20–25 nm (Adapted from Ref. 45).

Polyferrocene block copolymers also phase separate in the solid state to gener-
ate periodic, nanoscopic metal-rich domains that can be observed by TEM without
resorting to staining techniques (see Fig. 7a).36,38 Pyrolysis methods can also be used
to surface pattern substrates with magnetic nanostructures (see Fig. 7b),45 and others17

have shown that selective etching with plasmas yields ceramic patterns.
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V. SUMMARY

ROP of silicon-bridged [1]ferrocenophanes has permitted access to polyferro-
cenylsilane homopolymers, a readily available class of processable metal-containing
polymers with a range of interesting physical properties. Living anionic and transition-
metal-catalyzed ROP have allowed the preparation of materials with controlled
molecular weights and architectures, such as block copolymers. In this chapter
examples of work by ourselves and our collaborators illustrate the interesting poten-
tial of these polymers in materials science, self-assembly, and nanoscience. With the
immense structural diversity and range of properties made possible by the presence
of transition elements, these results strongly suggest that supramolecular chemistry
of metal-containing polymers is likely to be a broad and expanding area of future
research.3
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76 Synthesis and Solution Self-Assembly of Polyferrocene

I. INTRODUCTION

Self-assembly of block copolymers provides a powerful route to nanostruc-
tured materials both in solution and the solid state.1,2 For example, the micellization
of organic diblock copolymers in a selective solvent for one of the blocks is currently
attracting intense attention as a route to supramolecular nanostructures.2 The incorp-
oration of metallic elements into block copolymers offers potential new functions as
ceramic precursors and redox-active materials which should complement those
available from well-studied all-organic analogs.3

Well-defined polyferrocene block copolymers are accessible via the living
anionic ring-opening polymerization (ROP) of [1]ferrocenophanes4 [e.g., (1)] and
self-assembly of these materials offers potential access to supramolecular structures
with redox-active, high-refractive-index contrast, and preceramic properties.5 We pre-
viously showed that crystalline-coil poly(ferrocenyldimethylsilane-b-dimethylsilox-
ane) (PFS-b-PDMS) (2), diblock copolymers (block ratio 1–6) form cylindrical
micelles with an organometallic core and a polysiloxane corona in selective solvents
such as hexane for the PDMS block.6 As PFS homopolymers become semiconduct-
ing on oxidative doping7 and also function as high-yield precursors to ceramics,8

these cylinders are of interest as semiconducting nanowires and as nanoscopic etch-
ing resists.9 We previously proposed that the formation of cylindrical structures rather
than the spherical micelles expected on the basis of the block asymmetry is a result
of the tendency of the PFS block to crystallize which favors the formation of low-cur-
vature structures.10 This assertion is further supported by the self-assembly of a poly-
ferrocenyl phenylphosphine-b-polyisoprene (PFP-PI) block copolymer in hexane
where spheres were formed as a result of the amorphous nature of the PFP block.11

The extension of this concept to AB amphiphilic diblock or ABC triblock copolymer
systems offers further opportunities for fabrication of water-soluble supramolecular
organometallic assemblies and crystallization-directed micellar morphology control.
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II. RESULTS AND DISCUSSION

A. Synthesis and Aqueous Micellization 
of PFS-PDMAEMA

The block copolymer polyferrocenyldimethylsilane-b-polydimethylaminoethyl
methacrylate (PFS-b-PDMAEMA) was prepared by a two-step synthesis as illustrated
in Scheme 1. The steps consisted of the synthesis of hydroxy terminated ferrocenyl-
dimethylsilane (PFS-CH2CH2CH2OH) (5) followed by the polymerization of
DMAEMA initiated by PFS-CH2CH2CH2O

�K�, generated from the reaction of 5 with
KH. Telechelic 5 was prepared by the (tert-butyldimethylsilyloxy)-1-propyl-lithium 
(t-BDMSPrLi)-initiated anionic ROP of 1 at room temperature. t-BDMSPrLi is well
documented as a hydroxy group protected initiator for anionic polymerization14,15

where the t-BDMS protecting group on the initiator is subsequently hydrolyzed to gen-
erate an �OH functionality in the presence of [Bu4N]F at room temperature over a time

Results and Discussion 77

Herein, we discuss the synthesis of the first PFS block copolymers with a water-
soluble polyacrylate coblock (3) by using an anionic ROP followed by anionic poly-
merization of dimethylethyl methacrylate,12,13 as well as well-defined ABC triblock
copolymers (4) conceptually derived from the PFS-b-PDMS system where a short,
amorphous atactic polyferrocenylphenylphosphine (PFP) block is also attached to the
PFS segment. The self-assembly behavior of these two types of novel block copoly-
mers were investigated either in water or in hexane.
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period of 24 h. The molecular weight of 5 was Mn�2800 (PDI�1.1) measured by GPC
with a light-scattering detector, corresponding to a degree of the polymerization (DP)
of 11. The narrow polydispersity index of 1.1 is consistent with the living nature of the
polymerization.

78 Synthesis and Solution Self-Assembly of Polyferrocene

Scheme 1

Living anionic polymerization of tertiary amine methacrylates, such as 
2-(diethylamino)ethyl methacrylate (DEAEMA) using potassium ethoxide as initia-
tor in THF was first developed by Nagasaki in 1997.12 Complexation of the potas-
sium counterion with the nitrogen heteroatom of DEAEMA was attributed to this
unexpected success. Armes and coworkers have successfully extended this polymer-
ization technique to other tertiary amine methacrylates, such as 2-(dimethylamino)
ethyl methacrylate (DMAEMA), 2-(N-morpholino)ethyl methacrylate (MEMA) to
access a range of water-soluble block copolymers and macromonomers.13 Reagents
such as potassium naphthalide, potassium hydride (KH), or potassium methylsulfinyl
carbanion (DMSO�K�) were used to convert a hydroxy end group into a potassium
alkoxide to accomplish the initiation of DMAEMA polymerization. We used a slight
excess of KH relative to 5 to ensure full conversion to PFS-CH2CH2CH2O

�K� at
0°C. As soon as PFS-CH2CH2CH2O

�K� was generated, the DMAEMA monomer
was introduced to commence the 2-h room-temperature polymerization, which was
finally quenched with methanol. The reaction mixture was precipitated in hexane at
room temperature to isolate the amber block copolymers.

GPC characterization gave rise to a monomodal trace and a detected increase
in Mn from 2800 to 11,000, suggesting a high efficiency for the crossover initiation
and no contamination by either PFS or PDMAEMA. As excess KH was used, the
possibility existed that PDMAEMA homopolymer might have been present in the
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crude reaction mixture. No evidence of this homopolymer contamination was
observed in the GPC trace, which suggests that either the contamination is minimal
and can be neglected, or that the homopolymer was removed during the precipitation,
since PDMAEMA homopolymer is slightly soluble in hexane at room temperature.13

The polydispersity index of 1.3 is a reasonable value when using the oxyanionic ini-
tiation technique.12,13

From an integration of the 1H NMR signals a block ratio (PFS–PDMAEMA)
of 1–5 was deduced for this sample. The absolute degree of polymerization of PFS-
CH2CH2CH2OH measured by GPC using a light-scattering detector indicates that
the block copolymer has segment lengths of 11 and 55 repeat units for PFS and
PDMAMA, respectively.

We have performed preliminary studies of the aqueous self-assembly of the PFS-
b-PDMAEMA block copolymer. Stirring PFS11-b-PDMAEMA55 with water gradually
gave a yellow colloidal dispersion, and a minimum of 20 days was required to achieve
a well-dispersed solution free from any suspended material. The resulting solution was
first aerosol sprayed onto a carbon film supported by mica. The carbon film was then
floated off in water and deposited on a copper grid to facilitate the transmission elec-
tron microscopy (TEM) measurements. Although the block length of PFS is only 11
repeat units, cylindrical micelles were observed with a hydrophobic PFS core and a
PDMAEMA corona (Fig. 1). TEM allows selective visualization of the electron-rich
PFS core9,10 which has an apparently uniform width of 16 nm, but a variation in length
in the 50–500 nm range. Compared with the cylinders formed by PFS-b-PDMS in
hexane,5,6 the water-soluble cylinders have a similar width, but are shorter in length.

Results and Discussion 79

Figure 1 TEM of micelles associated in water from PFS11-PDMAEMA55.
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B. Synthesis and Micellization of PFP-PFS-PDMS

The ABC triblock copolymers were synthesized by living anionic ROP initi-
ated by n-BuLi with sequential monomer addition (see Scheme 2). The strategy for
this synthesis is based on our previous experience with the individual [1]ferroceno-
phane monomers 1a and 1b, which we have shown undergo living ROP when treated
with butyl lithium.4 Thus the polymerization of 1a and 1b to form the PFP and PFS
blocks were carried out at 23°C for (5 min for 1a, 30 min for 1b). Then the polymer-
ization of the PDMS block was carried out at 0°C for 20 h. According to the changes
in color of the solution, from the initial deep red color characteristic of the strained
monomers to orange-yellow typical for ring-opened polyferrocenes, we inferred that
there was quantitative conversion of 1a and 1b during the polymerization reaction.
The well-defined nature of the PFP-b-PFS-b-PDMS triblock copolymers was
demonstrated by the low polydispersities measured by GPC and also by 1H NMR
and 31P NMR analysis. These results are listed in Table 1. In the text, the different
block copolymers are denoted by PFPn-b-PFSm-b-PDMSl, where n, m, and l repre-
sent the repeat units for the PFP, PFS, and PDMS blocks, respectively.
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Scheme 2

The GPC data in Table 1 show that both the PFP-PFS diblock and PFP-b-
PFS-b-PDMS triblock copolymers have narrow molecular weight distributions
(Mw/Mn � 1.10) characteristic of living anionic polymerization. Because Mn values
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measured by GPC are based on polystyrene standards, they do not reflect the true Mn

values of the block copolymers. To overcome this problem, we characterized the
absolute block lengths and block ratios of PFP-b-PFS-b-PDMS by 31P and 1H NMR,
treating the PFP segment as the block copolymer end group. We took advantage of
the fact that two resonances can be detected in the 31P NMR spectrum of the PFP
block. According to our previous study,4d a peak at �27 ppm was assigned to a 
single phosphorus in the ring-opened monomer unit next to the initiator moiety 
(n-BuP(Ph)Cp). A second signal at around �31 ppm was attributed to the phos-
phorus atoms in the mainchain ferrocenylphosphine units. By end-group analysis,
the number of PFP repeat units n in the polymer can be deduced from the integra-
tion of these two peaks. The results obtained are in good agreement with the
fcPPh/BuLi reactant ratio in each case. When one equivalent of 1a was added to the
BuLi initiator, n-BuP(Ph)fcLi was formed exclusively and quantitatively as inferred
by the appearance of a single peak at �27 ppm. This result indicates that the reac-
tion of BuLi with 1a is much faster than the reaction of the n-BuP(Ph)fcLi anion
with 1a. This experiment provides evidence for very fast initiation in the ROP of
ferrocenophane monomers with butyl lithium, and helps us to understand why we
obtain polymers characteristic of good living character.
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Table 1 Mn, PDI, Block Ratio, and Micellar Morphology for PFP-b-PFS-b-PDMS Triblock
Copolymers in Hexane Characterized by GPC, 1H, 31P NMR, and TEM

PFPn-PFSm-PDMSlBlock PFPn-PFSm

No. Copolymers Block Mn/PDIa Mn/PDIa n/m/lb Morphologyc

1 1/40/304 10,400/1.10 40,500/1.04 1/40/304 Cylinders
2 2/45/300 13,400/1.01 38,300/1.05 2/45/300 Cylinders
3 6/45/220 13,000/1.06 31,200/1.06 6/45/220 Cylinders
4 11/50/600 15,000/1.06 74,300/1.04 11/50/600 Spheres

a GPC results with polystyrene standards.
b Evaluated from 1H and 31P NMR integration.
c Self-assembly in hexane as observed by TEM.

In the 1H NMR spectrum of PFP-b-PFS-b-PDMS, signals due to the phenyl
group attached to phosphorus are clearly visible at δ7.3 and δ7.5. On the basis of the
absolute number of repeats unit of PFP deduced from the 31P NMR spectrum, the
overall composition of the polymer was calculated from the integrals of peaks repre-
sentative of the PFS and PDMS blocks. For this purpose we chose as the reference the
peak integrals of phenyl protons of the PFP block. We compared them with the SiMe2

protons associated with the PFS block (δ��0.50 ppm) and those associated with
PDMS (e.g., δ��0.15 ppm). For the results of these calculations, see Table 1.

Self-assembly of the ABC triblock copolymers was studied in hexane. Hexane is
a nonsolvent for both PFP and for PFS, but a good solvent for PDMS. All micelle sam-
ples were prepared by slow addition of hexane to solutions of the polymer (0.1 wt/vol%)
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in THF, a good solvent for all three blocks. THF was removed by slow dialysis against
hexane. The micellar morphology was visualized by using TEM to analyze aerosol
sprayed samples after solvent evaporation; the results are summarized in Table 1.

The length of the PFP end block influences the type of structures formed by
the PFP-b-PFS-b-PDMS block copolymers in hexane. In Figure 2 we compared the
morphologies for the micelles formed by three block copolymers with 1, 6, and 11
repeat units for the PFP block. Both PFP1-b-PFS40-b-PDMS304 or PFP6-b-PFS45-b-
PDMS220 form cylinders, as shown in Figure 2a,b. The widths and lengths of these
cylinders are similar to those obtained with PFS50-PDMS300 diblock copolymer in
hexane,6 suggesting that short PFP (DP � 6) end blocks have little effect on the
overall micelle structure. Micelle solutions of PFP11-b-PFS50-b-PDMS600 with 11
PFP repeat units do not contain cylindrical structures. Only spheres are seen in the
TEM images (see Fig. 2c). This observation suggests that the presence of the longer
PFP chains disrupted the crystallization of the PFS blocks in the micelle core. By
comparison, crystalline–coil PFS-PDMS diblock copolymers of similar block ratio
(1–12) form cylindrical structures that appear to be hollow.6
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Figure 2 TEMs of micelles associated in hexane from PFP1-b-PFS40-b-PDMS304 (a), 
PFP6-b-PFS45-b-PDMS220 (b), and PFP11-b-PFS50-b-PDMS600 (c), respectively.

In this context, it is also noteworthy that the effect of PFP units on the micelle
structure was also detected in the sample of the cylinder-forming triblock PFP6-b-
PFS45-b-PDMS220 at elevated temperatures. On heating the cylindrical micelles 
to 70°C for 30 min., the formation of irregularly shaped aggregates was observed
(see Fig. 3). This again can be explained by the disruptive influence of PFP on the
crystallization of PFS, as cylindrical micelles of the diblock copolymer PFS-PDMS
(PFS–PDMS�1–6) without a PFP end block remain intact on heating at 80°C.6

To test the idea that the presence of the PFP block in the self-assembled struc-
ture could affect the crystallinity of the micelle core, we carried out wide-angle 
X-ray scattering (WAXS) measurements on films prepared from the micelles in
hexane. The samples were prepared by casting a solution of the micelles in hexane
onto an aluminum substrate and allowing the solvent to evaporate at ambient tem-
perature. The WAXS pattern obtained from the wormlike micelles PFP6-b-PFS45-b-
PDMS220 has a peak at 6.4 Å. This peak appears at the same d spacing as that found
in PFS homopolymer, confirming the crystalline nature of the PFS in this sample.16
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The absence of higher-order peaks may indicate less well-defined crystals than in
the homopolymer. In contrast, only an amorphous halo was observed in the WAXS
spectrum of the film prepared from the solution of spherical micelles of 
PFP11-b-PFS50-b-PDMS600. These results support the concept that crystallization
plays a key role in the formation of cylindrical micelles in PFS block copolymers.
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Figure 3 TEM illustrating the effect of heating on cylindrical micelles of PFP6-b-
PFS45-b-PDMS220 in hexane at 70°C for 30 min.

III. SUMMARY AND OUTLOOK

In conclusion, the well-defined organometallic amphiphilic AB block copoly-
mer of PFS-PDMAEMA and ABC block polymers of PFP-b-PFS-b-PDMS were
synthesized via anionic ROP approach.17

The crystallization of PFS chain and the amphiphilic nature of PFS-PDMAEMA
drive the block copolymer forming cylindrical micelles on stirring with water. We
expect the properties of PDMAEMA in water to vary with pH, temperature, and 
the degree of quaternization. Thus self-assembly studies of PFS-PDMAEMA may pro-
vide an opportunity to examine the interplay between the crystallization of PFS and
corona chain stretching. Moreover, a wide range of redox-active, water-soluble micelle
morphologies might be obtained simply by varying micelle preparation parameters.
The water-soluble cylindrical micelles may also prove advantageous for lithographic
applications.9

As for ABC triblock copolymers of PFP-PFS-PDMS, the PFP block is amorph-
ous because of its atacticity, whereas the PFS block is crystalline at room tempera-
ture. These triblock copolymers form micelles in hexane, a solvent selective for the
PDMS block. When the PFP block is very short (DP�1 or 6) the polymer forms
flexible wormlike micelles. A triblock copolymer with a longer PFP block (DP�11)
forms starlike spherical micelles. Films show a peak in the WAXS spectrum charac-
teristic of a crystalline PFS block for the wormlike structures. There is no evidence
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of crystallinity in the spherical micelles. We infer that the longer PFP block inter-
feres with crystallization of the PFS block.

An interesting and as yet unanswered question for the self-assembly of PFP-
PFS-PDMS ABC triblock copolymer is the location of the PFP component in these
self-assembled micellar structures. The question is particularly important because
the PFP segments present in these materials can coordinate to transition metals.4

Studies of metal coordination to PFP-b-PFS-b-PDMS, and the types of nanostruc-
tures they form, are currently in progress.
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I. INTRODUCTION

The self-assembly of amphiphilic block copolymers in block-selective solvents
is of considerable interest as the resulting supramolecular micellar aggregates have
a variety of potential applications.1 As the chemical composition of the insoluble
block and the lengths of the individual blocks can be varied, one can investigate sys-
tematically how these changes affect the size and structure of the micelles that are
formed.2–8 Most diblock copolymers form spherical micelles in a selective solvent.
For this case, there is a rich body of theory to help us understand how the dominant
interactions, the interplay of interfacial energy with the stretching entropies of the
core and corona blocks, determine micelle size. We have a poorer understanding of
the formation of other structures, such as cylinders and vesicles.9–12

When the insoluble block is crystalline, one would imagine that the energy of
crystallization is so large that this block must pack in a folded structure. As a result,
these diblock copolymers should form platelet structures consisting of a thin crys-
talline lamellar domain sandwiching a solvent-swollen corona of the soluble block
protruding from both faces.13 Experimental studies of micellar aggregates formed
by semicrystalline diblock copolymers in dilute solution are rare. The first experi-
ments, by Lotz et al.,14–15 examined polystyrene-block-poly(ethylene oxide) (PS-b-
PEO) diblock copolymers (with a crystalline PEO block) in ethylbenzene. They
observed platelet micellar structures by transmission electron microscopy (TEM).
Gast et al.16 subsequently reported the coexistence of spherical and large lamellar
aggregates from a PS-b-PEO diblock copolymer sample in cyclopentane. They also
found some cylindrical aggregates protruding from the edge of the platelets. The
authors attributed the multiple morphologies to different water content in the aggre-
gates. More recently, Lin and Gast17 used small-angle X-ray scattering and small-
angle neutron scattering to study the platelet structures formed by PS-b-PEO
in cyclopentane and by polyethylene-block-polyethylpropylene (PE-b-PEP, crys-
talline PE block) in decane. The latter system was also examined independently by
Richter et al.18

The fabrication of numerous micrometer- and submicrometer-scale devices
relies on the generation of periodic and aperiodic microstructures by the lithographic
techniques. To create features smaller than 100 nm for further miniaturization, the
use of conventional lithography becomes increasingly difficult and time-consuming.
The ordered nanostructures arising from the self-assembly of diblock copolymers
(size 10–100 nm) offer an alternative approach for lithographic purposes.19–25 For
example, spherical micellar aggregates from the self-assembly of diblock copoly-
mers in block-selective solvents have been shown to function as etch resists to fab-
ricate periodic features with dimensions smaller than 100 nm on substrates using
selective etching processes.26–28 To create connected structures such as lines, micellar
aggregates with cylindrical morphology are more desirable.

Polyferrocenylsilanes are an interesting class of metal-containing polymers
with a mainchain consisting of alternating ferrocene and organosilane units.29–31

Well-defined diblock copolymers containing polyferrocenylsilane segments are readily
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accessible via living anionic ring-opening polymerization (ROP) of silicon-bridged
[1]ferrocenophane 1.32–34 The self-assembly of polyferrocenylsilane block copolymers
in solid state and block-selective solvents results in the formation of nanosized 
materials possessing interesting electrical, magnetic, redox-active, and preceramic
properties.35–36 We have previously shown that the asymmetric block copolymers,
polyferrocenyldimethylsilane-block-polydimethylsiloxane (PFDMS-b-PDMS) (block
ratio 1–6) self-assemble in hexane solvent to form cylindrical micelles with an
organometallic PFDMS core.37 The formation of cylindrical supramolecular struc-
tures rather than the expected spherical micelles for these materials has been attri-
buted to the crystalline nature of the core-forming PFDMS block.38
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In this chapter, we describe the synthesis and solution self-assembly of organic–
organometallic polyisoprene-block-polyferrocenyldimethylsilane (PI-b-PFDMS)
diblock copolymers. We are interested in how the crystallization of core-forming
PFDMS block and chain stretching of the corona-forming PI will affect the micelle
morphology. In addition, we report our work on the fabrication and characterization of
ceramic nanolines from plasma etching of cylindrical PI-b-PFDMS diblock copolymer
micelles.

II. EXPERIMENTAL

The silicon-bridged [1]ferrocenophane 1 was synthesized as described
before,34 using a method modified from the original synthesis.39 Isoprene was
purified by distillation from CaH2 and a second distillation over n-butyllithium
immediately before the polymerization. Tetrahydrofuran was distilled over Na/
benzophenone prior to use. All the other chemicals were used as received.

All reactions were carried out under an inert atmosphere using either a stand-
ard Schlenk line or a Mbraun glovebox. The block copolymers, PI-b-PFDMS, were
synthesized by living anionic polymerization through sequential monomer addition.
The polymerization was carried out in a flamed and vacuum-dried glass reactor
equipped with a three-way stopcock and a rubber septum. Monomer, initiator, and sol-
vent were transferred into the polymerization reactor via a stainless-steel canula or a
glass syringe. Isoprene was polymerized first in THF at 0°C using sec-butyllithium
as the initiator. On the completion of the synthesis of polyisoprene block, an aliquot
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of the polymerization solution was drawn from the reaction flask for the analysis of
that block. Then silicon-bridged [1]ferrocenophane 1 was added as a solution in
THF. The reaction mixture was warmed to room temperature, and the polymeriza-
tion was allowed to continue for another 30 min before it was quenched by adding a
few drops of degassed methanol. The crude product was obtained by precipitation
into methanol, filtered, and dried under vacuum.

Molecular weights of the polymer were estimated by size-exclusion chro-
matography (SEC) using Waters Associates 2690 Separations Module equipped with
a column heater, ultrastyragel columns with pore sizes of 103–105 Å, inline degasser,
and a differential refractometer. A flow rate of 1.0 mL/min was used, and the eluent
was THF. Polystyrene standards purchased from American Polymer Standards were
used for calibration purposes. The 200-MHz 1H NMR spectra were recorded on a
Varian Gemini 200 spectrometer with deuterated chloroform as the solvent.

The micelle solution was prepared by slow addition of hexane into the THF solu-
tion of the polymer. The concentration of the final micelle solution was around
1 mg/mL. Transmission electron microscopy (TEM) measurements were carried out
on a Hitachi model 600 electron microscope. The specimen was prepared as follows.
Thin carbon films were grown on mica as a support. Then 25 µL of a block copolymer
micelle solution was sprayed onto the carbon film. Each carbon film was floated off the
mica support in water and deposited onto a 300-mesh Gilder copper grid. The sample
was air-dried before introduction into the electron microscope. Wide angle X-ray scat-
tering (WAXS) analysis was performed using a Siemens D5000 diffractometer with a
Cu Kα source operating at 50 kV and 35 mA in step scan mode. Scanning force
microscopy (SFM) measurements were performed on a Nanoscope III instrument
(Digital Instruments, Santa Barbara) operating in tapping mode. The oscillation fre-
quency of the Si cantilever was set to 320–360 kHz. All images were recorded at a scan
rate of 1 Hz.

Reactive ion etching experiments were carried out in a plasma etcher P300
(Plasma Electronics). The power was set at 100 W. The pressure inside the etching
chamber and the etching time were varied. The samples for plasma etching were pre-
pared by spin coating of the micelle solution onto cleaned Si substrates.

III. RESULTS AND DISCUSSION

A. Block Copolymer Synthesis

Polyisoprene-block-polyferrocenyldimethylsilane (PI-b-PFDMS) was synthe-
sized by the anionic ring-opening polymerization of 1 initiated by living polyisoprene
prepared in THF (Scheme 1). The products were recovered as amber gumlike materials.

Four block copolymers were synthesized in the current study and they were
characterized by size-exclusion chromatography and 1H NMR measurements. Their
characteristics are summarized in Table 1. All polymers are narrow polydispersed
from the SEC measurements and they have a PI–PFDMS block ratio ranging from
1–2 to 11.5–1.
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B. PI-b-PFDMS Micelles

To prepare micelle solutions, diblock copolymers were first dissolved in a
small amount of THF, a common solvent for both blocks. Hexane, a precipitant for
PFDMS, was added dropwise afterward with gentle stirring, and the solutions
were monitored in a light-scattering apparatus. When a strong increase in light-
scattering intensity indicated the onset of the aggregate formation, the addition of
hexane was stopped. The solution was left to stir for 3 days at 23°C to equilibrate
the micellar structures. All micelle solutions have a final polymer concentration of
1 mg/mL.
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Scheme 1 Synthesis of polyisoprene-block-poly(ferrocenyldimethyl silane) (PI-b-PFDMS).

Table 1 Characteristics of PIn-b-PFDMSm

PI Blocka PIn-b-PFDMSm
a

Samples Mn (g/mol) Mn (g/mol) PDI n–mb

PI30-b-PFDMS60 2000 17,400 1.03 1–2
PI70-b-PFDMS70 4800 23,600 1.03 1–1
PI320-b-PFDMS53 22,000 30,700 1.05 6–1
PI340-b-PFDMS30 23,000 29,300 1.05 11.5–1

a Apparent values based on SEC measurements.
b Calculated from 1H NMR integration.
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We employed TEM measurements to investigate the morphology of the aggre-
gates. Figure 1 shows representative TEM micrographs of the micellar structures
derived from these diblock copolymers in the THF/hexane mixture. No staining is
necessary to visualize the Fe-rich PFDMS core.34,37 Because of the low contrast
between PI and the supporting carbon film, the objects on the TEM micrograph rep-
resent only the PFDMS domains. From Figure 1a,b, we see that PI320-b-PFDMS53

and PI340-b-PFDMS30 form cylindrical micellar aggregates consisting of a PFDMS
core surrounded by a corona of PI chains. The cylinders seem stiff, with persistence
lengths on the order of at least several hundred nanometers. The aggregates formed
by PI30-b-PFDMS60 are very different. They appear as long strips of various sizes
(Fig. 1c). The uniform electron density seen in the TEM image, even when the aggre-
gate is folded or when two structures overlap, is indicative of thin tapelike structures.
They have a high aspect ratio with straight edges and right-angle corners. These
structures are expected to consist of a chain-folded PFDMS lamellar domain
between solvated PI chains. For PI70-b-PFDMS70, we observed the coexistence of
cylindrical and lamellar aggregates, as shown in Fig. 1d.
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Figure 1 Representative TEM micrographs of the aggregates formed by (a) PI320-b-
PFDMS53 in THF/hexane (2/8, v/v), (b) PI340-b-PFDMS30 in THF/hexane (1/9, v/v), (c)
PI30-b-PFDMS60 in THF/hexane (3/7, v/v), (d) PI70-b-PFDMS70 in THF/hexane (3/7, v/v).
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Bragg peaks are seen in the wide-angle X-ray scattering (WAXS) spectra of
films formed from both the cylindrical and tapelike structures (Fig. 2). Both show a
strong reflection at 6.4 Å similar to that seen in PFDMS homopolymer.32
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Figure 2 WAXS spectra of films formed from (a) cylindrical PI320-b-PFDMS53 and 
(b) tapelike PI30-b-PFDMS60 aggregates.

The scaling model of Vilgis and Halperin (VH) provides a theoretical frame-
work to help us understand aspects of our observations.40 VH consider a chain-
folded crystalline core in which each chain experiences an integral number of chain
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folds. Thicker cores have fewer folds, and this brings the junctions closer together.
Overlap of the solvent-swollen coils of the soluble block leads to stretching of these
chains. The equilibrium structure represents a balance between thick cores, which
minimize the interfacial energy, and thin cores, which minimize the entropy penalty
of stretching the corona chains. The formation of lamellar aggregates for PI30-b-
PFDMS60 agrees very well with this theoretical prediction. For semicrystalline
diblock copolymers with long coil blocks, VH predicted that cylindrical aggregates
of finite length would be possible by the adjustment of the crystalline block in the
micellar core. The core dimensions are truncated to accommodate the space-filling
requirements of the soluble block.

PI30-b-PFDMS60 and PI320-b-PFDMS53 have similar PFDMS block lengths,
but differ significantly in the PI block length. The formation of cylindrical aggregates
for PI320-b-PFDMS53 is consistent with a strong competition between chain stretch-
ing of the PI corona and the energy of the crystalline PFDMS core. While crystal-
lization of the PFDMS block would favor a lamellar morphology, the free-energy
cost for stretching of the long corona chains will be substantial. Although the system
could minimize the energy penalty from the stretching of PI chains by making more
folds in the lamellar domain (i.e., a thinner lamellar region), every chain fold is
energetically costly. A cylindrical structure provides the best balance between these
effects. We also observe cylindrical aggregates for PI340-b-PFDMS30. This type of
highly asymmetric diblock copolymer would form starlike spherical micelles if the
PFDMS block were not crystalline.38 The soluble block is stretched to a greater
degree in a cylindrical structure than in a sphere. We see that the energy of crystal-
lization is sufficient to overcome entropy of stretching associated with this shape
transition.

C. Fabrication of Ceramic Nanolines

The cylindrical PI-b-PFDMS micelles consist of an Fe-rich core surrounded
by an organic PI corona. In collaboration with Möller and coworkers we have
explored the opportunity to fabricate ceramic nanolines on semiconducting sub-
strates using reactive ion etching (RIE) process.

Before RIE, the PI320-b-PFDMS53 micellar aggregates were first deposited
onto Si substrates by spin coating. Representative scanning force micrographs of the
micelles before RIE on Si are shown in Figure 3. Cylindrical objects with uniform
width are observed. The average height of the cylinders from the section analysis of
the micrograph (shown below the micrograph) is around 9 nm.

The cylindrical PI320-b-PFDMS53 micelles on Si substrate were subject to oxy-
gen or hydrogen plasma etching. Figure 4 shows the scanning force micrographs of
the cylindrical micelles after the plasma treatment. It can be seen that the continu-
ous lineshape was preserved during the etching process. Table 2 summarizes the
dimensions of the cylinders before and after plasma etching. The average height of
the cylinders decreases from 9 to 4 nm on oxygen plasma treatment and to only 2 nm
when hydrogen plasma was used. No further decrease of the cylinder height was
observed from SFM measurements with even longer etching time and varying pres-
sure of the plasma, suggesting that most of the volatile component of the micelles
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was removed under such etching conditions. It can also be noted that the cylinder
height after treatment with hydrogen plasma was half of that when oxygen plasma
was used. It was shown previously that a nonvolatile oxide layer at the surface of the
polymer was formed on oxygen plasma etching of polyferrocenylsilane, which
results in relatively low etching rate.41 Because of the reductive nature of the hydro-
gen plasma, such protective oxide layer is less likely to be formed. This results in a
larger extent of etching of the block copolymer micelles when hydrogen plasma was
employed.
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Figure 3 Representative SFM height (left) and phase (right) images of the cylindrical 
PI320-b-PFDMS53 micelles on Si substrate before reactive ion etching. The section 
analysis of the micrograph is shown underneath.

To quantify the widths of the nanolines from the SFM measurements, the SFM
probe shape was calibrated using a procedure reported previously.42 From the estimated
probe dimensions, the width of the nanolines can be calculated from the section analy-
sis of the SFM micrograph. These results are included in Table 2. It was demonstrated
previously that reactive ion etching of polyferrocenyldimethylsilane predominantly
removes organic components present in the polymer.43,44 From Table 2, it is clear that
the plasma treatment results in significant shrinkage of the original micellar aggregates
and the nanolines after the plasma treatment should be ceramic materials containing Fe,
Si, O, and C elements.
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Figure 4 SFM height images of PI320-b-PFDMS53 micelles on Si substrate after O2 (10 min,
1 mbar) (left) and H2 (10 min, 1 mbar) (right) plasma etching. The section analysis of the
micrograph is shown underneath.

Table 2 Dimensions of Ceramic Nanolines from Plasma Etching
of Cylindrical PI320-b-PFDMS53 Micelles as Determined by SFM
with Calibration of the Probe Shape

Etching Conditions Height (nm) Width (nm)

Before plasma 9 60
O2, 10 min, 1 mbar 4 10
H2, 10 min, 1 mbar 2 10

To characterize the nanolines after plasma treatment by TEM, the micelles
were deposited onto a carbon-coated copper grid. The carbon film was thick enough
that under the etching condition used (H2 plasma, 10 min, 1 mbar), the carbon layer
was not destroyed by the plasma. A representative transmission electron micrograph
of the cylinders after the plasma treatment is shown in Figure 5. The nanolines were
found to be continuous with a width of roughly 8 nm, which agrees well with the
SFM measurements.
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IV. CONCLUSIONS

We have shown that a change in block length for coil–crystalline PI-b-PFDMS
leads to a change in micelle structure. While the VH model provides separate scal-
ing relationships for lamellar and cylindrical coil–crystalline aggregates in selective
solvents, it cannot describe the requirements for a crossover between the two types
of structures. The coexistence of both cylindrical and lamellar aggregates for PI70-b-
PFDMS70 identifies a crossover composition. Our observations suggest that the use
of crystalline blocks represent a potentially powerful approach to systematically con-
trol micellar morphology.

In addition, we have demonstrated that ceramic nanolines can be fabricated
from the reactive ion etching of the cylindrical polyferrocenylsilane diblock copoly-
mer micelles. The presence of inorganic elements in these micellar structures pro-
vides sufficient etching contrast. These continuous lines have length of micrometers
and width as small as 8 nm. This represents a relatively simple method to prepare
nanolines with large aspect ratio. These ceramic nanolines are potential candidates
as etching resists to produce 2D quantum wires in semiconducting substrates.
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I. INTRODUCTION

Macromolecules containing inorganic elements or organometallic units in the
main chain are of considerable interest as they may combine potentially useful
chemical, electrochemical, optical, and other interesting characteristics with the
processability of polymers.1

Polyferrocenylsilanes, consisting of alternating ferrocenyl and alkylsilyl units
in the mainchain, are among this class of materials. With the discovery of the anionic
ring-opening polymerization (ROP) of silicon bridged ferrocenophanes,1 well-defined
polyferrocenylsilanes, block copolymers featuring corresponding organometallic
blocks,2 and end-functionalized polyferrocenylsilanes forming electroactive mono-
layers on gold,3 have become accessible.

As polyferrocenyldimethylsilane was found to be an effective resist in reactive
ion etching processes,4 it became of interest to employ this polymer in surface pat-
terning of silicon or other substrates, which has relevance in the fabrication of elec-
trical, electrooptical, and magnetic storage devices; sensors; and other components.
As a proof of principle, a line pattern of this polymer, deposited on silicon substrates
using a MIMIC (micromolding in capillaries) microcontact printing technique, was
transferred into the substrate by removing uncovered silicon areas in an O2/CF4

plasma.4

Block copolymers featuring polyferrocenylsilane blocks form nanoperiodic
microdomain structures on phase separation.5 In thin films of such block copoly-
mers, such as poly(ferrocenyldimethylsilane-block-isoprene), the high resistance of
the organometallic phase to reactive ion etching compared to the organic phase was
used to form nanopatterned surfaces in a one-step etching process to transfer these
patterns into silicon substrates.6 The utility of ferrocenylsilane block copolymers in
surface patterning was further demonstrated by the use of ferrocenylsilane-styrene
block copolymers as templates in the fabrication of arrays of nanometer-sized cobalt
magnetic dots.7

Water-soluble polyferrocenylsilane polycations, belonging to the rare class of
main chain organometallic polyelectrolytes, have been reported by us and others.8–11

These compounds are of interest because they combine the unusual properties of poly-
ferrocenylsilanes with the processability of polyelectrolyte solutions, for example,
enabling one to make use of ionic interactions to deposit these polymers onto substrates.
Polyelectrolytes can be employed in layer-by-layer (LbL) self-assembly processes to
form ultrathin multilayer films with controlled thickness and composition.12,13

The incorporation of metals in multilayer thin films significantly extends the
scope of useful characteristics associated with these films. By employing for instance,
polymeric Ru(II) complexes as polycationic species and poly(sodium acrylate) as
polyanion in the LbL deposition process, efficient light-emitting solid-state devices
could be fabricated.14 In another example, a ferrocene-containing redox active poly-
cation was combined with an enzyme to produce electrocatalytically active
enzyme/mediator multilayer structures.15 Multilayers composed of poly(4-vinylpyri-
dine) complexed with [Os(bpy)2Cl]�/2� and, for example, poly(sodium 4-styrene-
sulfonate) were used to accomplish the electrocatalytic reduction of nitrite.16

100 Water-Soluble Polyferrocenylsilanes

c06.qxd  9/9/2003  3:09 PM  Page 100



Here we report on the use of a water-soluble polyferrocenylsilane polyanion
and a corresponding polycation to form fully organometallic multilayer thin films.17

Although cationic polyferrocenylsilanes have been used in combination with com-
mercially available organic polyanions to manufacture heterostructured multilayer
films,11,18 because of the lack of availability of anionic organometallic polyions, no
fully organometallic multilayers have been reported prior to our first communica-
tion.19 In 2002 we succeeded in preparing the first polyferrocenylsilane polyan-
ion.20 This development broadens the range of accessible heterostructured
organometallic multilayer films and enables the fabrication of all-organometallic
multilayer thin films. Multilayer structures composed of polyferrocenylsilane
polyanions and polycations are of interest as redox-active thin films, and are poten-
tially useful as interlayers at the electrode/polymer interface in polymer light-emit-
ting diodes.21

In addition to forming continuous organometallic multilayer thin films, we
explored the LbL deposition of polyferrocenylsilane polyions onto, for instance,
hydrophilically/hydrophobically modified substrates with the aim of building two-
dimensionally patterned organometallic multilayers. In general, surfaces modified with
microscopically patterned conducting,22 luminescent,23 or redox-active polymer24

films have potential use in microelectronic and optoelectronic devices and microsen-
sor arrays. Area-selective deposition of polyferrocenylsilane polyions can be an
attractive method to obtain two-dimensionally patterned redox active films, which
may be used as electrochemically modulated diffraction gratings.24

Patterned organometallic multilayers may be of interest also as etch barriers in
RIE processes.4 For this purpose it is essential that these films can be fabricated from
etch resistant organometallic polyferrocenylsilane chains only, as organic polymers
offer no resistance to reactive ion etching. This chapter deals with the formation of
continuous organometallic multilayer thin films, and with the fabrication of pat-
terned organometallic thin films, formed by area-selective deposition of organo-
metallic polyions on prepatterned substrates.

II. SYNTHESIS OF POLYFERROCENYLSILANE
POLYIONS

Any route to high-molar-mass polyferrocenylsilanes incorporates a ring-
opening polymerization step of a strained silicon-bridged ferrocenophane.1 Such fer-
rocenophanes are obtained by treating 1,1�-dilithioferrocene with a dichlorosilane of
choice. Many functionalities, however, do not tolerate the highly basic dilithiofer-
rocene or the reactive chlorosilane moieties, are incompatible with the reactive
strained monomer itself, or hinder monomer purification. In principle, although two
approaches to functional polyferrocenylsilanes can be envisaged—(1) functional
group incorporation in the ferrocenophane monomer, usually as a substituent on sil-
icon, or (2) functionalization after polymerization by side-group modification reac-
tions—the latter will be used if polar or even ionic moieties are to be introduced.

Synthesis of Polyferrocenylsilane Polyions 101
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We introduced and employed a polyferrocenylsilane, featuring chloropropyl-
methylsilane repeat units, as an organometallic main chain that already has reactive
pendent groups in place for further functionalization by nucleophilic substitution
(see Scheme 1).11,25
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Scheme 1 Polyferrocenylsilanes featuring haloalkyl side groups.

Poly(ferrocenyl(3-chloropropyl)methylsilane) 2 was readily accessible by transi-
tion-metal-catalyzed ring-opening polymerization1 of the corresponding (3-chloro-
propyl)methylsilyl[1]ferrocenophane 1.11 The chloropropyl groups are linked to
silicon by Si�C bonds, which are stable to hydrolytic cleavage, as opposed to groups
linked by Si�O bonds, for example. By means of halogen exchange,26 2 can be con-
verted quantitatively into its bromopropyl (3a) or iodopropyl analogs (3b),20 which are
particularly suitable for functionalization by nucleophilic substitution. Thus, a wider
range of nucleophiles can be employed to prepare functional polyferrocenylsilanes.

As an example, reaction of 2 with potassium 1,1,3,3-tetramethyldisilazide27

and dicyclohexano-18-crown-6 in THF afforded a N,N-bis(dimethylsilyl)-protected
poly(ferrocenyl(3-aminopropyl)methylsilane) 4, which was hydrolyzed to the desired
polycation 5 in aqueous acid11 (see Scheme 2).

Si

Fe

Cl
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2

n

Si

Fe

N(SiMe2H)2

4

n

Si

Fe

NH3 Cl

5

n

H2O

THF

18-crown-6

KN(SiMe2H)2

Scheme 2 Synthesis of a polyferrocenylsilane polycation.

The disilazide reagent has been reported27 to convert reactive alkyl halides such
as benzyl and allyl chlorides, alkyl bromides, and iodides into primary amines. We
were able to expand its utility to the amination of the alkyl chloride moieties employed
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here, by performing the amination in the presence of a crown ether. The more reactive
poly(ferrocenyl(3-bromopropyl)methylsilane) 3a can be converted into polycation 5
using lithium 1,1,3,3-tetramethyldisilazide, in the presence of dimethyl sulfoxide.

In case of functionalization by soft nucleophiles, poly(ferrocenyl(3-iodo-
propyl)methylsilane) 3b is a suitable starting material. Malonic ester enolates such
as dimethyl methylmalonate anion or dibenzyl methylmalonate anion smoothly react
to produce the corresponding polyesters with quantitative conversions. By using
hydrolytically labile ester enolates, such as methyl trimethylsilyl methylmalonate
anion,28 one can easily convert the corresponding pendent ester groups into car-
boxylate salts, thus forming an organometallic polyanion20 (see Scheme 3).
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Scheme 3 Synthesis of a polyferrocenylsilane polyanion.20

Polyanion 7 is, to our knowledge, the first reported organometallic polyanion.
The material is highly water soluble: it could be dissolved to concentrations exceed-
ing 100 mg/mL. It must be noted that the solubility of the polyanion, which is a weak
polyelectrolyte, decreases below pH 6.29 In conclusion, a universal route to func-
tionalized polyferrocenylsilanes, using nucleophilic substitution reactions, enabled
us to produce water-soluble polyferrocenylsilane polycations and polyanions.

III. POLYMER CHARACTERIZATION

1H and 13C NMR spectroscopy support the high efficiency of the side-group
modifications. As an example, the 13C NMR spectrum of 7 is shown in Figure 1. No
signals associated with residual iodopropyl moieties could be identified in the spec-
trum. In addition, elemental analysis of all polymers had excellent agreement between
the expected and measured compositions. Polymers 2, 3a, and 3b were characterized
using gel permeation chromatography (GPC) in THF, using polystyrene standards, to
ensure that no molar mass decline had occurred during the halogen exchange reac-
tion. On the basis of GPC, polyferrocenylsilanes 2 and 3a,b have a degree of poly-
merization DPn�80 and a polydispersity of Mw/Mn�1.8–1.9. GPC measurements on
polycation 5 and polyanion 7 had to be carried out in water, precluding a direct
comparison with their precursors, but the corresponding GPC traces showed a single
maximum, indicating that the organometallic mainchain had remained intact.
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Polymers 5 and 7 were furthermore studied by viscometry in ultrapure water,
in the absence of salt. As an example, values of the reduced viscosity, ηsp/C of 7 are
plotted against polymer concentration C. For both polymers, the reduced viscosity
increased strongly with decreasing polymer concentrations, exhibiting a pronounced
concave-upward relationship (ηsp is the specific viscosity) (see Fig. 2). This behavior
is typical of polyelectrolytes.30
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Figure 1 13C NMR spectrum of the polyferrocenylsilane polyanion 7 in D2O. [Reproduced
with permission from Ref. 20, © 2002 American Chemical Society (ACS).]
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Figure 2 Reduced viscosity ηsp/C as a function of the concentration of polyanion 7 in 
salt-free water. (Reproduced with permission from Ref. 20, © 2002 ACS.)
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Figure 3 UV/Vis absorption spectra of sequentially adsorbed layers of polyferrocenyl-
silane polycation 5 and polyanion 7 on quartz.

IV. MULTILAYER CHARACTERIZATION

UV/Vis absorption spectroscopy was used to monitor the electrostatic self-
assembly of the organometallic polyions. The increase in absorption at λmax�216 nm
as a function of the number of bilayers deposited on quartz slides is shown in
Figure 3. An essentially linear dependence was found, with possibly a slight
decrease in the amount of polyelectrolyte depositing per cycle as the number of
bilayers approaches 20, but overall giving evidence for a well-defined deposition
process.31

Information on the increase of film thickness with the number of bilayers was
obtained also from ellipsometry. Thickness measurements on the films, built up on
silicon wafers, were carried out after each bilayer deposited. In Figure 4, ellipso-
metric spectra are shown for a bare substrate (solid lines) and after deposition of 3,
6, and 9 bilayers (dashed, dotted, and dashed–dotted lines, respectively). The ellipso-
metric angles Ψ and ∆ are related to amplitude and phase changes, respectively, on
reflection of elliptically polarized light on a planar surface.

With an increasing number of bilayers there is only a very small change in
tan(Ψ), while the change in cos(∆) is much more substantial. This is in agreement
with the fact that the phase contribution to the ellipsometric parameter ρ�rp /rs

�tan(Ψ)exp(i∆), is much more sensitive than the intensity contribution, in the case
of very thin films.32 The variation in tan(Ψ) and cos(∆) is approximately uniform
over the measurement range, indicating that the multilayer film has a wavelength-
independent refractive index for the investigated spectral domain.
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The fitted multilayer thickness as a function of the number of deposited bilayers
is shown in Figure 4, demonstrating that the thickness of the film is linearly related to
the number of deposited bilayers, in accordance with the UV–Vis absorption spec-
troscopy results. The dashed line is a fit through the origin and indicates a thickness con-
tribution of about 0.4 nm per bilayer. This result is influenced by the refractive index.
Previously, combined ellipsometry and profilometry measurements led to a refractive
index value of n�1.687 for spin-coated polyferrocenyldimethylsilane films on silicon
wafers, and this value was also used for the polyferrocenylsilane multilayer thin films.
However, the refractive index might be somewhat lower in this case, implying that the
thickness contribution of 0.4 nm per bilayer we found could be a slight underestimate.

The elemental composition of the organometallic multilayer thin film (20
bilayers of 5 and 7 on quartz) was determined using X-ray photoelectron spec-
troscopy (XPS). The survey scan, shown in Figure 5, indicates the presence of all
expected elements in the thin film. Atomic concentrations of the polyferrocenyl-
silane multilayer thin film are given in Table 1.
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Figure 4 Ellipsometric spectra of 3, 6, and 9 polyferrocenylsilane bilayers (5/7) on silicon.
The symbols � and � represent two parallel deposition experiments.
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Figure 5 XPS survey spectrum of a multilayer thin film (20 bilayers) composed of 
polyferrocenylsilane polyions 5 and 7.

Table 1 XPS Atomic Percentages of the Elements of a
Polyferrocenylsilane Multilayer Thin Film (5/7)20 on Quartz

Element Atom % (Found) Binding Energy (eV)

C 1s 64.58 284.8a

N 1s 1.38 400.3
O 1s 19.66 532.5
Fe 2p 3.30 708.0
Si 2p 3.35 101.0b

aC 1s CO2R 289.5 eV.
bSi 2p quartz 103.6 eV.

An experimental composition of a bilayer repeat unit C39N0.84Fe2Si2 was
found, which agrees to within experimental error with the expected composition
C33H43NO4Fe2Si2. The oxygen signal in XPS spectra of these ultrathin films is domi-
nated by contributions from the underlying quartz substrate.

Polyferrocenylsilanes are redox-active materials, showing fully reversible elec-
trochemical oxidation and reduction.1 A typical voltammogram shows two oxidation
waves, indicating intermetallic coupling between neighboring iron centers in the
polymer chain. The first oxidation wave was attributed to oxidation of ferrocene 
centers having neutral neighboring units. In the second wave, at higher potentials,
oxidation of the remaining ferrocene centers, predominantly in positions next to 
oxidized units, is completed.33–35 Thus, the charge ratio between the two oxidation
peaks is approximately 1:1.
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Multilayer films composed of polyferrocenylsilane polyions obtained by elec-
trostatic self-assembly are of potential interest as ultrathin electroactive coatings, as
one has accurate control over film thickness and redox surface concentration. In
order to study the redox behavior of these thin films, multilayers were fabricated on
gold electrodes. Stable multilayers were obtained by first adsorbing a sodium 3-mer-
capto-1-propanesulfonate monolayer on Au, producing a negatively charged surface
that is ideally suited for polyion adsorption.15 Cyclic voltammograms of the
organometallic multilayer thin films were recorded for samples having an increasing
number of bilayers (1–7), to monitor the electrochemical response as the surface
concentration of redox sites increased. The CVs of thin films composed of 1, 3, and
6 bilayers (Fig. 6) show the two oxidation and reduction waves typical of polyferro-
cenylsilanes. Integration of the voltammetric peaks allows one to calculate the
charge involved in the redox processes. From this the surface coverage Γ of fer-
rocene units can be obtained, using the relation Γ�Q/nFA, where Q is charge, n is
the number of exchanged electrons (n�1 in this case), F is Faraday’s constant
(96485 C/mol), and A is the electrode surface area employed in the measurements
(0.44 cm2).36 Using this relation, one organometallic bilayer was found to corre-
spond to a ferrocene surface coverage of 0.45 ferrocene units/nm2. The surface cov-
erage Γ (ferrocene units/nm2) increased linearly with the number of bilayers.
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Figure 6 Cyclic voltammogram of 1, 3, and 6 organometallic bilayers (5/7), deposited 
on a gold electrode featuring a monolayer of sodium 3-mercapto-1-propanesulfonate. Scan
rate v�30 mV/s. (Reproduced with permission from Ref. 17, © 2002 ACS.)

V. PATTERNED POLYFERROCENYLSILANE
MULTILAYER THIN FILMS

In addition to producing continuous fully organometallic multilayer thin
films, we were interested in forming patterned organometallic multilayer
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structures, specifically, to confine the deposition of the polyferrocenylsilane poly-
electrolytes to selected areas on substrates, as this would broaden the applicability
of such multilayers.37 The selective deposition of polyelectrolytes on hydrophili-
cally/hydrophobically patterned gold substrates has been described.38,39 In this
case, patterned self-assembled monolayers consisting of, for instance, methyl-ter-
minated and oligo(ethyleneglycol)-terminated alkanethiols were introduced on
gold substrates, using microcontact printing.40 Areas covered with oligo(ethyl-
eneglycol)-terminated alkanethiols were found to prevent adsorption of polyelec-
trolytes. Here, as a demonstration, a gold substrate was patterned with 5 µm wide
methyl-terminated alkanethiol lines, separated by 3 µm, by microcontact printing
of 1-octadecanethiol. The uncovered areas were subsequently filled in with 
11-mercapto-1-undecanol, resulting in a hydrophilically/hydrophobically pat-
terned substrate. AFM height and friction force images of these patterned self-
assembled monolayers (Fig. 7a,b) show minimal height contrast but a large
contrast in friction force, with the hydroxyl-terminated lines corresponding to the
high friction areas.

Patterned Polyferrocenylsilane Multilayer Thin Films 109

Figure 7 Multilayer deposition on a hydrophilically/hydrophobically patterned gold 
substrate. Upper AFM images: height (a) and friction force (b) images of patterned methyl-
and hydroxyl- alkanethiol self-assembled monolayers. Adsorption of polyferrocenylsilane
polyions (5/7, 12 bilayers) occurs selectively on the broad methyl-terminated stripes (c,d).
(Reproduced with permission from Ref. 17, © 2002 ACS.)
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The patterned substrate was then coated with 12 bilayers of organometallic
polyions (5/7) and again examined by contact-mode AFM. Clearly, after deposition,
the height contrast increased and the contrast in friction force was reversed, which
shows that the multilayers grow selectively on the broad, methyl-terminated stripes
(Fig. 7c,d).17,41

Resistivity of the hydroxyl-terminated areas to polyion deposition was demon-
strated by forming a monolayer of 11-mercapto-1-undecanol on a gold substrate,
which was then processed similarly as the patterned substrates, and subsequently
analyzed by XPS. Fe 2p signals, indicating adsorbed polyions, were absent in the
survey scan. The selective adsorption of the polyions on the methyl-terminated
regions of the surface is most likely driven by favorable hydrophobic interactions
between these areas and the hydrophobic polyferrocenylsilane backbone. Such
favorable secondary interactions42 with the hydrophilic regions are excluded.
Furthermore, the charged segments of the polyions cannot compete with water in
forming hydrogen bonds with the hydroxyl-terminated regions, which are hydrated
under the processing conditions.43 Thus, deposition occurs selectively on the methyl-
terminated domains.

Further support for the role of hydrophobic interactions in the area-selective
adsorption was obtained by reversing the dipping sequence. A single bilayer was
adsorbed on a methyl- and hydroxyl-terminated stripe pattern (10 and 5 µm, respec-
tively), in one case starting with the polycation, in the other case with first adsorb-
ing the polyanion. Both substrates were subsequently analyzed by AFM in contact
mode. The friction force images (Fig. 8) clearly show a reversal in contrast for both
experiments, compared with the template without the polymers, indicating that in
both cases one bilayer had been deposited selectively on the methyl-terminated
areas.

VI. SUMMARY

A universal synthetic route to functional polyferrocenylsilanes, enabling us to
produce water-soluble polyferrocenylsilane polycations/anions, is described. The
polyferrocenylsilane polyions were successfully processed to novel, fully
organometallic multilayer thin films. Furthermore, these organometallic polyions,
featuring a hydrophobic backbone, enable one to make use of both electrostatic and
hydrophobic interactions for manufacturing self-organized patterns on templated
substrates. We demonstrated that adsorption of the polyions on hydrophilically/
hydrophobically patterned substrates led to the formation of laterally structured
polyferrocenylsilane multilayers. The hydroxyl-terminated monolayer regions used
in this study prevent deposition of the polyions as a result of hydrogen bonding inter-
actions with the solvent. We showed, using AFM friction force imaging of single
bilayers, that the dipping sequence plays no role in the selectivity of the adsorption
process.
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VII. EXPERIMENTATION

Multilayers (up to 20 bilayers) of polyions 5 and 7 were deposited on quartz,
enabling the monitoring of film growth by UV/Vis absorption spectroscopy. UV/Vis
spectra were recorded on a Varian Cary 300 Bio instrument in double-beam mode,

Experimentation 111

Figure 8 AFM height (a) and friction force (b) images of the hydrophilically (5 µm)/
hydrophobically (10 µm) patterned substrate and of single organometallic bilayers adsorbed
on this prepatterned substrate. Adsorption sequence: cation–anion (c,d), anion–cation (e,f ).
In both cases the bilayer is selectively adsorbed on the hydrophobic areas. (Reproduced with
permission from Ref. 17, © 2002 ACS.)
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using an uncovered quartz slide as reference. XPS spectra were obtained on a
Quantum 2000 Scanning ESCA Microprobe (Physical Electronics, Inc.), using mono-
chromatic Al Kα (1486.6 eV) X-rays. The X-ray power was set at 25 W, the angle of
detection was 45° with respect to the sample surface. Spectroscopic ellipsometry32,44

was used to measure the thickness of the organometallic multilayers as a function of
the number of bilayers. Multilayer films were deposited in parallel on two silicon
substrates containing a thin oxide layer, and analyzed using a home-built spectro-
scopic ellipsometer (rotating polarizer–analyzer configuration) equipped with a xenon
lamp and a scanning monochromator. Spectra were obtained in the visible region of
the spectrum at wavelengths between 300 and 800 nm at a fixed incident angle of
70°. Optical measurements were performed after deposition of every bilayer on the
same substrate, without changing the alignment and calibration of the ellipsometer.
The spectra of the bare substrate were analysed in terms of a three-layer model,44 con-
sisting of a silicon substrate (with complex refractive index ñSi(λ)�nSi � ikSi),

45 and
a silicon oxide layer with unknown thickness dox (with refractive index nSiO2

(λ)),46 in
contact with air (n�1). By fitting to this model we obtained an oxide thickness
dox�1.4 nm. The thickness of the bilayer assemblies was obtained by fitting the spec-
tra to a four-layer model consisting of a silicon substrate [with ñSi(λ)�nSi � ikSi],

45 a
silicon oxide layer with thickness dox�1.4 nm [refractive index nSiO2

(λ)],46 a PFS layer
with thickness dPFS and refractive index n�1.687 (determined previously by
profilometry and ellipsometry), again in contact with air (n�1). Scanning force
microscopy (SFM) measurements were performed with a NanoScope III AFM [Digital
Instruments (DI), Santa Barbara, CA, USA] in contact mode. Images were obtained in
air, using triangular Si3N4 cantilevers with a spring constant of 0.32 N/m.
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I. INTRODUCTION

Optical lithography remains the predominant technology for device manufac-
turing in the semiconductor industry. As feature dimensions continue to decrease,
more and more performance is required from the resist formulations used. Here, spe-
cial attention is directed to resists that are used for mask fabrication. For such appli-
cations, contamination by metallic impurities is not an issue. Two main types of
polymeric resists have been widely applied: (1) especially for e-beam (electron-beam)
lithography, the resist functions by a chain scission process; and (2) for both e-beam
and UV lithography, the resist functions by a deprotection reaction. The development
of e-beam resist systems used for photomask fabrication has been directed to improve
the sensitivity, resolution, and etch resistance of the material.1 Driven by strong
demand, there has been major interest in materials and composites beyond organic
species. Current progress in metal containing macromolecule synthesis may in prin-
ciple result in advancement of high-performance resist materials.

Within microfabrication technology, materials science and particularly polymer
chemistry has been of utmost importance. The demand is driven by a single reason:
scale. Electronic systems are rapidly moving toward small, fast, and high-density
information storage devices. As early as 1959, Richard Feynman addressed the pos-
sibility of manipulating matter on small scales.2

The lithographic process (Fig. 1) fabricates patterns in two steps.3 First the pat-
tern is delineated into a radiation sensitive thin film called a resist. This step is fol-
lowed by pattern transfer into the underlying substrate by an appropriate etching
technique, such as reactive ion etching.

In the following sections, we briefly review the resist technologies that are
available, with a particular focus on e-beam resists. The reason for this is that com-
plications may arise from the use of metal containing resists for microelectronic fab-
rication. E-beam lithography is typically used for fabrication of photomasks, in
which metallic impurities are not relevant.

II. ORGANIC RESISTS

A classical example of a chain scission resist is poly(methyl methacrylate)
(PMMA) (see Scheme 1).1 The high molecular weight PMMA resist undergoes
chain scission induced by e-beam radiation. The low molecular weight fractions in
the exposed areas are soluble in the developer, resulting in positive-tone features.
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The majority of semiconductor fabrication processes exploits diazonaphtho-
quinone (DNQ)-based photoresists for light-exposure-based lithography.4 The
photoactive DNQ is dispersed in a phenolic matrix resin, also known as Novolac, and
acts as a dissolution inhibitor for the matrix. Irradiation of the hydrophobic DNQ
results in its transformation into hydrophilic indenecarboxylic acid. A tremendous
amount of research has been directed toward designing organic materials for high-
resolution imaging, using light sources with decreasing wavelengths.5–8 These purely
organic materials are being used for pattern transfer to fabricate microelectronic
devices. Such applications are sensitive to contamination by metallic impurities.
Although this area receives considerable attention both from academia as well as
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Figure 1 Illustration of the lithographic process.
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Scheme 1 Chain scission mechanism for PMMA e-beam resists.

c07.qxd  9/9/2003  3:09 PM  Page 117



industry, it is not the scope of this chapter. Instead the reader is referred to excellent
general reviews in the literature.9,10

For e-beam resists, there have been several reports of new materials. For
example, in order to circumvent the disadvantages of polydisperse polymer sys-
tems, calixarenes have been employed as negative resists.11 E-beam resists consist-
ing of liquid crystals have also been reported, based on polysubstituted derivatives
of triphenylene.12 Patterns of approximately 14 nm were defined using these
materials.

A. Chemical Amplification

In contrast to chain scission, chemical amplification (CA) employs an acid cata-
lyzed deprotection or crosslinking reaction, which changes the solubility of the resist
in the exposed areas. Therefore, a typical CA resist consists of a matrix polymer and
a photoacid generator (PAG).13 The PAG is converted into a strong acid on absorption
of a photon. The acid catalyzes the deprotection or crosslinking reaction and is regen-
erated (Scheme 2), which explains the amplification effect in the system. A variety of
acid generator chemistries are available, both ionic and nonionic, but are not consid-
ered here.

118 Metal-Containing Polymers for High-Performance Resist Applications

CH2 CH
n

O

C

O    t -Bu

O

H
+

acid is generated
in exposed areas

CH2 CH
n

OH

+ CO2
H2C     C (CH3)2+

Scheme 2 Example of a chemically amplified resist scheme.

The chemically amplified resist mechanism was the breakthrough that ulti-
mately led to the next generation of 248-nm lithography. The initial work by Ito and
Willson14 employed the acid labile tert-butyloxycarbonyl (t-BOC) group. The acid
catalyzes the decomposition of the t-BOC groups, and thereby modifies the chem-
ical composition. Several different trajectories can be followed from here, leading to
both positive and negative tone resists.

The CA resists are suitable candidates for introducing inorganic constituents
into resist systems. Functional groups, generated in exposed areas, react in a subse-
quent step with, for instance, a silylating agent.15 A silicon-containing material
exhibits a high-oxygen-plasma etch resistance. Such photoresists can therefore be
developed by a plasma. Besides silicon, a variety of other inorganic elements, such
as tin,16 germanium,17 or titanium,18 can be employed to selectively alter the etch
resistance.
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Contrary to organic polymers, inorganic materials form products with very
reduced, or no volatility when treated with an oxygen plasma. Therefore, their
removal takes place via sputtering processes only.

III. INORGANIC RESISTS

Although PMMA is the most commonly used e-beam resist,19 it suffers from
poor resistance to most etching processes.1 Inorganic resists seem to be promising
materials for �10-nm pattern fabrication.20 When films of metal halides are exposed
to high-energy electron-beam irradiation, these resists undergo radiolysis.21 As this
dissociation takes place in a high vacuum, the resist becomes volatile in the exposed
regions, resulting in a positive-tone resist. Alternatively, if the exposure is done at
lower doses and/or at lower vacuum, the metal halide films may act as negative resists.
In this case, the irradiation causes a difference in dissolution rates between exposed
and unexposed areas in an appropriate developer. A series of metal halides provided
better resolution than did PMMA.22 Furthermore, high etch resistance was observed
in fluorine-containing plasmas.23 The stress in the deposited films was an important
parameter for these metal fluoride resists.

Another approach reported the use of fullerene C60 films as e-beam resist.24

The irradiation of a C60 film was found to reduce the dissolution rate in organic sol-
vents. Furthermore, the inorganic films have higher dry etch resistance compared to
conventional Novolac resists.

IV. ORGANIC–INORGANIC COMPOSITE RESISTS

Employing composites of organic and inorganic components represents a novel
trend in the design of resists.25 In order to accommodate the fabrication of small fea-
tures, at least one of the components needs to be structured on a nanoscale level. The
bottleneck for preparing such nanocomposites lies in the tailoring of the surface and
interfaces of the components, such that a homogeneous dispersion is obtained.

Approaches involving nanocomposite resists benefit from higher softening
temperatures and increased rigidity, thereby reducing the probability of pattern col-
lapse. Furthermore, increased etch resistance is also warranted.

The plasma etch rates of nanocomposites, consisting of PMMA resists, impreg-
nated with C60 fullerenes, were compared with those of commercially available resists.26

Fullerenes were found to be successful at improving the etch resistance under CF4 and
Cl2 reactive ion etch conditions. The basic idea of this concept is the reduction of free
volume in the polymer resist film. This then results in improved mechanical and etch
resistance.

The addition of silica particles to the polymer resist resulted in a higher etch
resistance to plasma etching with O2 gas.25,27 Furthermore, when using electron-beam
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lithography, the nanocomposite was shown to drastically reduce the electron proximity
effect, which fundamentally results from the interactions of electrons with polymers.28

Molecular silica cages, such as polyhedral oligomeric silsesquioxanes (POSSs),
were incorporated into organic polymer backbones.29 By optimizing the polymer com-
position the contrast could be maximized, while a sensitivity comparable to that of
standard PMMA was maintained.

The same molecular silica cage was incorporated into chemically amplified
resists, using TBMA as the deblocking component, in order to improve resist per-
formance.30 Methacrylate resists for 193-nm lithography have been successful in
terms of sensitivity and resolution, but generally lack the reactive ion etching resist-
ance required for the subsequent pattern transfer. Again, the incorporation of inor-
ganic moieties, namely, oligosilsesquioxane, proved to be effective in improving the
RIE resistance when using an oxygen plasma source.30

A bilayer resist consisting of hydrogen silsesquioxane and Novolac was inves-
tigated for fabricating high-aspect-ratio structures.31 In the bilayer combination, the
silicon-containing top layer allowed nanoscale structures with aspect ratios exceed-
ing 15 to be etched into the hard-baked Novolac bottom layer.

Recently, a true nanocomposite was reported,32 incorporating 1–2-nm silica par-
ticles into a commercial e-beam resist, namely, ZEP520 [poly(α-chloro acrylate-co-α-
methyl styrene]. The surface of the silica particles was chemically pretreated to
promote their compatibility with the resist. In another study, in which the concept of
encapsulated inorganic resist technology (EIRT) was proposed,33 8–10-nm colloidal
silica particles were dispersed in another commercial resist. It was shown that high
degrees of loading could be obtained and that 150-nm imaging was still feasible.34

In an almost purely inorganic approach, surfactant stabilized metal or bimetal
clusters were irradiated with electron beams directly, leading to a partial destruction
of the organic stabilizer.35 The unexposed colloids and the destroyed organic stabi-
lizers were then removed under ultrasonic rinsing.

V. ORGANOMETALLIC POLYMERS

Organometallic species seem attractive candidates to enhance the etch resist-
ance of a resist. Particularly, such materials can be used for maskmaking applica-
tions, where contamination by metallic impurities is not a problem.

Previously, incorporation of organometallic functionalities into resist materials
showed a great enhancement of the etch resistance of the resist.1 The incorporation
can be accomplished either by direct covalent attachment or by blending the
organometallic additives into the resist matrix. Blending may be limited by misci-
bility problems or inadequate solubility.

A series of organometal-containing polysulfones were studied to improve the
poor stability of poly(olefin sulfone) resists that have been used for e-beam lithogra-
phy (Scheme 3).36 It was found that the germanium containing poly( p-(trimethyl-
germyl)styrene sulfone) possessed a higher etch resistance compared to the silane
containing poly( p-(trimethylsilyl)styrene sulfone).
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To manufacture deep structures in a device, plasma etching requires the pres-
ence of a thick perpendicularly structured resist layer, unless the etch resistance of
the resist is far greater then that of the substrate. Thick resist layers suffer from a
variety of problems, especially when they are employed for high-resolution litho-
graphy.37 More specifically, high-aspect-ratio structures, specifically, tall and narrow
features, suffer from collapse during the development steps due to capillary forces.

To circumvent some of these problems, bilayer resist schemes have proved to
be useful.38 In such resist schemes, an etch resistant layer is combined with an image-
able layer, thus obtaining the best of both worlds. Such bilayer resists are developed
by a plasma. Therefore, the top layer of these resists requires a high resistance against
removal by the developing plasma. It is for such applications that organometallic
polymers may prove to be of interest.

Novel organometallic polymers became available via ring-opening polymer-
ization.39,40 A variety of strained metallocenophanes were used as monomeric pre-
cursors to obtain high molecular weight organometallic polymers. The ring-opening
polymerization can proceed thermally, by heating the monomer above a certain poly-
merization onset temperature. Furthermore, some metallocenophanes were found to
be polymerizable in solution as well, by using anionic initiators41 or transition metal
catalysts, or in the solid state.42,43

Since the discovery of the ring-opening polymerization of strained metallo-
cenophanes, a diverse series of metal-containing macromolecules have been synthe-
sized and characterized (see Scheme 4). These include the following variations:
substituents on silicon,44 number and type of bridging atoms,45 and substituents on
the cyclopentadienyl rings.46
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A. Polyferrocenyldimethylsilane as Reactive Ion Etch
Barrier

Oxygen and oxygen-containing plasmas are frequently used to modify polymer
surfaces.47 When an organometallic polymer is exposed to an oxygen plasma, two etch-
ing processes—namely, chemical and physical etching—take place. Chemical etching
refers to the chemical reactions that occur between the plasma and the surface of inter-
est. Contrary to organic polymers, some products of chemical etching with oxygen plas-
mas are nonvolatile and therefore do not desorb from the surface. This is the fundamental
reason for the low etch rates found for inorganic species when using oxygen plasmas.
Physical etching, on the other hand, is caused by the bombardment of positive ions that
break bonds on impact. Therefore, physical etching is less specific for chemical compos-
ition of the polymer film. The balance between the two etching mechanisms depends on
many variables, such as gas pressure and composition, reactor design, and temperature.

From the Auger electron spectroscopy (AES) depth profile (Fig. 2), it can be
seen that relatively less carbon and a significant amount of oxygen is present at the
surface. Furthermore, a higher intensity of iron and an equal amount of silicon com-
pared to the bulk of the film were measured. Compared with XPS observations, it
was clear that an Fe�Si�oxide layer was formed at the exposed surface.48 The thick-
ness of this oxide layer is approximately 10 nm.

Radiofrequency discharges in low-pressure fluorocarbon gases are often
used for etching silicon, silicon oxide, and silicon nitride.49,50 The gas mixtures are
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Figure 2 Auger electron spectroscopy depth profile of an oxygen plasma-treated film 
of polyferrocenyldimethylsilane. The front of the image corresponds to the exposed free sur-
face. (Reproduced with permission from Ref. 48, © 2001 ACS.)
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composed of compounds such as CF4, CHF3, and C2F6. By adjustment of the
composition of the gas, the nature of the plasma can be dramatically changed.51

Tetrafluorocarbon (CF4) shows the highest relative etching characteristics towards
materials reactive with fluorine atoms. Its decomposition in the plasma is characterized
by the highest concentration of fluorine atoms (F) and the lowest concentration of CF
and CF2 radicals. If the F/C atomic ratio of the feed-in gas decreases, the concentration
of CF and CF2 radicals will be higher at the expense of F, and the plasma becomes
“polymerizing,” due to the deposition of polymer film, rather than “etching.” Frequently,
O2 is added to the feed-in gas in order to reduce the “polymerizing” effect, thereby
significantly increasing the etch rate of silicon.

The pattern in Figure 3 demonstrates the potential of organometallic polymers
as etch resists. The top half of the AFM image corresponds to the untreated pattern of
polyferrocenyldimethylsilane (PFS). The bottom half displays the same pattern after it
has been exposed to a CF4/O2 plasma treatment.
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Figure 3 AFM images (left) and single-line scans (right) of a ferrocenyldimethylsilane
homopolymer pattern, before and after CF4/O2 plasma treatment. The top half of the AFM
image corresponds to an unetched film, and the bottom half displays the etched area. The
sample was etched for 10 min, which led to the removal of approximately 200 nm of 
unprotected substrate. (Reproduced with permission from Ref. 48, © 2001 ACS.)

Since the potential of polyferrocenyldimethylsilane as an etch barrier has been
demonstrated above, we now want to focus on pathways to generate patterns of these
polymers. Masking layers with such high etching resistance are potentially useful for
very thin resist layer applications: thin layers that prevent pattern collapse when fab-
ricating high-aspect-ratio structures.

B. Printing of Organometallic Polymers by 
Soft Lithography

Printing of high-etch-resistance polymers is an attractive economic alternative
for the fabrication of lithographic masks. Microcontact printing is a frequently used
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technique to generate chemically distinct patterns on solid substrates. Mostly small
molecules are employed as inks that upon contact will react with the substrate.
Approaches in which the ink consists of a macromolecule are now more commonly
employed.

The limited use of macromolecular inks can be attributed to poor wetting char-
acteristics of PDMS surfaces by many polymers. A variety of approaches exist for
patterning macromolecules on substrates using microcontact printing methods.

PDMS stamps can be treated briefly by an oxygen plasma to generate an oxide
surface that can be wetted by the organometallic polymer. However, during the
plasma treatment, the surface of the PDMS thermally expands. On cooling this 
thermally expanded oxide layer buckles the surface in order to relieve the stress
caused by the expansion.52 When a stamp was prepatterned, as demonstrated in
Figure 4, the corrugated structure is formed with an orientation perpendicular to the
original pattern.53
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Figure 4 AFM image of a PFS pattern printed with an oxygen plasma-treated PDMS
stamp. The corrugated structure is a result of the stress generated by the difference in 
thermal expansion between the PDMS matrix and the oxidized surface.

When using less aggressive cleaning and oxidation techniques, it is also possi-
ble to eliminate the corrugation formation. Cleaning the PDMS stamp in a mild
ozone/UV environment will still render the PDMS surface hydrophilic, but will not
result in extensive surface heating and therefore thermal expansion related stress. This
is demonstrated in Figure 5.

The lines shown in Figure 5 demonstrate the very high etch resistance of these
organometallic polymers. The initial PFS film thickness was approximately 30 nm.
After the plasma etching treatment (10 min in CF4/O2 plasma) the features exhibited
a height of approximately 250 nm.
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1. Directed Dewetting
In some cases a microcontact printed substrate is used as a template that directs

the subsequent adsorption of macromolecules. This is demonstrated in Figure 6. A sub-
strate was printed with a self-assembling monolayer, generating hydrophobic and
hydrophilic areas. The PFS is then spincoated onto this patterned substrate, which
directs the dewetting of the polymer film.

Microcontact printing-based approaches are cost-effective methods to generate
patterns on the micrometer lengthscale. Such lengthscales are still large compared to
the high-resolution lithography processes that are being developed continuously. In
order to bridge the lengthscale gap, research can be directed toward generating novel
resists that combine a radiation-sensitive material with the etch barrier properties of
organometallic materials. So-called bilevel resists have been considered for high-
resolution resist materials.38 Very thin layers are needed in such resists, reducing the
probability of pattern collapse when fabricating high-aspect-ratio structures.

Organometallic Polymers 125

0
0

25

25

50

50

75

75

100

25 50

0.
50

−0
.5

0

µm

µm µm

75 100

100

0

Figure 5 Pattern of PFS on silicon fabricated by direct stamping using a ozone/UV-cleaned
PDMS stamp. Subsequently, the pattern was etched into the substrate by a CF4/O2 plasma.
The features of the resulting pattern consisted primarily of lines narrowed by dewetting. 
Full lines, however, were observed at the borders of the patterned area.
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VI. ORGANIC–ORGANOMETALLIC BLOCK
COPOLYMERS

A. Structure Formation via Block Copolymer 
Self-Assembly

All resists and technologies described so far originate from pursuing a top–down
approach. Smaller features can be obtained by using lower wavelength irradiation,
more sensitive resists for smaller wavelengths, and better optics. In a bottom–up
approach structures can be fabricated by self-assembly processes as well.

Well-controlled architectures can be obtained in block copolymers (see ex-
amples in Fig. 7), and the equilibrium structures can be controlled by macromolecule
design. The morphology of microdomains formed by pure diblock copolymers has
been intensively researched and is by now a relatively well-understood area.54

In neat diblocks three “classical” ordered microphases are usually distinguished.
These include alternating lamellae, hexagonally packed cylinders, and body-centered-
cubic packed spheres. In addition, some other, more complex microstructures may
appear, especially near the order–disorder transition.
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Figure 6 AFM image of a printed substrate, partially dewetted by an organometallic 
polymer film.

Figure 7 The classical morphologies in block copolymer systems.
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1. Synthesis of Organometallic–Organic Block Copolymers
Well-defined block copolymers can be synthesized by sequential anionic poly-

merizations.55 The living end of the first polymeric block must be reactive enough to
initiate the polymerization of the second block.

A variety of block copolymers containing a ferrocenylsilane block (see Scheme 5)
have been synthesized by anionic polymerization. These include dimethylsiloxane,56

styrene,57 isoprene,58 aminoalkylmethacryate,59 and ethylene oxide.60
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Scheme 5 Examples of two organic-ferrocenylsilane block copolymers.
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Figure 8 Bright-field TEM micrograph of a cylinder-forming and a lamella-forming 
PS-b-PFS diblock copolymer. (Reproduced with permission from Ref. 61, © 1999 
Wiley & Sons.)

2. Periodic Nanodomain Structures
A series of styrene-ferrocenyl dimethylsilane block copolymers form periodic

structures on a lengthscale comparable to the size of the polymers.61

Pure diblock copolymers (e.g., see Fig. 8) phase-separate into an equilibrium
structure that depends on the corresponding χ parameter,62 the length of the block
copolymer, and the volume fraction of the two phases. Knowledge of the χ param-
eter will allow one to target a specific morphology by adjusting the molar mass and
composition of the diblock copolymer accordingly.
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Another approach involves the blending of diblock copolymers with the cor-
responding homopolymer (Fig. 9). Thus, instead of synthesizing a specific block
copolymer in order to obtain a certain morphology, it is possible to mix in a corres-
ponding homopolymer to alter the overall composition.61
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Figure 9 Bright-field TEM micrograph of a (PS-b-PFS) diblock/PS homopolymer blend
displaying the double-gyroid morphology. The pure diblock displayed a lamellar 
morphology. (Reproduced with permission from Ref. 61, © 1999 Wiley & Sons.)

Figure 10 Representation of a cylinder-forming (PS-b-PFS) block copolymer (right). 
When confined in a thin film with a thickness 2 times the lattice spacing, islands and holes
are formed (left) as the result of an incommensurate film thickness.

3. Thin Films of Block Copolymers
Constraining block copolymers onto substrates induces an orientation of the

microdomains with respect to the substrate. One block will preferentially wet the
substrate, and similarly, one block will be present at the free surface. This preferen-
tial wetting results in a parallel orientation of the microdomains to the substrate.63

In relatively thick block copolymer films, a mismatch between the film thick-
ness and the bulk lattice spacing can be distributed over many layers. As the film
thickness is decreased to a value equal to a few domain periods, the frustration due
to the mismatch becomes more significant and can be released by the formation of
islands or holes (see Fig. 10).64
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Film thickness constraints can also be exploited to control the orientation of
the nanodomains. More specifically, when the thickness of the film approaches the
lattice constant of the block copolymer, the orientation of the nanodomains is some-
times altered with respect to the substrate. Simply stated, the stress generated by the
incommensurate film thickness can be relieved by a change in domain orientation.
This is further illustrated by an example in Figure 11. A styrene-ferrocenyl dimethyl-
silane block copolymer (PS-b-PFS) consisting of a styrene fraction of 0.73 forms a
cylindrical structure in the bulk.61 Within a thin film, the pattern that is formed by
the block copolymer also depends on the film thickness.65
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Figure 11 AFM images of PS-b-PFS block copolymer films of different initial 
thicknesses: (a) 30 nm; (b) 35 nm; (c) 40 nm—each scan size is 1 µm2 (reproduced with 
permission from Ref. 65, © 2001 ACS).

Figure 12 Tapping-mode AFM images of 30-nm thin PI-b-PFS copolymer films of
different compositions: (a) PI volume fraction of 0.72; (b) PI fraction of 0.76; 
(c) PI fraction of 0.80 (reproduced with permission from Ref. 58, © 2000 ACS).

Alternatively, the morphology of a thin diblock film can be altered by a subtle
change in composition. It was demonstrated for a series of isoprene-ferrocenyl
dimethylsilane block copolymers (PI-b-PFS) that the structure within a 30-nm-thin
film could be significantly changed by a slight compositional difference, although
the bulk structures all had the same morphology.58 This is demonstrated in Figure 12.
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4. Self-Assembling Resists
Block copolymers can be employed as templates to direct the deposition of

inorganic nanostructures. Park et al.66 used an OsO4-stained microphase separated
thin film of poly(styrene-block-butadiene) that produced holes on RIE in silicon
nitride substrates. The etch ratio between the two phases, stained butadiene and
styrene, was only about 1–2. Möller et al. discussed the use of poly(styrene-block-2-
vinylpyridine), to prepare masks for nanolithography by loading the PVP domains
with gold particles67 or by selective growth of Ti on top of the PS domains.68

The thin films of organic–organometallic block copolymers self-assemble to
form lateral regions that have a significantly different etching behavior. Furthermore,
the two phases already contain all the elements necessary to generate large etching
contrast, without the need for staining or loading. The organometallic areas enclose
a high resistance against removal by oxygen and fluorocarbon plasmas, whereas the
organic phase is quickly removed. This opens up the possibility to transfer the pat-
tern, generated by block copolymer self-assembly, in a one-step etching process into
the underlying substrate.69

A nanostructured silicon surface, obtained after etching, is visualized in Figure 13.
The organic constituents of the block copolymer have been selectively removed by the
action of the oxygen plasma, leaving the oxidized metal-containing phase behind. Such
self-assembling nanolithographic templates have been employed to obtain high-density
magnetic arrays in cobalt substrates.70

130 Metal-Containing Polymers for High-Performance Resist Applications

Figure 13 Tapping-mode AFM height image of an etched PI-b-PFS organic–
organometallic diblock copolymer film. The dots result from block copolymer phase separa-
tion. (Reproduced with permission from Ref. 69, © 2000 ACS.)

VII. CONCLUSIONS AND OUTLOOK

Metal-containing polymers appear to be valuable candidates for developing
highly etch-resistant resists. The increasing understanding and possibilities of e.g. the
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ring-opening polymerization of metallocenophanes might lead to the development of
novel high-performance resists. They may, for example serve as the etch-resistant top
layer within bilayer system resists.

Advances in printing techniques of polymers may also contribute to the progress
in cost-effective pattern replication procedures. The ability to replicate and print poly-
mer patterns on micrometer and submicrometer lengthscales opens up a route to eco-
nomically fabricate etch resistant patterns for applications, where metallic
contaminations are not relevant. Examples of such applications can be the fabrication
of photomasks, microfluidic devices, optical components, and data storage arrays.

It is now up to the imagination of the chemist, materials scientist, and physi-
cist to design and develop novel organometallic-based materials and methods for
creating and/or replicating patterns that can then be easily transferred into substrates.
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I. INTRODUCTION

Proton-coupled electron transfer (PCET) between donor and acceptor mol-
ecules is a fundamentally important chemical reaction closely related to various
energy conversion events in biological systems including photosynthesis and respi-
ration.1–8 In the photosynthetic process, especially the rapid electron transfer reac-
tion occurring within protein-bound pigment complexes,9,10 the main function of the
reaction center complexes of the photosynthesis is to create an energy gradient,
using successive multistep intermolecular electron transfer processes through a
group of donor and acceptor moieties around the cytoplasmic membrane.11 During
photosynthesis, because the redox sites are widely spaced (�70 Å) and extremely
long-lived, charge-separated states (τ1/2 � 1 s) are formed; unitary quantum
efficiency for charge separation is achieved by virtue of a large expenditure of pho-
ton energy. It has been recognized that hydrogen bonds must play an important role
in mediating such electron transfer processes, and that their function most likely
extends beyond simply providing the structural scaffolding for the donors and the
acceptors that participate in the redox process.4–8 The relationship between electron
transfer and proton motion has been elucidated in photoinduced electron transfer
within an electron donor–acceptor pair juxtaposed by a proton transfer interface.7,8

The theoretical studies are based on experiments that directly compare the rate of
electron transfer through a donor (amidinium-carboxylate)–acceptor salt bridge and
corresponding switched interface donor (carboxylate-amidinium)–acceptor com-
plex, which are related to the aspartate-arginine salt bridges found in a range of bio-
logical systems, including RNA and DNA complexes and enzymes.

For the attainment of marvelous electron transfer processes in the natural
sequential potential fields, many noncovalentaly-bound donor–acceptor (DA) sys-
tems12 and covalently-bound DA systems13–24 have been previously reported. Most
of them are artificial models of the photosynthesis comprising simple assemblies
of the dyad (DA) or triad [donor–spacer–acceptor (DSA)] functional molecules
with a chromophore such as a porphyrin. The quantum efficiency of such systems
is lower (�25%) compared with the biological systems (�100%), and thus more
efforts for constructing more efficient systems are necessary. Some of the covalen-
taly-bound DA systems have been designed for the fabrication of molecule-scale
devices based on a molecular electron-transport wire and/or highly ordered molec-
ular arrays on the surface.20–29 Most of such studies employed the DA nonconju-
gated molecules.

Relative to the development of new molecule-scale devices, intelligent mol-
ecules, the structures and properties of which are facilely and reversibly changeable
by application of external physical and chemical stimuli, have attracted much atten-
tion.30 One category of such molecules consists of transition metal complexes with
π-conjugated spacers; the combination of flexibility of d and π-orbitals can yield
unique optical, magnetic, and electronic properties. Because the ferrocenyl moiety
works as a good donor, conjugated ferrocene systems constructed by combining fer-
rocene with electron-accepting molecular units have attracted attention for their
fluctuating electronic structures,31–34 which are sensitive to outer fields, and exhibit
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novel behavior resulting from their second-order nonlinear optical (NLO) proper-
ties35–38 and facile intramolecular electron transfer, which causes drastic changes in
their structure and physical properties.

The electronic structure of metallocenes has been well and systematically
investigated by Hendrickson and Gray et al.,39,40 and a molecular orbital diagram of
ferrocene is shown in Figure 1 [where the subscripts g and u denote gerade (sym-
metric) and ungerade (unsymmetric), respectively]. The electronic structure of 
ferrocene includes the three metal-based highest filled levels derived from the dz2

orbital (a1g), and the dxy, dx2�y2 orbitals, which are degenerated to give e2g in stag-
gered D5d geometry. The 1e�-oxidized form, the ferrocenium ion, has a similar elec-
tronic structure except that the energy levels of e2g and a1g are reversed, which leads
to a singly occupied molecular orbital (SOMO) of the ferrocenium ion of e2g. The e2g

orbitals have some character of d backbonding through interaction with a combina-
tion of the cyclopentadienyl (Cp) anion LUMOs, and the a1g orbital involves some
interaction of dz2 with the metal s orbital and with the Cp rings. The next-highest
orbitals, e1u, of ferrocene are primarily ligand-based, with some contribution from the
metal px and py orbitals. In contrast, the LUMO of ferrocene is derived from an out-
of-phase π interaction between the dxz/dyz and Cp orbitals and has e1g symmetry.
Bonding of the electron-donating moieties to the Cp rings raises the energies of both
the filled d orbitals and the highest ligand-based orbitals, and the electron-withdrawing
group does the opposite. However, because of the presence of the Cp rings, when a
conjugated system is attached to ferrocene, the most significant perturbation is not
of the metal-based HOMOs but of the orbitals just below them. Actually, in a ferro-
cene derivative with a moderate electron-withdrawing conjugated substituent, the
first ionization potential and electrochemical oxidation potential are similar to those
of ferrocene.41–43 It should be emphasized that the ferrocene derivatives do not
undertake protonation and its redox potential is almost independent of the solvent
because of their electronic structures.

One of the most versatile electron-accepting molecules is the quinonoid com-
pound, and the redox reaction of the quinone–hydroquinone couple is one of the
most thoroughly studied proton-coupled electron transfer systems of organic mol-
ecules.44 Quinones show the reversible two-step 1e� reduction in aprotic organic
solvents (Fig. 2).45 One-electron addition to quinone forms the semiquinone radical
with five π electrons. The stability of the semiquinone form is affected by the exis-
tence of a minute amount of proton, which appears as the large shift of the reduc-
tion potentials in the positive direction.46 This implies that quinonoid compounds
are representative acceptor molecules of which redox properties are influenced by
external perturbation, such as protonation and solvation (Fig. 2).47,48 They are
employed in covalently and noncovalently linked donor–acceptor systems of par-
ticular interest in the study of proton-coupled electron transfer49–51 and photoin-
duced electron transfer.1–3,52

From the observations noted above, the quinonoid compound linked to fer-
rocene by a π-conjugated spacer model provides insight into proton-coupled
intramolecular electron transfer, because the redox potential of the quinonoid
molecule can be readily controlled by external perturbation such as protonation and
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solvation,4,5 and thus the redox potentials of the two molecules can become similar
to each other (Fig. 3). This chapter presents an overview of the more recent studies
concerning ferrocene-quinone π-conjugated donor–acceptor system in the follow-
ing two categories: (1) the ferrocene-anthraquinone (FcAq) system and (2) the fer-
rocene-benzoquinone (FcBq) system. The protonation-induced studies of oligomers
and polymers of the FcAq system are also included in the former. The complexes
exhibit novel structural changes into fulvene-cumulene complexes induced by pro-
ton-coupled intramolecular reactions. Previous studies on the transition metal com-
plexes containing allenylidene and cumulenylidene are surveyed before the
description of the FcAq system in the following section.
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II. ETHYNYLENE-BRIDGED FERROCENE-
ANTHRAQUINONE (FcAq) COMPLEXES

A. Transition Metal Complexes Containing Allenylidene 
and Cumulenylidene

Current interest in the chemistry of π-conjugated diyne and polyyne metal
complexes linked with ferrocenyl groups have resulted in further discoveries of
novel unsaturated carbene (M�CR1R2; R1 � ferrocene, R2 � ferrocene, Ph, H, etc.)
complexes derived from the resonance effects of the electron fluctuated spacers. This
term of the metal complexes containing allenylidene and cumulenylidene derivatives
has been considered and systematically investigated by Bruce in 1998.37

Vinylidenes (M�C�CR1R2) are tautomers of 1-alkynes and reformed by a
formal 1,2-shift of the alkyne hydrogen from C1 to C2 (H�C�C�H → :C�CH2).
The lifetime of the vinylidene in the free state, H2C�C�CH2 is extremely short
(�10�10 s); therefore, unsaturated cumulenylidenes are extremely reactive and are
considered to be important intermediates. The presence of a lone-pair (or two
unpaired electrons) on the terminal carbon atom enables vinylidenes to be stabi-
lized by coordination to a transition metal center. This is because some degree of
backbonding from the metal to the carbon ligand may further strengthen the
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carbon-to-metal donation bond. Stabilization of allenylidenes (M�C�C�CR1R2)
by two heteroatom substituents is indicated by the resonance structures
([M]�C�C�C(R1R2) ↔ [M]��C�C�C�(R1R2) ↔ [M]��C�C�(C�R1)�R2),
and thus strongly dipolar characteristics are expected, particularly when het-
eroatoms are present.

Several studies of electronic interactions between metal centers in ferrocenyl-
alkynyl and -diynyl derivatives, metal-bis-acetylide complex–bridged ferrocenyl-
alkynyl monomer (MCl(�C�C�Fc)(dppm)2: M � Ru, Os; Fc � ferrocenyl,
dppm � diphenylphosphinomethane) and dimer (M(�C�C�Fc)2(dppm)2), have
been reported.53–56

The cyclic voltammogram of ferrocenyl-alkynyl monomer shows two quasi-
reversible processes, and the redox potentials for the metal centers are considerably
less anodic than those for MCl2(dppm)2. This is interpreted as electron donation to
the metal center from the ferrocenyl group occurs through the �C�C� linker. In con-
trast, the redox potentials of the ferrocenyl moieties are more positive. These data 
are consistent with contributions of the resonance effect from the fulvene-carbene
(cyclopentadienylidene) form ([M]�C�C�Fc ↔ [M]��C�C�Fv, Fv; (η5-
cyclopentadienyl-η4-2,4-cyclopentadiene)iron(I)) (Fig. 4).
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Figure 4 Contributions of the resonance effect from the fulvene-carbene 
(cyclopentadienylidene) form in the metal-acetylide-ferrocenyl complex.

On the other hand, the ruthenium complex of ferrocenyl-alkynyl dimer shows
a separation of redox potentials of two ferrocene units through the alkyne-Ru-alkyne
ligand at 0.22 V.57,58 This result indicates that the mixed-valence state of ferrocenyl
groups in Ru(�C�C�Fc)2(dppm)2 complex are much more stable because of the
strong donor–acceptor interaction through the ruthenium core metal with two σ-
bonding alkynyl chains. The four oxidation states could be experimentally found for
Ru(�C�C�Fc)2(dppm)2 complex (Fe(II)�Ru(II)�Fe(II) ↔ Fe(III)�Ru(II)�Fe(II) ↔
Fe(III)�Ru(II)�Fe(III) ↔ Fe(III)�Ru(III)�Fe(III)), where the redox potential of the
ruthenium center is positively shifted as noted above.

B. 1–1-FcAq Complexes

The expected protonation-induced phenomena of the ferrocene-quinone (FcQ)
π-conjugated system are shown in Figure 3, which includes two basic and important
processes of “acid–base equilibrium” and “intramolecular PCET.” The former
process is the interaction of the quinonoid moieties with protic solvent or acid. The
latter process can appear when the donor and acceptor levels are close and the
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donor–acceptor interaction is conducted by the π-conjugated linker. When the proto-
nation occurs to the quinone moiety in the acid–base equilibrium, the acceptor level
of the quinone moiety is lowered, so that the electron transfer from the ferrocene
moiety to the quinone moiety through the π-conjugated chain can be expected (Fig. 3).
In this condition, two spins would be generated separately at D and A sites, and
because of this uneasy electronic configuration not a single structure derived from
the resonance effect of these π-conjugated structure with the valence exchange of the
iron center in the ferrocenyl moiety and the redox reaction of the quinone moiety,
namely, “valence tautomers,” may exist. Thus, unique structures and physical (magnetic
and optical) properties may be exhibited.

We here start to describe the protonation behavior of ferrocenyethynyl-
anthraquinones from the simplest D/A 1–1 complexes, 1-ferrocenylethynyl-
anthraquinone (1-FcAq)59 and 2-ferrocenylethynylanthraquinone (2-FcAq).60 There
are two carbonyl groups in each compound, and only one of them is conjugated to the
ferrocenyl group as shown in Scheme 1. This conjugation affords a specific
absorption band at 510 nm attributable to the metal-to-ligand charge transfer
(MLCT) transition from the Fe(II) to the π* orbital of ethynylanthraquinone moiety,
of which molar extinction coefficient ε, is larger for 2-FcAq (2.5 � 103 mol�1 dm3

cm�1) than 1-FcAq (1.7 � 103 mol�1 dm3 cm�1). The difference between the two
isomers also appear in their X-ray crystallographic structures (Fig. 5), showing that
the cyclopentadienyl (Cp) rings of the ferrocenyl moiety are perpendicular and par-
allel to the plane of the anthraquinone moiety for 1-FcAq and 2-FcAq, respectively.

The protonation behavior of 1-FcAq and 2-FcAq in a benzonitrile solution
supplemented with CF3SO3H is also entirely different. The color of the 1-FcAq solu-
tion changed immediately from red to deep-reddish-pink after the addition of the stoi-
chiometric amount of CF3SO3H. This corresponds to the spectral change in which
the n-π* band decreased and the band at 510 nm increased in intensity, and in which
a new broad band with the half-width, ∆ν1/2 � 5.2 � 103 cm�1 appears visible in the
near-IR regions (λmax � 939 nm) (Fig. 6). Judging from the NMR spectra as
described below, the protonated complex of 1-FcAq is a diamagnetic complex in
benzonitrile with a unique structure involving a fulvene complex (Fv) moiety, 
[1-FvAqH]�CF3SO3

�. The band at λmax � 939 nm can be ascribed to the valence
tautomerization of [1-FvAqH]� into a spin-separated form containing a ferrocenium
(Fc�) moiety, [1-Fc•AqH•]� (see Scheme 1), given that such a broad low-energy
band has been recognized in other valence tautomerization complexes.61,62 This con-
sideration is supported by the fact that the solvent effect on λmax is large; λmax �
1051 nm in dichloromethane, which is less polar than benzonitrile.

Notable features in the 1H NMR spectrum of [1-FvAqH]�CF3SO3
� in CD3CN

include a new singlet due to the hydroxyl group appearing at δ 8.23 ppm, and two
double doublets, one at 4.67 and one at 4.33 ppm, due to the Cp ring connecting to
the ethynyl group of 1-FcAq, shift to the lower field by 1 ppm in comparison with 1-
FcAq. This shift of the signals for the Cp ring is in accordance with the conversion
into the fulvene structure. Instead of the two signals of the ethynyl carbons at 96.2
and 86.1 ppm, two signals ascribable to cumulene carbons appear in significantly
lower field positions (171.1 and 167.8 ppm). These chemical shift values of 
[1-FvAqH]� are quite similar to those of [Fe(C5H5)(fulvene)]�,63–66 the molecular
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structure of which, with a marked bent of exocyclic C�C bond, indicates that the
fulvene unit of [Fe(C5H5)(fulvene)]� is characterized by both η4 and η6 coordina-
tion.67 This implies a significant contribution of the 18e� form rather than the 16e�

form. The IR spectrum of [1-FvAqH]� shows the disappearance of the ν(C�C) band
of 1-FcAq, and the molecular ion peak of [1-FvAqH]� (m/z 417) detected in the
electrospray ionization (ESI) mass spectrum indicates the addition of one hydrogen
atom to the composition of 1-FcAq (m/z 416).
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Scheme 1 Protonation reaction pathway of 1-FcAq and 2-FcAq.

The deprotonated form, 1-FcAq, shows reversible two-step 1e� reduction at
E°� � �1.26 and �1.71 V versus ferrocenium/ferrocene (Fc�/Fc) derived from the
anthraquinone moiety, and reversible 1e� oxidation at E°� � 0.22 V due to the fer-
rocenyl moiety in n-Bu4NClO4-CH2Cl2 (Table 1). The first reduction potential shifts
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dramatically in the positive direction to E°� � �0.06 V, and the oxidation potential
shifts moderately in the positive direction to E°� � 0.33 V in the protonation prod-
uct, [1-FvAqH]�, whereas the second reduction potential is little changed. These
results correspond to the structural changes in both ferrocenyl and anthraquinone
moieties by protonation.
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Figure 6 UV–vis–near-IR absorption spectral change of 1-FcAq (3.0 � 10�4 mol dm�3) 
in benzonitrile on stepwise addition of 0–2 eq of CF3SO3H (reprinted with permission from
Ref. 59).

Figure 5 ORTEP (Oak Ridge thermal ellipsoid plot) diagrams of 1-FcAq and 2-FcAq with
probability levels of 50% (reprinted with permission from Ref. 59).

Contrary to the facile change of 1-FcAq, the deep red solution of 2-FcAq did
not change significantly after the addition of the stoichiometric amount of CF3SO3H.
The color of the solution changed gradually to deep green by addition of an excess
amount (50 eq) of CF3SO3H. The n-π* and the MLCT bands decreased in intensity,
and two new bands appeared at 414 and 615 nm. The intense band at 414 nm is
appreciably consistent with that of the semiquinone form of anthraquinone deriva-
tives.68 The 1H NMR spectrum of a CD2Cl2 solution of 2-FcAq indicated that the
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complex lost the diamagnetic nature by the protonation. The EPR spectrum of 
2-FcAq in benzonitrile on addition of 6 eq of CF3SO3H at 6.5 K showed well-
resolved signals interpreted as superposition of a ferrocenium cation including
paramagnetic low-spin Fe(III) nuclei (g� � 4.26, g� � 1.49) and a semiquinone rad-
ical of the anthraquinone moiety (g � 2.00). The latter signal did not exhibit a
hyperfine structure due to the coupling between the electron spin and the protons of
the anthrasemiquinone moiety, indicating slight fluctuation of the electron spin state.
From the results of the UV–vis absorption and the EPR spectra, it is postulated that
2-FcAq is changed into a “spin-separated” ferrocenium–semiquinone combination
linked by an ethynyl group [2-Fc•AqH•]� through protonation (Scheme 1).

In conclusion, the electron transfer to the protonated anthraquinone moiety
occurs from the cyclopentadienyl ring (e1u orbital) of the ferrocene moiety when 
1-FcAq is protonated in benzonitrile and from the iron center (a1g or e2g orbital)
when 2-FcAq is protonated.

C. 2–1-FcAq Complexes

The next simplest complexes are 2–1-D/A compounds, 1,8-bis(ferrocenyl-
ethynyl)anthraquinone, 1,8-Fc2Aq, and 1,5-bis(ferrocenylethynyl)anthraquinone, 
1,5-Fc2Aq.69 Comparison of protonation behavior between them is intriguing
because the quinone moiety can undergo double protonation, drastically changing
the acceptor level and because there is a significant difference in conjugation of the
ferrocenyl groups with the carbonyl groups of the anthraquinone moieties between
the isomers. Two ferrocenyl groups in 1,5-Fc2Aq conjugate with different carbonyl
moieties, whereas those in 1,8-Fc2Aq conjugate with the same carbonyl moiety (see
Scheme 2). This actually influences the protonation behavior of the isomers; namely
only 1,5-Fc2Aq undergoes a facile two-step proton response, leading to a doubly
protonated species with unique physical properties due to the existence of three
possible valence tautomers, whereas 1,8-Fc2Aq does only single protonation as
described below.

The X-ray crystallographic analysis of both 1,8-Fc2Aq and 1,5-Fc2Aq indi-
cates that the Cp rings and the anthraquinone plane are nearly perpendicular to each
other as displayed in Figure 7. The spectroscopic responses of 1,8-Fc2Aq and 
1,5-Fc2Aq to CF3SO3H in benzonitrile are significantly different. The solution of
1,8-Fc2Aq changed immediately from deep red to deep reddish-purple after the addi-
tion of the acid, corresponding to the UV–Vis–near-IR absorption spectral change.
The n-π* band of the anthraquinone moiety decreased, two visible bands increased
in intensity at 491 and 546 nm, and a new broad band with the half-width ∆ν1/2 �
5.4 � 103 cm�1 appeared over the visible and near-IR regions (λmax � 934 nm). This
spectral change is quite similar to that of 1-FcAq.59 The protonated species of 
1,8-Fc2Aq was isolated from the acidic solution, and its ESI-mass, 1H NMR, 13C
NMR, and IR spectra revealed that 1,8-Fc2Aq undergoes a single protonation of the
carbonyl oxygen adjacent to the ethynylene bond, causing a structural change to
create a compound involving both ferrocenyl-ethynyl and η6-fulvene-cumulene moi-
eties, [1,8-FcFvAqH]� (Scheme 2).
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Figure 7 ORTEP diagrams of 1,8-Fc2Aq and 1,5-Fc2Aq with probability levels of 50%
(reprinted with permission from Ref. 69).

Scheme 2 Protonation reaction pathway of 1,8-Fc2Aq and 1,5-Fc2Aq. The arrow � indi-
cates conjugation  between Fe and Carbonyl groups.
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In contrast, the addition of several equivalents of CF3SO3H into a benzonitrile
solution of 1,5-Fc2Aq resulted in two-step color changes, initially to deep reddish-
purple, and then to deep green. ESI-mass spectra indicated that deep reddish-purple
and deep green solutions were derived from singly and doubly protonated species,
respectively. The first spectral change in the UV–Vis–near-IR absorption spectra, as
depicted by the dotted lines in Figure 8, is quite similar to those of 1-FcAq and 
1,8-Fc2Aq, suggesting a conversion to a similar fulvene-Fe(II) complex–cumulene
structure, [1,5-FcFvAqH]�. In the second step, the MLCT band at λmax � 522 nm
decreased in intensity, two intense bands appeared at 748 and 850 nm, and the broad
band with the half-width (∆ν1/2 � 7.2 � 103 cm�1, λmax � 909 nm) was shifted to
longer wavelength (∆ν1/2 � 5.2 � 103 cm�1, λmax � 1309 nm) (Fig. 8, solid line).
The two bands in the visible region are quite similar to those of the semiquinone
form of anthraquinone derivatives.68 The EPR spectrum of the frozen acidic aceto-
nitrile solution of 1,5-Fc2Aq at 5.0 K showed a strong, sharp signal at g � 2.02
assignable to a semiquinone radical of the anthraquinone moiety as well as weak
broad signals at g� � 4.12 and g� � 1.5 originating from a ferrocenium cation
including a Fe(III) nucleus.70,71 These spectroscopic results suggest the generation of
a spin-separated form, [1,5-Fc•FvAqH2

•]2� (Scheme 2).
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Figure 8 UV–Vis–near-IR absorption spectral change of 1,5-Fc2Aq in (3.0 � 10�4 mol
dm�3) in benzonitrile on stepwise addition of 0–2 eq (dotted lines and arrows) and 2–4 eq
(solid lines and arrows) of CF3SO3H.

Electrochemistry of the protonated compounds supported the reactions given
in Scheme 2. The series of monoprotonated complexes exhibits a reversible two-step
one-electron reduction of the protonated anthraquinone moiety (AqH) in the cyclic
voltammograms, whose potentials are largely shifted in the more positive direction
than those of nonprotonated forms (Table 1). The reversible oxidation waves of non-
and monoprotonated complexes are derived from the metal-centered oxidation of the
ferrocenyl and fulvene complex moieties. In [1,5-Fc•FvAqH2

•]2�, the redox reaction
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occurs in a pattern different from that of non- and monoprotonated complexes, with
the rest potential positioned between the reduction wave of the ferrocenium moiety
and the oxidation waves of Fv. Therefore, according to these results, the spin-sepa-
rated form, [1,5-Fc•FvAqH2

•]2�, among the three possible canonical structures,
[1,5-Fc•FvAqH2

•]2�, [1,5-FvFvAqH2]
2�, and [1,5-Fc•Fc•AqH2]

2�, is considered to
be the most thermodynamically favorable in solution as the doubly protonated
species of 1,5-Fc2Aq.

Protonation of 1,5-Fc2Aq with CF3SO3H in dichloromethane afforded a deep
green precipitate, of which the ESI-mass spectrum indicated the formation of doubly
protonated structure. Its UV–Vis–near-IR absorption spectrum in Nujol mull, showing
the 2E2g → 2E1u transition characteristic of a ferrocenium ion (λmax � 766 nm)30 and
significantly broad absorption (1456 nm), is different from that of [1,5-Fc•FvAqH2

•]2�

(Fig. 9). The spectrum was gradually changed into that of [1,5-Fc•FvAqH2
•]2�, with

isosbestic points appearing after dissolution in acetonitrile. These results suggest that
the green precipitate is a valence tautomer of [1,5-Fc•FvAqH2

•]2�.

148 Proton-Coupled Intramolecular Electron Transfer

Figure 9 UV–Vis–near-IR absorption spectral change of doubly protonated 1,5-Fc2Aq 
with CF3SO3H suspended in Nujol mull.

The 57Fe Mössbauer spectra of the green precipitate designate strong tempera-
ture dependence, as shown in Figure 10. The spectrum at 10 K shows the superposi-
tion of two components of Fe(II) (QS � 2.10 mm/s, IS � 0.40 mm/s) and Fe(III)
nuclei (QS � 0.30 mm/s, IS � 0.40 mm/s), for which the areal intensity ratio
(φ � Fe(III)/ Fe(II) � Fe(III)) is 0.44 (	0.01). The QS value of the Fe(II) component
is smaller than the value of the Fe(II) nucleus of the nonprotonated 1,5-Fc2Aq
(QS � 2.39 mm/s, IS � 0.55 mm/s, at 9.2 K), and this smaller QS value indicates a
conversion to the fulvene-Fe(II) complex structure through protonation.72,73 The
absorption of the ferrocenium-Fe(III) nucleus increased compared to that of Fe(II),
when the temperature was raised, as shown in the spectrum at 293 K (Fig. 9). The φ
values at 50, 150, 220, and 293 K were estimated to be 0.51 (	0.04), 0.70 (	0.08),
0.70 (	0.08), and 1.00 (	0.09), respectively.
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Figure 10 57Fe Mössbauer spectra of 1,5-Fc2Aq at 9 K (a), and doubly protonated 
1,5-Fc2Aq at 10 K (b), 50 K (c), 150 K (d), 220 K (e), and 293 K (f ) (reprinted with 
permission from Ref. 69).

The EPR spectrum of the solid state of the doubly protonated 1,5-Fc2Aq at
6.6 K showed a superposition of two components of Fe(III) nuclei from a ferrocenium
cation (g� � 3.93, g� � 1.59) and a semiquinone radical of the anthraquinone moiety
(g � 2.00). The ratio in signal intensity of the semiquinone radical to the ferrocenium
cation was considerably smaller in the solid state than in the frozen solution state.
The χMT–T plot of this doubly protonated 1,5-Fc2Aq is shown in Figure 11. The χMT
value decreased with decreasing temperature.

The temperature-dependent change of the 57Fe Mössbauer spectra can be
ascribed to the thermal equilibrium between the three valence tautomers, 
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[1,5-FvFvAqH2]
2�, [1,5-Fc•FvAqH2

•]2�, and [1,5-Fc•Fc•AqH2]
2� in the solid state

(Scheme 2). At higher temperatures, the paramagnetic [1,5-Fc•Fc•AqH2]
2�, with its

two ferrocenium Fe(III) nuclei, is dominantly formed. The χMT value at 348 K is
0.95 cm3 mol�1 K, which is close to the calculated χMT value of 1.05 for [1,5-
Fc•Fc•AqH2]

2�, as estimated from the EPR g values. With decreases in temperature,
[1,5-Fc•Fc•AqH2]

2� might primarily be transformed into the diamagnetic [1,5-
FvFvAqH2]

2�, which has two fulvene-Fe(II) and doubly protonated anthrahydro-
quinone moieties, as the calculated χMT values in typical temperatures estimated
from the EPR g values and 57Fe Mössbauer φ values correspond well with the
experimental χMT values (Fig. 11). A small distribution of [1,5-Fc•FvAqH2

•]2�,
which is dominant in the solution, cannot be ruled out at low temperature in the
solid state because of the existence of a weak EPR signal for the radical.

150 Proton-Coupled Intramolecular Electron Transfer

Figure 11 The χMT–T plot of doubly protonated 1,5-Fc2Aq (�) and χMT values estimated
from the EPR g values and 57Fe Mössbauer φ values (�) (b) (reprinted with permission from
Ref. 69).

D. A 1–2-FcAq Complex

The other simplest combination of the nonequivalent donor–acceptor members
is a 1–2-D/A compound, 1,1�-bis(1-(anthraquinonyl)ethynyl)ferrocene (1,1�-FcAq2).
To this complex, two-step protonation occurs, while only the first protonation causes
the intramolecular electron transfer reaction.31

When 8 eq of CF3SO3H were added to a benzonitrile solution of 1,1�-FcAq2,
the color of the solution changed immediately from red to deep reddish-pink. This
color change corresponds to the spectral change in which the band at λmax � 510 nm
with ε � 2.8 � 103 mol�1 dm3 cm�1 increases 4 times in intensity with a slight
blueshift to λmax � 504 nm, together with an appearance of a new broad band with the
half-width over visible and near-IR regions (λmax � 936 nm, ε � 1.3 � 103 mol�1

dm3 cm�1). These spectral changes are similar to those of other FcAq complexes,59,69

indicating that the ferrocenyl moiety is converted into butatriene-fulvene-Fe(II)-Cp.
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The spectroscopic change due to the proton-coupled phenomenon of 
1,1�-FcAq2 in benzonitrile continued even after the addition of 8 eq of CF3SO3H. This
spectroscopic behavior with the acid was also observed in dichloromethane and chloro-
form, and in these cases, there was saturation of the spectral change, which is indica-
tive of complete protonation. The degree of spectral change was not proportional to
the amount of added CF3SO3H in any solvent, suggesting that this spectral change is
not due to a single-step reaction. Possible rationales for this result are the existence
of double protonation to both anthraquinone moieties and/or the acid–base equilib-
rium of the anthraquinone moiety.

The addition of 1 eq of CF3SO3H to the concentrated 1,1�-FcAq2 solution in
chloroform produced reddish-brown precipitate that could be separated by filtration.
The mass spectrum of the product shows a molecular ion peak at m/z � 647 MH�,
indicating the addition of one hydrogen atoms to 1,1�-FcAq2 [FAB-mass (m/z):
646 M�]. When 6 eq of CF3SO3H were added to the concentrated 1,1�-FcAq2 solu-
tion in chloroform, a precipitate with the molecular ion peak at m/z � 648 MH2�
was detected, indicating a formation of doubly protonated species. These results
suggest that 1,1�-FcAq2 undergoes a two-step protonation; the first step occurs with
the addition of 1 eq of CF3SO3H involves the monoprotonation of 1,1�-FcAq2 caus-
ing a structure conversion identical to that of 1-FcAq, producing a unique structure
involving an AqH–butatriene–fulvene–Fe(II)–Cp–ethynylene–Aq moiety, [1,1�-
FvAq2H]� (Scheme 3), while the second step achieved by the addition of 6 eq of
CF3SO3H involves the double protonation of 1,1�-FcAq2 to give [1,1�-FvAq2H2]

2�,
with the UV–Vis–near-IR absorption not changing significantly. This process results
in no additional intramolecular electron transfer, which is reasonable since the buta-
triene-fulvene-Fe(II)-fulvene-butatriene structure should be unstable.
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Scheme 3 Protonation reaction pathway of 1,1�-FcAq2.

The results of cyclic voltammetry of 1,1�-FcAq2 with the stepwise addition 
of CF3SO3H in Bu4NClO4-CH2Cl2 are shown in Table 1. The nonprotonated com-
plex, 1,1�-FcAq2 shows reversible two-step 2e� reductions derived from the two
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anthraquinone moieties (�1.85 and �1.39 V vs. Fc�/Fc), with reversible 1e� oxidation
originating from the ferrocene moiety (0.21 V), respectively. The reduction of two
neutral anthraquinone units occurs simultaneously, due to the relatively small inter-
action between the two units through the linked ethynylene and ferrocene units. The
addition of 1 eq of CF3SO3H for 1,1�-FcAq2 shows the redox behavior of 
[1,1�-FvAq2H]�. This monoprotonated complex exhibits three reversible reduction
waves at �1.85 (1e�), �1.39 (2e�), and �0.32 V (1e�) and an oxidation wave at
0.43 V (1e�), which can be interpreted as the overlapping of redox waves of
anthraquinone (Aq; �1.85 and �1.39 V), protonated anthraquinone (AqH; �1.39
and �0.32 V), and fulvene–Fe(II) (Fv; 0.43 V). Further addition of the acid to cause
one more protonation to [1,1�-FvAq2H]� produces a serious change in the redox
wave of the anthraquinone moiety, and this behavior appears identical to that occur-
ring with the formation of [1,1�-FvAq2H2]

2�. The reduction waves at �1.85
(1e�), �1.39 (2e�), and �0.32 V (1e�) are changed to �1.39 (2e�), �0.14 (1e�)
and �0.06 V (1e�), whereas the oxidation wave derived from the fulvene–Fe(II) unit
is not influenced by the further addition of CF3SO3H (0.43 V), indicating that the
fulvene–Fe(II) structure is not changed. Disappearance of the most negative wave
at �1.85 V (1e�) derived from the nonprotonated anthraquinone unit of 
[1,1�-FvAq2H]� indicates that the second protonation for [1,1�-FvAq2H]� occurs at
the nonprotonated anthraquinone moiety. Consequently, two monoprotonated
anthraquinone moieties are formed in the double protonation of 1,1�-FcAq2.

E. Polymeric 1–1-FcAq Complexes

The results noted above present peculiar structure conversion and spin separa-
tion behavior of a series of ferrocenylethynylanthraquinones caused by protonation,
which depends on the substituent position, the number of donor and acceptor units.
This predicts the intriguing properties of polymer complexes of this series. From this
point of view, 1–1-D/A polymer, (1,1�-Fc-1,8-Aq)n, comprising ferrocenylethynyl–
anthraquinone units in the mainchain, was synthesized and its PCET behavior investi-
gated.74

The polymer (1,1�-Fc-1,8-Aq)n was synthesized by the reaction of 1,1�-bis(tri-
methylstanylethynyl)ferrocene and 1,8-dibromoanthraquinone. The polymer was
obtained as a deep brown powders, containing soluble and insoluble components in
regular organic solvents. The soluble part gave a film when it was dried, and its aver-
age molecular weight determined by GPC based on the polystyrene standard was
�2000. As for the insoluble component of the polymer, the addition of CF3SO3H
changed the polymer soluble in common organic solvents such as acetonitrile or
dichloromethane, and the color changes from deep red to deep purple-pink.

The UV–Vis–near-IR absorption spectrum of the solution of the protonated
polymer exhibited the MLCT bands and valence tautomerization and similar to those of
1,8-Fc2Aq as shown in Figure 12, indicating the formation of fulvene complexes in the
mainchain in solution. The infrared spectrum of the protonated polymer also showed the
similarity with that of 1,8-Fc2Aq; specifically, half of the C
C triple bond remain. These
results indicate a formation of ([1,1�-Fv-1,8-AqH]�)n as shown in Scheme 4.

152 Proton-Coupled Intramolecular Electron Transfer
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III. VINYLENE-BRIDGED FERROCENE-
BENZOQUINONE COMPLEX

Proton-coupled intramolecular electron transfer was investigated for another
quinonoid compound, FcCHCHBQH2, linked to the ferrocene moiety by a π-conjugated
spacer.75 The compound FcCHCHBQH2 was synthesized by the Wittig coupling 
of ferrocenylmethyltriphenylphosphonium bromide with 2,5-ditosylbenzaldehyde,76

followed by deprotection of the tosyl groups. Chemical oxidation of FcCHCHBQH2

by [Fe(η5-C5H4Cl)2]PF6 in methanol showed a drastic decrease of the UV–Vis absorp-
tion band at 342 nm, and an increase of the band at 312 nm, as shown in Figure 13a,
affording the 2e�-oxidized form, FcCHCBQH, which consists of an unusual allene
and a quinonoid structure, with the loss of two hydrogen atoms from FcCHCHBQH2

(Scheme 5).
In the 1H NMR spectrum of FcCHCBQH in acetone-d6, two doublets at δ 6.88

and 7.02 ppm derived from the vinylene protons of FcCHCHBQH2 disappeared and
a new singlet appeared at 6.67 ppm. One of the two singlets at 7.60 and 7.81 ppm,
due to nonequivalent hydroxyl protons of FcCHCHBQH2, was not detected in
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Figure 12 UV–vis–near-IR absorption spectrum of protonated (1,1�-Fc-1,8-Aq)n
(1.3 � 10�3 mol/dm3 as FcAq monomer unit) in acetonitrile.
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154 Proton-Coupled Intramolecular Electron Transfer

FcCHCBQH, and the remaining singlet at 8.00 ppm immediately disappeared by
H/D exchange on addition of D2O. As a result of one of the two vinylene carbons of
FcCHCHBQH2, a new 13C NMR signal as a quaternary carbon appeared in a lower
field position at 131.6 ppm with disappearance of the signal. The 13C NMR spectrum
of FcCHCBQH has also indicated that the ferrocenyl structure is maintained with-
out the oxidation-induced significant change into a fulvene-like structure.59,77 The IR
spectrum of FcCHCBQH exhibited weak bands around 1900 cm�1 that are ascri-
bable to C�C stretching of the allene structure. The compound FcCHCBQH is con-
sidered to be a structural isomer of both 2-(2-ferrocenylvinyl)-p-benzoquinone and
2-(ferrocenylethynyl)hydroquinone. It is of substantial interest that the oxidation of
FcCHCHBQH2 favors the release of two hydrogen atoms—one from the vinylene
and one from the hydroxyl group—to disintegrate the ordinarily stable aromatic
structure of FcCHCHBQH2.

A proposed formation mechanism of FcCHCBQH is shown in Scheme 5. The
oxidation of FcCHCHBQH2 initially occurs at the ferrocenyl site to form a ferro-
cenium state of Fe(III), based on the fact that the reversible redox wave due to the
ferrocenyl site is observed at the potential E°� � �0.11 V versus Fc�/Fc, more posi-
tive than the potentials of irreversible oxidation waves due to the hydroquinone site
(Ep,a � 0.39 and 0.79 V) in acetonitrile, and the redox potential of the oxidizing agent
[Fe(C5H4Cl)2]PF6 (0.23 V vs. Fc�/Fc) is located between the potentials of the ferro-
cenyl and the hydroquinone sites.78 The strong electron-withdrawing effect of the
ferrocenium moiety causes the immediate elimination of a proton. The proton elimi-
nation from the hydroquinone moiety and the vinylene moiety followed by further 
1e� oxidation resulted in formation of the semiquinone radical intermediates

Figure 13 (a) UV–Vis–near-IR absorption spectral change of FcCHCHBQH2 (1.2 mM) in
methanol on stepwise addition of 0–2.0 eq of 1,1�-dichloroferrocenium hexafluorophosphate
under a nitrogen atmosphere. Light pathlength is 1 mm. (b) UV–Vis–near-IR absorption
spectral change of FcCHCBQH (1.2 mM) in acetonitrile on stepwise addition of 0–100 eq of
CF3SO3H under a nitrogen atmosphere. Light pathlength is 1 mm. (Reprinted with permis-
sion from Ref. 75.)
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[Fc•CHCHBQH•]� and [Fc•CHCBQH2
•]�, respectively. The structural change

between [Fc•CHCHBQH•]� and [Fc•CHCBQH2
•]� likely occurs through the proton

exchange between the carbonyl oxygen and the allene carbon, which are located nearby.
A further proton-elimination reaction from the vinylene carbon of [Fc•CHCH-
BQH•]� or from the hydroxyl group of [Fc•CHCBQH2

•]� affords the stable com-
pound FcCHCBQH, in which the iron center is reduced. It is considered that the
deprotonation of [Fc•CHCHBQH•]�is less likely than that of [Fc•CHCBQH2

•]�,
and that the structural change between [Fc•CHCHBQH•]� and [Fc•CHCBQH2

•]�

plays an important role in the formation mechanism of FcCHCBQH including the
allene and quinonoid structure.
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The UV–Vis–near-IR absorption spectral change of FcCHCBQH in aceto-
nitrile, on stepwise addition of CF3SO3H (0–100 eq), indicated an interesting proton
response, as shown in Figure 13b. The new intense bands appearing at 400 and
456 nm, the molar extinction coefficients, ε values, of which were estimated at
4.0 � 103 and 2.5 � 103 mol�1dm3cm�1, respectively, were appreciably similar to
those of the free semiquinone radical,44,79,80 and the weak shoulder band at 600 nm
with ε � 350 mol�1dm3cm�1 can be attributed to the 2E2g → 2E1u transition of the
ferrocenium ion.81 The EPR spectrum of the frozen solution of the product at 6.4 K
exhibited a well-resolved signal (g� � 3.97, g� � 1.64) attributable to a ferrocenium
cation, including paramagnetic Fe(III) nuclei.70,82–84 The appearance of the ferroce-
nium state of Fe(III) from diamagnetic FcCHCBQH resulted in generation of an odd
number of electrons, that is, in generation of a semiquinone radical through an
intramolecular electron transfer. The semiquinone radical was not detected in the
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156 Proton-Coupled Intramolecular Electron Transfer

EPR spectrum, probably due to fluctuation of the electron spin states, which is sup-
ported by the significant broadening of the axial signal of the ferrocenium moiety.
These facts indicate that the diamagnetic FcCHCBQH can be converted to the para-
magnetic semiquinone-ferrocenium compound [Fc•CHCHBQH•]� through the pro-
tonation of FcCHCBQH. A broad absorption band was observed at 1000 nm in the
near-IR spectrum of [Fc•CHCHBQH•]�. This band may be due to LMCT at the
Fe(III) center—photoinduced valence tautomerization61,62 between the Fe(III) center
and the semiquinone—given that radical complexes exhibit long-wavelength bands
due to low-lying transitions originating from the singly occupied molecular orbitals
(SOMOs).85

Two protonation sites exist in FcCHCBQH to form [Fc•CHCHBQH•]�. The pro-
tonation of the allene carbon leads to the direct formation of [Fc•CHCHBQH•]� via an
intramolecular electron transfer from the ferrocenyl to the quinonoid site. The protona-
tion of the carbonyl oxygen of the quinonoid site forms [Fc•CHCBQH2

•]�, and requires
the structural change into [Fc•CHCHBQH•]�, that is, from the allene to the vinylene
bonding. When 100 eq of CF3SO3H was added all at once, a transient UV–Vis absorp-
tion spectrum was observed, and this spectrum gradually changed to that of [Fc•CHCH-
BQH•]�. This implies a two-step transformation, and supports the idea that the transient
species is produced by the protonation of the carbonyl oxygen. Intriguingly, when
FcCHCHBQH2 was oxidized by 2 eq of [Fe(C5H4Cl)2]PF6 in acetonitrile, the observed
UV–Vis–near-IR absorption spectrum at room temperature and the EPR spectrum at
6.9 K were quite similar to those of the protonated form of FcCHCBQH. The addition of
methanol into the acetonitrile solution of [Fc•CHCHBQH•]� caused the UV–Vis– near-
IR absorption spectrum to change into that of FcCHCBQH. This means that methanol
assists in the proton elimination from [Fc•CHCHBQH•]�, and supports the considera-
tion that the intermediate [Fc•CHCHBQH•]� should be included in the formation
process of FcCHCBQH from FcCHCHBQH2 in methanol.

In summary, an unusual structural change of a vinylene-bridged ferrocene-
hydroquinone compound, FcCHCHBQH2, was observed to occur by two-electron
oxidation and two-proton elimination in methanol. The oxidation product,
FcCHCBQH, which includes an allene and a quinonoid structure, exhibited a unique
proton response, leading to an exchange of the magnetic properties.

IV. CONCLUDING REMARKS

In this chapter, novel intramolecular PCET phenomena of ethynylene-bridged
ferrocene-anthraquinone complexes, 1-FcAq, 2-FcAq, 1,8-Fc2Aq, 1,5-Fc2Aq, 1,1�-
FcAq2, and (1,1�-Fc-1,8-Aq)n and a vinylene-bridged ferrocene-benzoquinone com-
plex, FcCHCHBQH2 have been described. In these donor–acceptor-conjugated
compounds, drastic changes in structure and physical properties are observed. The
singly and doubly protonated forms of the FcAq complexes reach an equilibrium
involving two and three valence tautomers, depending on the matrix and temperature.
The events in the FcBq complex are strongly dependent of the solvents. These findings
should be useful in designing novel functional ferrocene-containing molecular
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systems from mononuclear to polynuclear compounds based on strong intramolecu-
lar donor–acceptor interaction triggered by chemical perturbation.
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I. INTRODUCTION

Since the early 1990s there have been numerous accounts of novel functional
biomaterials. Peptides in particular have received much attention. In solution and in the
crystalline state, amino acids and peptides often assemble into extended supramolecu-
lar three-dimensional structures guided by hydrogen bonding between individual mol-
ecules.1,2 The properties of such extended peptide networks are related to the molecular
arragement of the individual molecules and offer a fascinating array of structures.
Considerable effort has focused on the design of secondary structural elements,3,4 and
on the design of new peptidic materials, such as nanotubes5–9 and hydrogels,10–12 with
potential applications in drug delivery and biomedical engineering. In many cases,
scaffolds are used to assist the design and guide formation of a particular peptide struc-
tural mimic. More recently, significant efforts have been directed at equipping non-
covalent supramolecular peptide assemblies with redox-active groups and give them
specific electric properties that may be exploited.

This review focuses on ferrocene peptide systems, with particular attention to
mono and 1,1�-disubstituted ferrocene derivatives. Both systems have been successfully
explored as templates in an effort to create highly ordered electroactive supramolecular
systems.

II. SYNTHESIS OF FERROCENOYL PEPTIDES

Fc-amino acids and Fc-peptides have been prepared by various different methods.
Most of them use commercially available ferrocenecarboxylic acid (FcOH, 1) or ferro-
cenecarboxylic acid chloride (FcCl, 2). Historically, amide bond formation was
achieved starting from 2 and a suitable amino component, such as an amino acid or
peptide, having an available NH2 group, to give the desired Fc-amino acid esters (3)
or Fc-peptides (4)13 (Scheme 1).
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Scheme 1 Synthesis of ferrocenoyl amino acid esters (3) and peptides (4) via the acid 
chloride method.

The acid chloride method was successfully employed to produce a number of
1,1�-disubstituted ferrocenoyl peptide and amino acid systems, such as Herrick’s
1,1�-ferrocenoyl-prolinylmethylester (5)14 and Hirao’s 1,1�-ferrocenoyl-bis-alanyl-
prolinylesters (6).15
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More recently, a convenient method for linking peptides or amino acids to the
ferrocenoyl group was developed using FcOH as a starting material and carbo-
diimides such as dicyclohexylcarbodiimide (DCC) or 1-(3-dimethylaminopropyl)-3-
ethyl-carbodiimide (EDC) in conjunction with hydroxybenzotriazole (HOBt)16–18 or
succinimide (HOSu) (Scheme 2). The intermediates HOBt- or HOSu-active esters
(7) can be isolated as dark red crystalline materials. Both are stable toward hydroly-
sis, and readily react with the available amino groups of amino acid esters or peptide
esters to give the corresponding Fc-amino acid ester (3) or peptide esters (4) in high
yields. Similarly, Fc-amino acids and peptides can be directly obtained by employ-
ing amino acids or peptides instead of the C-protected esters.
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Scheme 2 Synthesis of ferrocenoyl amino amino acids (3) and peptides (4) via the FcOSu
(7) active ester.

The synthetic procedures and workup are similar to those employed in standard
solution peptide synthesis and hence are suitable for labelling larger biomolecules at the
ε-amino group of lysines, as was shown by Degani and Heller.19,20 The Fc-amino acid
esters and peptides can be deprotected under basic conditions and can serve as useful
building blocks for formation of more complex structures. This procedure was used suc-
cessfully for the preparation of helical Fc oligoproline benzyl esters, in which the oligo-
proline exists exclusively in the all-trans conformation in solution and the solid state.21

Using this approach, symmetric Fc-peptide-cystamines were synthesized in
high yields. For example, [Fc-Gly-CSA]2 (10), an orange crystalline materials, was
obtained by coupling of Fc-OBt or Fc-Osu with the symmetric tetrapeptide [Boc-Gly-
CSA]2 (9) (CSA � cysteamine), as summarized in Scheme 3.22 Similarly, a wide
range of symmetric Fc-peptide cystamines were synthesized and used for the electro-
chemical electron transfer studies of organized Fc-peptide monolayers on gold.
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A series of 1,1�-oligoprolinoyl-ferrocenes (5, 15–17) were obtained from 
1,1�-ferrocenedicarboxylic acid (11), HOBt, EDC, and a series of oligoproline esters
(Scheme 4).23,24 The monoproline derivative 5 was first obtained by Herrick via the
acid chloride route.14
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Scheme 3 Synthesis of ferrocenoyl glycyl cystamine (10): (a) DCC or EDC, HOBt, 
cystamine dihydrochloride, Et3N; (b) Fc-OBt or Fc-OSu.
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Scheme 4 Synthesis of 1,1�-bis-peptide ferrocene derivatives peptides (4) via the
HOBt/EDC protocol: (a) HOBt, EDC, CH2Cl2, H-Pron-OMe (n � 1–4) (Sta � statine).

Interestingly, using the HOBt, 1-oligoprolinoyl-1�-OBt-ferrocene derivatives
(12–14) were obtained as byproducts. This class of compounds is a convenient start-
ing material en route to asymmetrically substituted ferrocenoyl derivatives, such as
compound 18.
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Scheme 5 Synthesis of ferrocenoyl peptides (4) via the ferrocenyl oxazolone (20) starting
from a ferrocenoyl amino acid (19); (a) DCC or EDC, (b) amino acid.

An alternative route to Fc-peptides, developed by Beck and coworkers, uses
ferrocenyl oxazolones,17 which can be obtained by the reaction of Fc-amino acids
(19) with a carbodiimide (Scheme 5). The resulting oxazolone (20) undergoes a
nucleophilic ring-opening reaction with the amino group of a C-protected amino
acid to give the desired Fc-peptide (4).

The crude Fc-amino acids and Fc-peptides are readily purified by chromato-
graphic methods or by recrystallization. In many cases, this results in crystalline
materials of sufficient quality for crystallographic investigations.

III. STRUCTURE OF FERROCENOYL PEPTIDES

A. General Parameters

Table 1 summarizes some pertinent structural features for some Fc-amino acids
(21–24) and Fc-peptides (5, 25–31). In general, the two cyclopentadienyl (Cp) rings
of most structurally investigated Fc-amides are in a coplanar arrangement25 with
very small bent angles, which is the angle of the Cp rings away from coplanarity (II),
and coplanarity between the amide and Cp planes (I) as defined in Scheme 6.

Steric pressures or interactions of the substituents with adjacent molecules may
result in a loss of coplanarity of the Cp rings. The group attached to ferrocenoyl moi-
ety has a significant influence on the coplanarity of the Cp and amide planes.
Generally, with increasing size of the substituent, the twist angle between the Cp and
amide planes will increase (Scheme 6), which will result in poor electronic coupling
between Cp and amide for large twist angles. In general, for all ferrocenoyl amino
acids and peptides, the Cp bent angle is relatively small (�1–4.5°), but as the peptide
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The Cp-amide twists for most Fc-peptides are generally small, allowing
significant electronic interaction between the π systems of the Cp and the amide
group. However, there are some exceptions in which larger twist angles are realized,
most likely as the result of intramolecular strain and repulsion between the Cp ring
and the peptide substituents or as a result of intermolecular interactions, discussed
in the following section.

The distances of the carbonyl carbon to the Cp rings for all structurally char-
acterized Fc-peptides are well within established bond distances for a normal C�C
single bond in Fc-amides [range d(C�C) � 1.43–1.507 Å].25 Furthermore, the amide
C(O)�N group is planar in all Fc-amino acids and Fc-peptides, and the carbonyl
C�O distances compare well with simple ferrocene amides. Similarly, the bond dis-
tances and angles of the Fc moiety itself are well within established parameters for
ferrocene derivatives.25

Table 1 Common Structural Parameters for Ferrocenoyl Amino Acids and Peptides

Angle

Compound d(C�O) d(C�C) �(O�C�N) Bent Twist

Fc-(Pro-OMe)2 (5) 1.219(11) 1.515(14) 129.2(9) �1 —
1.227(11) 1.481(14) 120.1(9) �1 —

Fc-(AlaPro-OMe)2 (6a) 1.219(7) 1.506(9) 121.7(7) 0.53 3.77, 5.64
Fc-(AlaPro-OEt)2 (6b)a 1.222(7) 1.478(8) 121.7(6) 2.45 5.27
Fc-(AlaPro-OPr)2 (6c) 1.22(1) 1.47(1) 119(1) 1.75 1.70, 4.38
Fc-(AlaPro-OBzl)2 (6d) 1.22(1) 1.51(1) 121(1) 2.60 2.64, 2.84
[Fc-Gly-CSA]2 (10)b 1.252(2) 1.478(3) 122.08(18) 3.1 14.0

1.232(3) 1.508(3) 122.4(2) 2.6 8.7
Fc-Asp(OH)-OH (21) 1.252(2) 1.472(2) 121.74(17) �1 4.3
Fc-Glu(OBzl)2 (22) 1.236(6) 1.499(7) 122.5(4) 1.8 14.1
Fc-Cys(SBzl)-OMe (23) 1.21(2) 1.43(2) 123.6(26) 1.8 5.4
Fc-Pro-OH (24) 1.257(14) 1.48(2) 116.6(11) 1.9 24.6
Fc-Pro2-OBz (25) 1.23(3) 1.50(4) 120.6(30) 2.5 19.2
Fc-Pro3-OBz (26) 1.222(12) 1.50(2) 118.1(11) 4.0 14.2
Fc-Pro4-OBz (27) 1.223(5) 1.489(6) 120.8(4) 16.0 8.0
Fc-Gly2-OEt (28)c 1.240(2) 1.477(2) 120.96(15) 2.1 �1

1.233(2) 1.484(2) 122.32(16) 1.9 �1
Fc-AlaPro-OEt (29)c 1.234(7) 1.498(9) 122.8(7) 2.64 22.50, 24.30b

Fc-AlaPro-NHpy (30) 1.224(10) 1.490(8) 122.9(6) — —
Fc-LeuPhe-OMe (31) 1.215(8) 1.485(10) 121.2(7) 4.5 18.9
Fc-Pro2Phe-OH (32) 1.244(9) 1.463(10) 119.7(7) 1.0 11.4

a The Fe atom is on a special position.
b Two parts of the molecule.
c Two independent molecules per asymmetric unit.

becomes larger, the angle becomes greater because of the relief of steric pressures.26

In the solid-state structure of Fc-Pro4-OBz (27) the two Cp rings adopt a Cp-bent
angle of 16.0°.21
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B. Hydrogen Bonding and Ordering in the Solid State

Even simple Fc-peptides exhibit a fascinating array of intermolecular hydro-
gen bonding interactions, which result in an ordered packing of the molecules in the
solid state. In all structures investigated to date, the Fc group does not interfere with
the peptides’ instrinsic ability to assemble into larger aggregates via intermolecular
hydrogen bonding.
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Scheme 6 Twist angle (I) and bent angle (II) in substituted ferrocenes.

The crystal structures of Fc-Gly2-OEt (28),27 Fc-AlaPro-OEt (29),28 and Fc-
LeuPhe-OMe (31)27 provide examples. The structure of 28 is shown in Figure 1. The
asymmetric unit contains two independent molecules. In addition, it contains a water
molecule, disordered over two positions. The two independent molecules of 28 are
held together by H bonding involving the Cp-amide carbonyl and NH groups
[d(O1�N11) � 3.073 Å and d(N2�O12) � 2.992 Å] (Fig. 1a). Compound 28 forms a
layered structure with H bonding between adjacent units forming a layered structure.
The individual layers are connected through H bonding to a water molecule. The

c09.qxd  9/9/2003  3:11 PM  Page 167



arrangement between the Fc-diglycine molecules in the layers is best described as a
parallel β sheet (Fig. 1b). In fact, the torsion angles, Φ and ψ, in 28 are �120°
and �116° respectively, which is close to the literature values of Φ � �119° and
ψ � �113° for a parallel β sheets.29

168 Organization of Ferrocenoyl Amino Acids

(a) 

(b) 

|3.5 Å|

        |
__________20.5 Å ___________

| 

Figure 1 (a) Molecular structure of Fc-Gly2-OEt (28). Two adjacent molecules interacting
in a head-to-head fashion engaging in H bonding, resembling structures commonly found in
parallel β sheets. (b) View of the β sheet. Two β sheets form tail-to-tail bilayers having the
peptide substituents on the inside of the bilayer with a thickness of 20.5 Å and an interlayer
distance of 3.5 Å. (Reprinted with permission from Ref. 27. Copyright 2001 American
Chemical Society.)

The Fc-dipeptide β-sheet layers form a supramolecular bilayer structure with
the peptide substituents pointing towards each other, as shown in Figure 1b. The
bilayer thickness is 20.5 Å, and its separation from the adjacent bilayer is 3.5 Å.
Studies of simple diglycine show that it crystallizes in a layered structure with
strong N�H…O�C H bonds linking molecules, resulting in a parallel β-sheet-like
structure.30–33

This demonstrates that in essence, the H-bonding ability of diglycine sub-
stituent is not significantly perturbed by the presence of the Fc group. In fact, the
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Gly2 substituent on Fc controls the arrangement of the molecules in the solid state,
resulting in a strongly H-bonded structure similar to that found in diglycine. Strongly
H-bonded networks leading to an antiparallel assembly of the Fc-dipeptide were
reported by Hirao and coworkers for Fc-AlaPro-NHpy (30).34

Figure 2 shows an ORTEP of 30 together with the highly organized supramol-
ecular assembly formed by H bonding involving the Fc-Ala CO and NH and the
pyridine amide NH and ring N, thereby maximizing the H-bonding interactions. In
contrast, Fc-AlaPro-OEt (29), having only the Fc-Ala amide linkage as a functional
group able to interact with adjacent molecules, assembles into a simple linear chain,
as shown in Figure 3.

Structure of Ferrocenoyl Peptides 169

Figure 2 (a) Molecular structure of Fc-AlaPro-NHpy (30). (b) A view of the layered 
structure formed by association of the molecules in an antiparallel head-to-tail fashion.

Figure 3 H-bonding involving the Fc-amide NH and CO groups in Fc-AlaPro-OEt (29)
results in a linear chain.

It is noteworthy that the Cp/amide twist angle is large most likely due to 
the involvement of the carbonyl group in H bonding. The H bonding in 31 is similar
to that of 28 in that it involves the interaction of two Fc-amides [Fc-C�O…H�N�C
(O)-Fc; d(O1�N1B) � 2.977 Å] and two peptide amides [C�OPhe

…H�NPhe;
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d(O2B�N2) � 2.983 Å] of two adjacent molecules (Fig. 4). Thereby a maximum of
four interactions are established to adjacent molecules, which can be best described
as a parallel sheetlike interaction.27 However, the supramolecular arrangement is dis-
tinctly different from that of a β sheet. Instead, the intermolecular H-bonding inter-
actions enable the formation of supramolecular helicates. Four molecules are required
to complete one helical turn, giving a pitch of 14.6 Å and a width of approximate
12.7 Å (Fc to Fc). Interestingly, both aromatic residues, Fc and Ph groups are located
on the outside of the helix (Fig. 4) and the isobutyl substituents are on the inside of
the helix. Presumably, this supramolecular structure is adopted to satisfy the steric
requirements of the Leu and Phe groups. The solvent molecules occupy positions in
between individual helicate stacks. In a more detailed structural study by Hirao and
coworkers, a series of disubstituted ferrocenoyldipeptides was studied.35 It was
shown that only intramolecular H bonding is present in the C2 symmetric molecules
of the Fc-(AlaPro-OR)2 series, forcing the two Cp rings into a 1,2� conformation,
which has been observed frequently in other disubstituted ferrocenes. Two strong
intramolecular H-bonding interactions are present between the C�O of Ala of the
Cp ring and the amide NH of Ala of another strand on the Cp� ring giving d(O…HN)
distances of 1.88 and 2.15 Å (Fig. 5). One would expect that the size of the peptide
would lead to a significant twist. However, the strong intramolecular H bonding is
the dominant factor, forcing the two amide planes to be coplanar to their respective
Cp ring.

Changing the ester substituent in this series of compounds has virtually no
effect on their molecular conformation. Importantly, the intramolecular H bonding is
preserved in solution, which contrasts the behaviour of the monosubstituted Fc-
AlaPro-OEt (29), in which the intermolecular interactions break down in solution.
Despite the lack of intermolecular H bonding, these molecules assemble in 
a chirality-directed selfassembly into helical structures. The helicity depends on 
the chirality of the podant peptide. The L-Ala-L-Pro podant peptide chain will result
in a helical arrangement, with the podant D-Ala-D-Pro giving the exact mirror 
image (Fig. 5). Both have a pitch height of �14 Å and a Fc�Fc distance of approxi-
mately 4.5 Å. The related GlyPro and ProGly systems form related supramolecular
arrangements in which intramolecular H bonding determines the structure of the
assembly.36

A very recent (as of 2003) example from our laboratory shows chiral order-
ing in the achiral Fc-glycylcystamine (10).22 The ORTEP of 10 was shown in
Scheme 3. In the solid state, each molecule maximizes its H bonding interaction
with adjacent molecules. Interestingly, for each Fc-Gly-CSA (CSA � cysteamine)
half of the molecule engages in H bonding through the Fc-amide and cystamine
functions with the identical portion of two neighboring molecules, one on each
face, resulting in each molecule interacting with four adjacent molecules.
However, the two portions establish different H-bonding patterns, as shown in
Scheme 7.

The H bonding O1…N1* and N2…O2* is virtually symmetric and forms a 
12-membered ring, as observed in other Fc-peptide structures (Scheme 7a) and
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commonly found in parallel peptide β sheets. The pair of H bond acceptors O3 and
O4 are cis-oriented on the same face of the molecule, whereas the H bond donors N3
and N4 are cis but located on the other face of the molecule. The result is a H-bond-
ing pattern involving a 12-membered ring novel to Fc-peptides (Scheme 7b). The H-
bonding is very asymmetric [O3…N3* � 2.976(12) Å and O4…N4* � 2.789(12) Å].
This complex intermolecular H-bonding interaction requires the molecules to turn
with respect to each other, where each Fc-Gly fragment of 10 is involved in a different
supramolecular helical arrangement. The result is a fascinating arrangement of the
molecules giving two types of helices with H-bonded cores linked to each other
through a disulfide bridge, as shown in Figure 6.
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(b) 

(c)

(a)

Figure 4 (a) Molecular structure of Fc-LeuPhe-OMe (31). (b) Two adjacent molecules
engaging in H bonding in a head-to-head fashion. Please note that the steric pressure forces
a rotation of the molecules of about 90° with respect to each other. (c) View down the
supramolecular helical axis. The solvent of crystallization (C2H4Cl2) is shown. (Reprinted
with permission from Ref. 27. Copyright 2001 American Chemical Society.)
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Scheme 7 Two types of hydrogen bonding interactions exhibited by the two different 
Gly-cystamine residues of compound 10: (a) D…A and A…D interactions and (b) D…A
and D…A interactions.22 (Reproduced by permission of The Royal Society of Chemistry.)

Figure 5 (a) Molecular structure of Fc-(L-Ala-L-Pro-OEt)2 (32) and Fc-(D-Ala-D-Pro-OEt)2
(33). (b) View at the supramolecular helical axis. (Reprinted with permission from 
Ref. 35. Copyright 2001 American Chemical Society.)
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The redox-active ferrocenoyl moieties are surrounding a central H-bonded
peptide core. Fc1 is involved in the “square helix” having a right-handed twist, 
as observed in most β sheets, and Fc2 is involved in the “twisted helix.” Both helices
have a pitch height of �14 Å. The “square helix” and “twisted helix” have an 
inner diameter of 3.8 Å and 4.1 Å, respectively. Although peptide-disulfides often
exhibit unusual structural features,37,38 a supramolecular assembly as exhibited by
Fc-glycylcystamine was never before observed in peptide conjugates.

IV. MONOLAYERS OF FERROCENE PEPTIDE
CONJUGATES

Electrochemical techniques have been used extensively to investigate the
kinetics of electron transfer (ET) through self-assembled monolayers (SAMs) of
molecules connected to a gold surface,39–44 leading to information about the distance
dependence and the influence of solvation.

For the purpose of studying the electron transfer kinetics through peptides
and ordered peptide assemblies supported on a gold surface, we began to prepare a
series of rigid helical ferrocenoyl-oligoprolinyl benzylesters [Fc-Pron-OR, n � 1
(R � H, 25), 2 (R � Bz, 26), 3 (R � Bz, 27), 4 (R � Bz, 28)21] and the related

Monolayers of Ferrocene Peptide Conjugates 173

Figure 6 A view down the helical axes. Interaction between molecules resulting in the 
formation of a supramolecular helicate. The two parts of the molecule participate in 
two different types of interactions. Fc1 is involved in the right-handed “square helix” and 
Fc2 in the left-handed “twisted helix.”22 (Reproduced by permission of The Royal Society 
of Chemistry.)
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ferrocenoyl-oligoprolinyl cystamines [[Fc-Pron-CSA]2, n � 0 (35), 1 (36), 2 (37), 3
(38), 4 (39), 5 (40), 6 (41)].45 Fc-peptide cystamines [Fc-Xxxn-CSA]2 are of particu-
lar interest since they allow bonding of the Fc-peptide to a gold surface through the
disulfide linkage. Disulfides, such as cystamine, are well suited for the preparation of
SAMs on gold.46,47 Fc-oligoprolines are ideal candidates for ET studies since they
possess a well-defined rigid polyproline II secondary structure with a translational dis-
tance of 3.1 Å per proline residue. As expected for polyproline II, the solution NOESY
(nuclear overhauser enhancement spectroscopy) spectrum shows strong
α(n) � δ(n � 1) nOe crosspeaks. In addition, all compounds display a strong nega-
tive CD (circular dichroism) signal at λ � 210–215 nm, and a weak positive band at
230 nm (for the Pro5-derivative 40 and the Pro6-derivative 41) characteristic for
polyproline-II48 (Fig. 7). Importantly, [Fc-Pro-CSA]2 (36) and [Fc-Pro2-CSA]2 (37)
exhibit a significant broadening of this CD signal, indicating a higher flexibility and
potentially the ability to undergo cis–trans isomerism in solution. This was confirmed
by nOe studies indicating that the proline residue adjacent to the CSA is indeed under-
going a facile cis-to-trans interconversion [crosspeak for α(n) � α(n � 1) CH interac-
tion]. Other proline residues in 36 and 37 are not affected by this process. Subsequently,
Fc-amino acid cystamine conjugates were included in this study, which were not
expected to adopt a stable secondary peptide structure on the surface, such as [Fc-Gly-
CSA]2 (10), [Fc-Alan-CSA]2 [n � 1 (42), 2 (43)], and [Fc-PheAla-CSA]2 (44).
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Figure 7 Circular dichroism spectra of compounds 36–41 in 0.1 mM ethanol. All 
compounds exhibit a negative CD signal at 210–215 nm typical for a polyproline II 
structure in solution.21 The signal intensity increases with the number of proline residues
(36 weakest–41 strongest). (Taken with permisson from Ref. 45.)

Compounds 35–41 exhibit a fully reversible one-electron oxidation wave,
attributed to the oxidation of the Fc moiety. The oxidation potentials for 35–41 are
influenced by the number of the attached proline residues, which is similar to the
redox behavior of the related Fc-Pron-OBz (n � 1–4) (24–27). In both systems, the
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Fc electrophore becomes easier to oxidize as the length of the podant oligoproline
chain increases (Fig. 8). The redox potential of [Fc-CSA]2 (35) is typical of that 
of simple ferrocene amides (635 mV vs. Ag/AgCl). However, the attachment of a
proline residue to the Fc group causes a drop in the redox potential to 610 mV 
(vs. Ag/AgCl) for 36. [Fc-Pro3-CSA]2 (38) having a single fully completed 
helical polyproline II turn exhibits a redox potential at 600 mV (vs. Ag/AgCl), which
is in line with measurements in the Fc-Pron-OBz series. The exception is the Fc-
diprolinyl-CSA complex 37, containing the Pro2-Xxx motif, which is often found in
β turns.21 However, this is not too surprising since the Pro2-Xxx motif appears to
cause shifts to higher potential, as was the case in the related Fc-Pro2Phe-OH (32).
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Figure 8 Cyclic voltammogram of a SAM of [Fc-Pro5-CSA]2 (40) on gold at various 
scan rates using a Pt counterelectrode and a Ag/AgCl reference electrode: 100–700 V/s, 
with 1 M tetra-butylammonium perchlorate (TBAP) in CH3CN at 20 � 1°C. (Taken 
with permisson from Ref. 45.)

In order to prepare Fc-peptide-modified gold surfaces suitable for electron
transfer studies, cleaned gold microelectrodes (diameter 50 µm) were immersed in
degassed ethanolic solutions of 36–41, which should allow the Fc-oligoprolines to
attach in the desired polyproline II conformation. Figure 8 shows a series of typical
cyclic voltammograms taken at various sweep rates for [Fc-Pro5-CSA]2 (40) attached
on the gold surface. The SAM of 40 and those of all other compounds studied exhib-
ited a well-defined and fully reversible one-electron oxidation. The relationship
between the peak currents and the sweep rates is linear, indicating that the electro-
chemical response arises from surface-bound Fc-peptides and thus show a successful
immobilization of the Fc-peptides on the gold surface.49,50

Multiple scanning experiments on this and other Fc-peptide cystamine mono-
layers shows only small decreases in the signal intensity, indicating the stability of
the monolayers to scanning. For a SAM of 40, over a period of 60 s, the peak current
decreased by �10%, indicating that loss of the Fc label is minimal (Fig. 9). Some
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176 Organization of Ferrocenoyl Amino Acids

Figure 9 A typical multiple-scan cyclic voltammogram of a [FcPro5CSA]2 (40) SAM.
Experiment time 60 s, scan rate 8 V/s; number of scans 254.

Au Au

pinhole defect

Figure 10 Diagram showing the difference between monolayer pinholes and defects.

loss is expected since Fc� readily reacts with nucleophiles resulting in decompos-
ition of the ferrocenium cation.51 CV experiments of Fc-Pron-CSA-modified gold
electrodes in an aqueous solution of 0.1 M K3[Fe(CN)6] showed that the SAMs of the
longer proline systems 38–41, were able to efficiently block the direct electron trans-
fer between the electrode and [Fe(CN)6]

3� anion in solution and thus indicating the
absence of defects, such as pinholes, that may otherwise contribute to the observed
electrochemistry (Fig. 10).

The signal intensity was reduced by a factor of 139–220 compared to the sig-
nal for a bare electrode (Fig. 11). It can be assumed that ability of the CSA residue to
engage in intermolecular H-bonding to adjacent CSAs is partly responsible for the
tightly packed monolayers. A similar behavior was observed by Hutchinson for
modified Fc-alkylthiols SAMs in which the alkylthiol was able to H-bond to adjacent
molecules within the monolayer.52–54 Exceptions are the shorter Fc-amino acid CSA
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systems and [Fc-CSA]2, which exhibited some residual signal, attesting to the poor
packing of the molecules on the surface.

Monolayers of Ferrocene Peptide Conjugates 177

-15

-10

-5

0

5

10

15

20

0 200 400 600

Potential (mV)

C
ur

re
nt

 (
10

-6
 A

)

bare 

SAM

S

O
HN

O
HN

S

O
HN

Fe Fe Fe

N

S

N N
OO O

H HH

[Fe(CN)6]4- [Fe(CN)6]3-

(a) (b)

Figure 11 (a) Blocking studies comparing the cyclic voltammograms of K3[Fe(CN)6]
(0.1 M in 1 M KCl) on a bare gold electrode and a gold electrode modified by a SAM of
[Fc-Pro5-CSA]2 (40). Scan rate 8 V/s, electrode diameter 50 µm; (b) monolayer model 
showing the inability of the [Fe(CN)6]

3� anions to penetrate the SAM.

The double-layer capacitance is a measure of monolayer permeability by the
electrolyte. As expected, the presence of the Fc-oligoproline SAMs causes a drop in
the capacitance compared to clean Au electrodes. Thus we were able to rule out the
presence of significant surface defects, incomplete monolayer formation, and elec-
trolyte permeation of the peptide monolayer, all of which may contribute to the elec-
trochemical event. The integration of the oxidative peak currents was used to evaluate
the spatial requirements for the Fc-oligopeptides and are summarized in Table 2. 
The space occupied by compounds 38–41 is in the range of 180–240 Å2, which com-
pares well with values obtained by Mihira and coworkers for helical fluoresence-
labeled peptides.50 Shorter Fc-peptide cystamines that are not able to adopt a helical
conformation require less space. These include the mono- and diprolinyl systems 
[Fc-Pro-CSA]2 (36) and [Fc-Pro2-CSA]2 (37), and [Fc-Gly-CSA]2 (10), [Fc-Ala-
CSA]2 (42), [Fc-Ala2-CSA]2 (43), and [Fc-PheAla-CSA]2 (44).

The orientations of the adsorbed Fc-oligoproline were investigated by
reflectance–absorbance infrared spectroscopy (RAIRS). A typical spectrum of a
SAM of 40 is shown in Figure 12. The amide I band for all compounds investigated
is centered around 1650–1640 cm�1, indicating a helical structure of the peptide for
the longer proline systems.55–57 Surface selection rules allow the determination of
the angle θ of the peptide to the surface normal. Vibrations with components normal
to the surface will experience an enhancement over vibrations in KBr. Thus, the ratio
of amide I to amide II bands is a measure of the adsorbed peptide angle relative to
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the gold surface. For compounds 38–41, angles of 30–50° relative to the surface nor-
mal were observed (Table 2), which compare well with angles observed for other
longer peptide SAMs.58
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Figure 12 (a) Schematic representation of a Fc-peptide-CSA on a surface indicating 
the angle θ from the surface normal; (b) reflectance–absorbance IR spectrum (RAIRS) of
the amide I and II regions of [Fc-Pro5-CSA]2 (40) on gold. (Taken with permisson from
Ref. 45.)

Table 2 Summary of Results of the Electrochemical and RAIRS Results Obtained for
SAMs of Compounds 10 and 35–44 on Gold

E0 Specific Area Ratio θ
Compound (mV) (Å2) Amide I/II (deg)

[Fc-Gly-CSA]2 (10) 475 70(3) �1 �90
[Fc-CSA]2 (35) 630 80 (26) �1 �90
[Fc-Pro-CSA]2 (36) 600 123(38) �1 �90
[Fc-Pro2-CSA]2 (37) 605 157(18) �1 �90
[Fc-Pro3-CSA]2 (38) 590 180(21) 4.2 32
[Fc-Pro4-CSA]2 (39) 580 190(27) 2.2 47
[Fc-Pro5-CSA]2 (40) 610 220(40) 1.9 51
[Fc-Pro6-CSA]2 (41) 575 240(13) 5.3 28
[Fc-Ala-CSA]2 (42) 480 81(9) �1 �90
[Fc-Ala2-CSA]2 (43) 475 103(20) �1 �90

On the other hand, shorter, more flexible Fc-peptides exhibit ratios for the
amide I and II bands of �1, suggesting that the molecules are flat on the gold surface.
In contrast, the longer proline systems having a rigid polyproline II conformation are
able to pack on the surface in a vertical orientation. At present it appears that there is
no correlation between the length of the peptide linker and the angle it adopts on the
gold surface.
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The theory enabling the determination of electron transfer rates from the
dependence of the peak potential difference (∆Epeak) in cyclic voltammetric experi-
ments on the scan rates was first described by Laviron for diffusionless processes.
Thus we were able to obtain the ET rates from the CVs at selected scan rates (Fig. 8)
applying the Butler–Volmer formalism.59 A typical experimental example is shown in
Figure 13.
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Figure 13 Relationship between the forward electron transfer rate and the overpotential η
for [Fc-Pro-CSA]2 (36) on gold.

Murray and Creager have extensively reported on the use of CV for the evalu-
ation of electron transfer rate constants in ferrocenyl-labeled alkylthiol mono-
layers.42,43 Table 3 summarizes the results of our electron transfer studies for 35–41.
For 36 an electron transfer rate of 11.2 	 103 s�1 was observed. For compounds having
a longer oligoproline chain, the rate of electron transfer decreased. For three proline
residues, the rate drops to 5.2 	 103 s�1 for 38 and to 3.6 	 103 s�1 for 39. For 40
and 41 possessing Pro5 and Pro6 linkers, respectively, the ET rate is decreasing even
further. An exponential relationship between kET and Fc�Au separation is predicted
by Marcus theory. An increase in distance between the electrode surface and the Fc
group by �2 Å should result in a decrease in the kET by an order of magnitude.
Although we observe an exponential decay with increasing number of proline
residues and thus a distance dependence (maximum 3.1 Å per proline residue), the
decrease is less than expected from a through-space ET (Fig. 14). Thus, the distance
relationship deviates significantly from Marcus-type behavior, implicating a
through-bond mechanism for the electron transfer process, as was suggested by others.
A low electron transfer coefficient β value of 0.12 Å�1 was observed by us for ET in
these Fc-peptide monolayers, which is significantly lower than was reported by Schanze
and Sauer60 and Isied and coworkers61,62 for photoinduced ET studies of various
labeled oligoprolines in solution.
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In general, the β values for ET through polyproline II spacers are significantly
lower than the average β values of proteins (0.9–1.2 Å�1). In contrast, Faraggi and
Klapper63 proposed a through-bond mechanism to explain the low β value of
0.2–0.4 Å�1 found in H-Tyr(Pro)n-TrpOH and H-Trp(Pro)n-TyrOH. It was suggested
that ET could occur primarily through a strained conformation in which the electron
donor–acceptor distances are shorter than estimated on the basis of the thermo-
dynamically dominant structures. Thus the “true” value of β would be larger than the
apparent value, especially if ET was through-space. Pulse radiolysis studies by
Bobrowski and coworkers64 on H-Trp-(Pro)n–TyrOH gave low β values in the range
between 0.2 and 0.28 Å�1, suggesting a combined through-space/through-bond path-
way, which is dependent on the peptide chain length. It appears that the low β and 
the fast ET rates fpr Fc-oligoproline SAMs are related to the rigidity of the two-
dimensional Fc-peptide array on the Au surface. Hydrogen bonding between adjacent
Fc-oligoproline cystamine molecules on the surface may significantly contribute to
the monolayer packing and its rigidity. Moverover, the close proximity of the redox-
active Fc head groups appears to allow for a lateral interaction of the redox centers.
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Figure 14 Relationship between the heterogeneous ET rates and donor–acceptor distance
for SAMs of compounds 35–41. (taken with permisson from Ref. 45).

Table 3 Summary of Results of Electron Transfer Studies of Compounds 35–41

Compound E° (mV) EFWHM (mV) kET (σ) (s�1 	 103) α

[Fc-CSA]2 (35) 651 148 8.3(1.3) 0.50
[Fc-Pro-CSA]2 (36) 639 133 11.2(2.8) 0.51
[Fc-Pro2-CSA]2 (37) 621 127 7.5(1.2) 0.52
[Fc-Pro3-CSA]2 (38) 620 124 5.2(1.1) 0.53
[Fc-Pro4-CSA]2 (39) 623 127 3.6(1.3) 0.55
[Fc-Pro5-CSA]2 (40) 627 140 2.5(0.3) 0.51
[Fc-Pro6-CSA]2 (41) 604 133 1.8(0.6) 0.51
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V. SUMMARY

Ferrocenoyl peptides can be rationally designed are readily obtained by a var-
iety of peptide coupling techniques from often commercially available synthons. The
podant peptide chains are able to engage in inter- and intramolecular hydrogen bond-
ing, giving rise to an array of helical and nonhelical supramolecular assemblies in
solution and the solid state, having the redox-active ferrocenoyl group decorate the
outside of the assemblies. In the long term, this may open up the fascinating possi-
bility of generating tailor-made redox-active peptidic materials of fixed lengths and
electronic makeup with potential application in nanoelectronics. It is clear from the
data available that the interpeptide interactions largely govern the supramolecular
assembly of the Fc-peptides and dipeptides. Unfortunately, details of the supramol-
ecular assembly cannot be predicted from the amino acid sequence at the present
time. Thus, most structural discoveries in this area are accidental.

With regard to its electronic properties, no studies are available that clearly
demonstrate that electron transfer through such a supramolecular assembly is possible.
Solid-state electrochemical studies on the crystalline material are not available at the
present time. The closest to “supramolecular electrochemistry” are studies of ordered
two-dimensional peptide arrays on gold. For some Fc-peptide cystamines, self-assem-
bled monolayers of Fc-peptide cystamines were prepared that allow the quantification
of the electron transfer kinetics by electrochemical techniques. Similar to the
supramolecular assemblies, H-bonding plays an important role. At the present time
(2003), only a few systems were studied and offer a rather complex picture of the ET
properties. Additional experimental work is required to obtain definite results on the
influence of the peptide primary and secondary structure on ET kinetics. In addition,
the issue of lateral interactions needs to be addressed by detailed dilution studies with
alkylthiols.
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I. INTRODUCTION

The past few decades have seen increasing interest in the design of thermally
stable polymers as replacements for metals and ceramics in the aerospace and auto-
motive industries.1–3 Polyaromatic ethers and thioethers are two classes of thermally
stable polymers that have been examined for this purpose because of their ability to
withstand temperatures in excess of 200°C and their stability toward acids, bases, and
organic solvents. Rigid polymers such as polyaromatic ethers and thioethers often
exhibit limited solubility in organic solvents at room temperature, and their high melt-
ing points can limit their processability.

There are a limited number of methodological approaches to the synthesis of
polyaromatic ethers; however, the most successful method has been found to be nucleo-
philic aromatic substitution reactions. Electrophilic aromatic sulfonylation or acyla-
tion, metal-catalyzed coupling, oxidative coupling of disubstituted phenols, and
ring-opening polymerization have also been utilized to prepare these classes of poly-
mers.1,2 Polyaromatic thioethers are commonly synthesized by reaction of 1,4-
dichlorobenzene with sodium sulfide, via reaction of disulfide monomers or catalysts
and by ring-opening polymerization.3

Nucleophilic aromatic substitution reactions of haloarenes complexed to transi-
tion metal moieties with oxygen-, sulfur-, and nitrogen-containing nucleophiles allows
for the synthesis of a wide variety of aryl ethers, thioethers, and amines.4–8 These metal-
mediated reactions proceed under very mild conditions and allow for the incorporation
of a number of different functional groups. Nucleophilic substitution reactions of
chloroarenes complexed to the cyclopentadienyliron moiety have been the focus of
many studies directed toward the design of functionalized organic monomers.9–16

Since the early 1980s, a number of research groups have investigated the
incorporation of transition metal moieties �-coordinated to phenylene units in the
polymer backbones. The metallic groups have included chromium tricarbonyl,17–26

molybdenum tricarbonyl,25–29 cyclopentadienyliron,29–39 pentamethylcyclopenta-
dienylruthenium,38–41 and cyclopentadienylruthenium.42 A number of studies have
shown that the incorporation of metallic moieties pendent to polymeric materials
resulted in enhanced solubilities of the organometallic polymers. While many of
these polymers were synthesized using nucleophilic aromatic substitution reactions
mediated by the electron-withdrawing ability of the metallic moieties, they have also
been prepared via coordination of a metallic moiety to a preexisting organic poly-
mer, polycondensation reactions and supramolecular assembly of arene complexes.

II. LINEAR POLYAROMATIC ETHERS,
THIOETHERS, AND AMINES

A. Polyethers

The synthesis of polyaromatic ethers coordinated to cyclopentadienyliron 
moieties was achieved via nucleophilic displacement of the chloro groups from 
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complex 1 using the diphenolic nucleophiles 2a–h as shown in Scheme 1.31,32 It is well
known that the type of aromatic linkage incorporated into polyaromatic ethers has a
strong influence on their thermal and physical properties. Therefore, a wide range of
aromatic spacers were incorporated into the polymers under investigation. The elec-
tron-withdrawing cyclopentadienyliron moiety pendent to the dichloroarene complex
allowed these polymerization reactions to occur at 60°C over a period of 6–12 hs.
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The organoiron polyethers were isolated as beige powders in yields ranging from
89 to 99%. These polymeric materials were soluble in polar aprotic solvents such as
DMAc, DMF, and DMSO and displayed varying degrees of solubility in 
solvents such as acetone, dichloromethane, and acetonitrile. The solubilities of all the
organoiron-coordinated polyethers are listed in Table 1.32 Polymer 3c, with carboxylic
acid groups pendent to its backbone, was also soluble in a water solution containing
sodium hydroxide. Because of the flexibility imparted by alkyl groups, polymers 3d–h
displayed much higher solubilities than did polymers 3a,b. The enhanced solubilities
of the metallated polymers allowed for the solution characterization of polymers 3a–h.

The photolytic demetallation of polymers 3a–h was achieved in solutions of
acetonitrile, or acetonitrile/DMF, resulting in the isolation of polymers 4a–h. The
photolytic reactions were conducted for 4 h, and after that time, there was no evidence
of the cyclopentadienyliron moieties in the NMR spectra of the organic polymers
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(4a–h). These polymers (4a–h) exhibited varying degrees of solubility in polar sol-
vents such as chloroform and tetrahydrofuran; however, polymers 4a–c were insolu-
ble in all solvents tested. The molecular weights of the organic polymers (4d–h) were
determined using gel permeation chromatography (GPC), with chloroform as the 
eluent (Table 2). Although the solubilities of the organic materials were often much
lower than those of their organoiron analogs, the molecular weights of the metallated
polymers could not be determined by GPC because of interactions of the cationic
organometallic moieties with GPC columns. However, the molecular weights of the
demetallated polymers allowed for the determination of the approximate molecular
weights of the organoiron polymers. For example, polymer 4d had a weight-average
molecular weight (Mw) of 18,100, which corresponds to a degree of polymerization
of about 60, and a Mw value of 34,000 for the corresponding organoiron polymer (3d).
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Table 1 Solubility of Organoiron Polymers in Polar Organic Solventsa

Polymer CH2Cl2 Acetone CH3CN DMAc DMF DMSO

3a I I PS PS PS PS
3b I I I S S S
3cb I PS PS PS S S
3d PS S S S S S
3e PS S S S S S
3f I I PS S S S
3g I PS PS S S S
3h I I PS S PS S

a Solubility at room temperature: (S), soluble; (PS), partially soluble; (I), insoluble.
b Also soluble in a solution of dilute sodium hydroxide.

Table 2 Molecular Weight Analysis of Polyethers 4d–h

Polymer Mw Mn Mw/Mn

4d 18,100 8,800 2.1
4e 21,400 9,900 2.2
4f 7,300 3,500 2.1
4g 8,800 3,700 2.4
4h 16,100 7,400 2.2

1H and 13C NMR analysis of the cyclopentadienyliron-coordinated polyaro-
matic ethers was very useful in determining the success of the polymerization reac-
tions. The 1H NMR spectrum of the p-dichlorobenzene complex (1) is very simple,
with the cyclopentadienyl resonance appearing as a singlet at 5.45 ppm, and the com-
plexed aromatic protons resonating as a singlet at 6.99 ppm. After polymerization,
the resonances corresponding to both of these peaks underwent quite noticeable
upfield shifts to 5.0–5.3 ppm and 6.2–6.6 ppm, respectively. Figure 1 shows the 1H
NMR spectrum of polymer 3e. The five cyclopentadienyl protons appear as a singlet at
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5.20 ppm, and the singlet at 6.23 ppm is assigned to the four complexed aromatic
protons. The protons of the isopropylidene groups resonate at 1.65 ppm, and the pro-
tons corresponding to the bridging aromatic rings appear as a multiplet integrating
for eight protons at 7.18 ppm and a doublet integrating for four protons at 7.36 ppm.
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Figure 1 1H and 13C NMR spectra of polymer 3e in DMSO-d6.

The 13C NMR spectrum of polymer 3e was run as an attached proton test
(APT). This spectrum shows the methyl carbons appearing as a downward peak at
30.39 ppm and the quaternary carbon of the isopropylidene group as an upward peak
at 41.83 ppm. The cyclopentadienyl resonance appears at 77.74 ppm as an intense
peak pointing down. The complexed aromatic CH carbons appear at 74.76 ppm, while
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the quaternary complexed aromatic carbons appear at 130.07 ppm. The uncomplexed
aromatic carbon peaks appear further downfield at 119.77, 126.12, and 128.62 ppm,
and the quaternary carbons resonate at 146.98, 147.99 and 151.09 ppm.

NMR analysis of polymers 4a–h verified the success of the photolytic reac-
tions. The most noticeable differences in the spectra were the absence of the
cyclopentadienyl resonances and the downfield shift of the complexed aromatic 
resonances to �7–7.5 ppm in the 1H spectra and to �120–130 ppm in the 13C spec-
tra of the organic polymers. Figure 2 shows the 1H and 13C NMR spectra of polymer
4e. The 1H NMR spectrum shows a singlet at 1.62 ppm, corresponding to the 12
methyl protons, two broad singlets at 6.87 and 6.95 ppm corresponding to 8 aromatic
protons, and another broad singlet at 7.10 ppm, assigned to the remaining 8 aromatic
protons. The 13C NMR spectrum also indicates that the cyclopentadienyl rings were
cleaved from the polymer backbone. The aromatic CH carbons appear at 117.53,
120.33, 126.25, and 128.03 ppm, and the quaternary carbons appear at 145.33,
147.67, 152.65, and 155.49 ppm. The methyl carbon appears at 30.88 and the qua-
ternary isopropylidene carbon appears at 42.05 ppm.
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Figure 2 1H and 13C NMR spectra of polymer 4e in CDCl3.
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Electrochemical analysis of the cyclopentadienyliron-coordinated polyaromatic
ethers was accomplished using cyclic voltammetry.43 It has previously been estab-
lished that cationic arene complexes of cyclopentadienyliron undergo monoelectronic
reduction processes to produce neutral 19-electron species.44–46 These radicals can
undergo a second reduction to produce highly unstable anionic 20-electron complexes.
The cyclic voltammograms of polymer 3e and an oligomeric analog were compared.
In general, the redox couples of the polymer were less reversible than the couples of
the oligomer at low scan rates. The cyclic voltammogram of 3e is shown in Figure 3,
and the CV of its oligomeric analog is shown in Figure 4. The CV for the polymer is
much broader and has an Epc � �1.61 V, Epa � �1.18 V, and E1/2 � �1.40 V.
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Figure 3 Cyclic voltammogram of 3e obtained in a DMF solution containing TBAP as the
supporting electrolyte at �20°C with a scan rate of 1 V/s.

The CV of the oligomeric complex in Figure 4 shows the reversible reduction
of this diiron complex. The redox wave is much narrower and the Epc was found
at �1.28 V, the Epa was at �1.08 V, and the E1/2 for this complex occurred at �1.18 V.

Many of the cyclopentadienyliron-coordinated polymers also adsorbed onto the
working electrode during the cyclic voltammetry experiments, and this phenomenon
was most noticeable at low scan rates. The CVs of polymer 3f obtained at �30°C in
DMF are shown in Figure 5 at scan rates of 0.1, 0.2, 1, and 5 V/s. From these curves,
it is quite obvious that the current increases significantly with increased scan rate,
while the E1/2 values obtained for these curves occurred at �1.03, �1.04, �1.04,
and �1.06 V, respectively.
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Figure 5 Cyclic voltammogram of 3f obtained at scan rates of 0.1, 0.2, 1, and 5 V/s.

Fe
+ 

PF6

-

O CC

CH3

CH3
CH3

CH3

O

Fe
+ 

PF6

-

O O

E (V)

-1-1.6-1.5-1.4-1.3-1.2-1.1-1.0-0.9-0.8-0.7

I 
( µ

A
)

-150

-100

-50

0

50

100

150

200

250

Figure 4 Cyclic voltammogram obtained in a DMF solution containing TBAP as the 
supporting electrolyte at �20°C with a scan rate of 1 V/s.
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The thermal properties of the metallated and demetallated polymers were
investigated using thermogravimetric analysis (TGA).32 All of the metallated poly-
mers (3a–h) exhibited a 17–27% weight loss between 219 and 296°C, corresponding
to cleavage of the cyclopentadienyliron moieties. Following this initial weight loss,
the polymers experienced second weight losses that were dependent on the aromatic
linkages in their backbones. For example, the polymers lost anywhere between 20
and 39% of their original weight starting from 417 to 521°C. Following photolytic
demetallation, the thermal stability of polymers 4a–h was examined. It was noted
that there was only one weight loss present in the organic polymers’ thermograms
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Polymer 3h displayed interesting electrochemical properties. This polymer
exhibited two redox waves corresponding to two distinct reduction processes. Figure 6
shows the CV of this polymer obtained at �40°C in a DMF solution. This CV was
obtained at a scan rate of 0.2 V/s, and the E1/2 values for the two redox processes
occurred at �0.988 and �1.11 V. An oligomeric complex containing the same bridg-
ing aromatic spacer exhibited the same redox behavior.

Figure 6 Cyclic voltammogram of 3h obtained at a scan rate of 0.2 V/s.
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corresponding to decomposition of the polymer backbones. These results indicated
that the presence of organoiron moieties did not significantly influence the thermal
stability of the polymer backbones. Figure 7 shows the TGA thermograms of poly-
mers 3d and 4d. It can be seen that polymer 3d displayed an initial 23% weight loss
at 247°C and a second weight loss of 34% beginning at 517°C and ending at 554°C.
Following demetallation, polymer 4d had a 62% weight loss that began at 533°C and
continued until 562°C.
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Figure 7 TGA thermograms of polymers 3d and 4d.

Table 3 DSC Results for Polyethers 4a–h

Polymer 4a 4b 4c 4d 4e 4f 4g 4h

Tg (°C) 150 146 165 119 130 142 113 144

The thermal properties of the organic polyethers were also examined using
differential scanning calorimetry (DSC).32 DSC indicated that the glass transition
temperatures (Tg) of the polyaromatic ethers ranged from 113 to 165°C (Table 3).
The glass transition temperatures of the cyclopentadienyliron-coordinated polymers
were investigated; however, they were determined to be above their decomposition
temperatures. Figure 8 shows the DSC thermograms for polymers 4d–f. It can be
seen that polymer 4f, with the aromatic groups pendent to the polymer backbone, has
the highest glass transition temperature of this series, while polymer 4d has the lowest
Tg. As expected, polymers with polar groups in their structures possessed higher Tg

values. For example, polymer 4c had the highest Tg (165°C) because of the presence
of carboxylic acid groups pendent to its backbone.
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Figure 8 DSC curves of polymers 4d–f.

B. Polythioethers

A number of polythioethers with aromatic and aliphatic spacers were also 
synthesized. The 1,2-, 1,3- and 1,4-dichlorobenzene complexes were reacted with
4,4�-thio-bis-benzenethiol in the presence of potassium carbonate to produce the
corresponding polyaromatic thioethers shown in Scheme 2.31,32 Poly(phenylene
sulfide) (PPS) is a well-known engineering thermoplastic that has been the topic
of many studies.3 This polymer is usually prepared under very harsh conditions,
and is insoluble below 200°C. Reaction of 1,2-, 1,3-, and 1,4-dichlorobenzene
complexes (1, 5, and 6) with 4,4�-thio-bis-benzenethiol (7) gave the corresponding
organoiron polyphenylene sulfides (8a–c) as yellow solids in very high yields
(92–96%).32 The synthesis of these cyclopentadienyliron-coordinated polymers
occurred rapidly, which could be readily observed by the viscous nature of the
reaction solutions within approximately 30 mins. These organometallic polymers
were soluble in polar solvents such as DMAc, DMF, and DMSO but displayed very
limited solubility in less polar solvents such as acetone, acetonitrile, and
dichloromethane. On cleavage of the cyclopentadienyliron cations from the poly-
mer backbones, polymers 9a and 9b were insoluble in all solvents tested, while
polymer 9c displayed fair solubility in polar solvents. The Mw of 9c was found to
be 16,200, with a polydispersity index of 3.0. This corresponds to a degree of
polymerization of �50 and a molecular weight for the metallated analog (8c) of
29,500.
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Figure 9 Cyclic voltammogram of 8a obtained at �30°C in propylene carbonate with a
scan rate of 2 V/s.

Cyclic voltammetric studies of the organoiron polyphenylene sulfide (8a) were
undertaken in DMF and propylene carbonate.43 The influence of solvents on the
reversibility of the redox waves of these complexes is related to their coordinating abil-
ity.45,46 It was found that the polymer adsorbed to the working electrode in DMF but not
in propylene carbonate.43 The half-wave potential of 8a in propylene carbonate at �30°C
was �0.85 V using a scan rate of 2 V/s. This cyclic voltammogram is shown in Figure 9.
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The thermal properties of the para-, meta-, and ortho-substituted polyphenylene
sulfides (8a–c, 9a–c) were examined using thermogravimetric analysis.32 Although all
of these polymers exhibited good thermal stability, TGA results indicated that the ther-
mal stability of these polymers decreased in the order p- � m- � o-. For example, the
onsets for weight loss in polymers 9a–c were 512, 491, and 448°C, respectively.

The DSC thermograms of polymers 9a–c were also obtained. The Tg of the o-
substituted polymer was 88°C, followed by the p-substituted polymer at 86°C, while
the m-substituted polymer’s Tg was 72°C. The DSC trace of the p-substituted
polyphenylene sulfide is shown in Figure 10. This curve shows a glass transition at
86°C, a crystallization point at 140°C, and a melting point at 278°C.32 These values
are in agreement with literature Tg and Tm values for p-polyphenylene sulfide, which
are 85 and 285°C, respectively.3
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Figure 10 DSC trace of polymer 9a.

The influence of aliphatic spacers in the backbones of polythioethers was exam-
ined by reacting complex 1 with 10a–d as shown in Scheme 3.32 Polymers 11a–d
were isolated in 88–91% yield as beige or brown materials. Polymers 11c and 11d
were often elastomeric in nature and formed sticky solids, while polymers 11a and
11b were precipitates. Polymer 11a displayed very low solubility in polar solvents
and precipitated from DMF during the polymerization reactions. It was noted that
with increases in the number of methylene units in the polymer backbones, there were
corresponding increases in polymer solubility. For example, the polymer prepared
using 1,8-octanedithiol was formed more rapidly, was more soluble, and had a higher
molecular weight than polymers with shorter aliphatic spacers in their backbones.
Moreover, the hexamethylene (11c) and octamethylene (11d) bridged polymers were
much more stable at high temperatures during the polymerization reactions, which is
likely related to their higher solubilities.
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Figure 11 shows the 1H NMR spectrum of polymer 11c. There are three 
resonances corresponding to the methylene peaks in the polymer backbone 
at 1.42, 1.71, and 3.26 ppm, and each of these peaks integrated for 
four protons, demonstrating the symmetry within the hexamethylene bridges. 
The cyclopentadienyl protons appear as a singlet integrating for five protons 
at 5.01 ppm, while the complexed aromatic protons appear as a singlet integrating
for four protons at 6.41 ppm. Following demetallation, the aromatic resonance in
the polymer backbone of 12c shifted downfield and appeared as a singlet 
at 7.20 ppm.

198 Polyaromatic Ethers and Thioethers

10 9 8 7 6 5 4 3 2 1 PPM

n
S

S

Fe
+ 

PF6

-

Figure 11 1H NMR spectrum of polymer 11c in DMSO-d6. 
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The solubilities of polymers 12a–d were also highly dependent on the number of
methylene units in their backbones. It was found that polymers 12c and 12d 
were soluble in organic solvents such as THF and chloroform in light of the 6- and 8-car-
bon aliphatic chains in their backbones. These polymers were determined to have weight
average molecular weights of 13,500 and 21,400, respectively. Because of the short
aliphatic spacers in polymers 12a and 12b, these polymers were found to be insoluble.

The cyclic voltammogram of polymer 11d containing an octamethylene bridge
is shown in Figure 12.43 This CV shows the two sequential one-electron reduction
steps that the iron centers pendent to the polymer backbone undergo at a scan rate of
5 V/s. It was found that at low scan rates, the second reduction step was irreversible;
however, the reversibility increased with higher scan rates. The E1/2 values corres-
ponding to formation of the neutral 19-electron, and anionic 20-electron iron species
occurred at �1.07 and �1.77 V, respectively.
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Figure 12 Cyclic voltammogram of 11d obtained at a scan rate of 5 V/s.

TGA analysis indicated that the polythioethers with aliphatic spacers were less
thermally stable than the aromatic polyethers and thioethers.32 Following the initial
weight losses due to the cleavage of the metallic moieties, secondary weight losses of
41–46% were observed starting from 347 to 402°C. In contrast, the lowest onset for
weight loss recorded for polyethers 3a–h occurred at 417°C, and the percent weight
losses corresponding to degradation of the polymer backbones were all approximately
25%. For polymers 11a–d, there was an initial weight loss of 17 to 25% between 200
and 250°C, due to loss of the cyclopentadienyliron moieties. Thereafter, the organic
portions of these polymers began to decompose at around 350°C.
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DSC of the organic polythioethers provided the glass transition temperatures
of these polymers.32 The Tg values of these polymers were approximately 100°C
lower than those observed for the polyaromatic ethers and about 50°C lower than
those of the polyaromatic thioethers. This is due to both the flexible aliphatic spacers
in the polymer backbones and the presence of thioether rather than ether bridges. The
Tg values of polymers 12b–d were 33, 34, and 37°C, respectively. It can be con-
cluded that increasing the length of the aliphatic spacers decreased the glass transi-
tion temperatures of these materials slightly.

C. Copolymers with Ether–Thioether and 
Amine–Thioether Spacers

It was also of interest to examine the properties of polymers with different
types of spacers within their backbones.32 Scheme 4 shows the synthesis of diiron
complexes containing amine bridges (14a, 14b). These complexes were synthesized
in 74 and 76% yields, respectively, by reaction of 2 equivalents of complex 1 with
1 equivalent of the diamine compounds (13a, 13b).
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Figure 13 shows the 1H and 13C NMR spectra of complex 14b. The interesting
feature of the 1H NMR spectrum of complex 14b is that the protons of the methy-
lene groups on the cyclic units (Ha and Hb) appeared as four separate peaks rather
than two. Assignment of these peaks was accomplished using HH and CH correl-
ation spectroscopy (COSY) experiments. The multiplet at 1.35 ppm corresponds to
Hd and Hb�, while the broad peak at 1.47 was assigned to He. The singlet at 1.64 ppm
corresponds to the two Hc protons while the doublet at 1.93 ppm corresponds to Hb�.
The triplet at 3.05 ppm integrating for four protons is assigned to Ha�, while the four
protons at 4.01 ppm are assigned to Ha�. The singlet integrating for 10 protons at
5.14 ppm, was assigned to the cyclopentadienyl protons, and the two doublets at 6.05
and 6.51 ppm correspond to the complexed aromatic protons.
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The 13C NMR spectrum of complex 14b is quite simple relative to the 1H NMR
spectrum. The methylene carbons can be seen at 24.24, 32.13, 36.92, and 47.66ppm,
while the methine carbons appear at 35.41ppm. The cyclopentadienyl carbons are present
at 78.00ppm, while the complexed aromatic CH carbons appear at 66.79 and 86.65ppm
and the quaternary complexed aromatic carbons appear at 102.29 and 127.48ppm.

The syntheses of polymers 15a and 15b are shown in Scheme 5.32 These poly-
mers, with alternating amine/thioether linkages, were prepared by reacting the diiron
amine complexes 14a and 14b with 4,4�-thio-bis-benzenethiol (7). These polymers
were isolated as orange precipitates in 93 and 98% yields, respectively. The resulting
polymers (15a, 15b) exhibited relatively good solubility in polar organic solvents. On
demetallation, polymer 16a was insoluble while polymer 16b had a weight-average
molecular weight of 9100 with a polydispersity of 1.5.

Figure 14 shows the 1H NMR spectra of polymers 15b and 16b. The aliphatic
protons in 15b are seen between 1.21 and 3.84 ppm, and the cyclopentadienyl 
resonance appears at 5.00 ppm as a broad singlet. The complexed and uncomplexed
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Figure 13 1H and 13C NMR spectra of complex 14b in acetone-d6.
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aromatic protons each appear as two broad peaks. The signals corresponding to the
complexed and uncomplexed aromatic protons each integrated for four hydrogens. The
1H NMR spectrum of 16b shows the same pattern observed in the alkyl resonances as
15b. In this polymer, the complexed aromatic protons shifted downfield and all of the
aromatic protons appear as four sets of doublets between 6.88 and 7.32 ppm.
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Using a similar strategy, polymers with alternating ether and thioether 
bridges in their backbones were synthesized as shown in Scheme 6. Two different
dithiols were explored in the polymerization reaction with complex 18,6 4,4�-
thio-bis-benzenethiol (7) and 1,8-octanedithiol (10d).32 The two resulting polymers
(19a and 19b) had very different solubilities due to their respective aromatic and
aliphatic thioether bridges. Although both of these polymers were soluble in polar
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organic solvents while coordinated to the cyclopentadienyliron moieties, polymer
19b, with the aliphatic spacers was much more soluble in organic solvents such as
acetone, acetonitrile and dichloromethane than 19a. The fully aromatic polymer 19a
could only be solubilized in very polar solvents such as DMSO and DMF, and often
formed a gel. Polymer 20a was insoluble in all common organic solvents at room
temperature because of the rigid nature of its backbone, while polymer 20b could be
solubilized and its Mw was determined to be 21,700 with a PDI of 2.4.
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Figure 14 1H NMR spectra of polymer 15b in DMSO-d6 and polymer 16b in CDCl3.

In order to complete the electrochemical investigations, the redox properties of
the copolymers were also studied.43 The cyclic voltammogram of polymer 19a, con-
taining aromatic ether and thioether bridges was examined. Figure 15 shows the CV
obtained at �30°C using a scan rate of 1 V/s. The Epc, Epa, and E1/2 for this polymer
were calculated to be �1.23, �0.955, and �1.09 V, respectively.

The thermal stabilities of the polyether/thioethers were examined using thermo-
gravimetric analysis, and it was determined that the incorporation of aliphatic bridges
into the backbones of 19b and 20b decreased their thermal stabilities. The completely
aromatic-bridged 20a had a 38% weight loss at an onset temperature of 523°C,
whereas 20b with aliphatic spacers between the aromatic ether bridges displayed a
72% weight loss commencing at 380°C.32 These thermograms are shown in Figure 16.
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Figure 15 Cyclic voltammogram of 19a obtained at a scan rate of 1 V/s in DMF.
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Differential scanning calorimetry of the organic polymers demonstrated that
their glass transition temperatures were strongly influenced by the nature of the spacers
in their backbones.32 For example, polymers 20a and 20b both had aromatic ether
spacers in their backbones, but while 20a also had an aromatic thioether linkage, 
the thioether linkage in 20b was aliphatic. The result was that the Tg values of 
these polymers were very similar to those of polymers 9a and 12d. The Tg of the 
p-polyphenylenesulfide (9a) was found to be 86°C, while the Tg of polymer 20a was
89°C. In addition, it was shown earlier that the Tg of polymer 12d was 33°C, and the
incorporation of aliphatic thioether units into polymer 20b resulted in a Tg at 38°C.
Since the glass transition temperatures of the polyaromatic ethers described earlier
ranged from 113 to 165°C, it can be concluded that the glass transition temperatures
of mixed polyether/thioethers are more highly influenced by the sulfur linkages than
the oxygen linkages. DSC of polymers 16a and 16b revealed that these amine/
thioether polymers possessed higher glass transition temperatures than did their
ether/thioether analogs. The Tg of polymer 16b (109°C) was 4°C lower than that of
16a, in light of the longer aliphatic chains in its backbone.

III. STAR-SHAPED POLYAROMATIC ETHERS

Dendrimers and star polymers containing redox active sites have been utilized
in the design of new types of catalysts, sensors, bioelectronic devices, and molecu-
lar batteries.47–50 Highly branched polymers containing arenes coordinated to
organometallic moieties have been prepared with chromium tricarbonyl,51 cyclopenta-
dienyliron,52–56 and pentamethylcyclopentadienylruthenium moieties.57 Astruc and
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Figure 16 TGA thermograms of polymers 20a and 20b.
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coworkers have used this class of complex to prepare polyfunctional cores, which
were subsequently used to synthesize dendritic materials containing various organic
and organometallic moieties within their structures.52–54 The resulting organometal-
lic materials included the arene complexes at the core and/or the termini of the
branches; however, there were no examples of polymers with organometallic com-
plexes throughout the molecules.

The success associated with the controlled synthesis of aromatic ethers using
arene complexes of cyclopentadienyliron makes this methodology attractive for the
design of branched molecules. Reaction of complexes 1 and 21 with phloroglucinol
(22) resulted in the isolation of trimetallic complexes 23 and 24 in 78–90% yields as
yellow and beige solids, respectively (Scheme 7).33,34 Complex 23 is an excellent
precursor for larger star-shaped complexes.
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It is important to note that only one chloro group of the p-dichlorobenzene
complex (1) was displaced during the initial reaction, which was confirmed by 1H and
13C NMR as well as elemental analysis.34 Figure 17 shows the 1H and 13C NMR spec-
tra of complex 23 in acetone-d6. The 1H NMR spectrum shows that only one
cyclopentadienyl resonance integrating for 15 protons is present at 5.37 ppm, while
the metal-coordinated arene protons appear as two sets of doublets at 6.73 and
6.81 ppm. The three protons on the trisubstituted central aromatic ring resonate as a
singlet at 7.49 ppm. In the 13C NMR spectrum, the cyclopentadienyl resonance
appears at 80.31 ppm, while the complexed aromatic CH carbons resonate at 78.11
and 87.83 ppm, and the quaternary complexed aromatic carbons are observed at
105.39 and 133.59 ppm, respectively. The uncomplexed aromatic CH carbons res-
onate at 111.85 ppm, while the three equivalent quaternary aromatic carbons are seen
at 157.35 ppm.
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The electrochemical properties of the cyclopentadienyliron-coordinated star-
shaped complexes (23 and 24) were examined using cyclic voltammetry (Fig. 18).34

The cyclic voltammetric studies were carried out in DMF from �40 to �20°C at
sweep rates of 0.1–5 V/s. The E1/2 value corresponding to reduction of complex 23,
containing terminal chloro groups, was �0.99 V, while the E1/2 value corresponding
to reduction of complex 24 was �1.41 V at �40°C, � � 0.1 V/s. This indicates that
electron-withdrawing groups attached to the complexed arenes results in less nega-
tive reduction potentials. The voltammograms of complexes 23 and 24 each showed
three concurrent one-electron reduction processes, which indicates that the iron 
moieties behave as isolated redox centers.

Scheme 8 shows the synthesis of organometallic complexes containing terminal
phenolic groups (26–29) by reaction of the chlorotoluene complex (21) with various
dinucleophiles. These molecules were synthesized for reaction with the star-shaped
complex 23 in order to prepare hexametallic complexes.

Reaction of complexes 26–29 with the trimetallic complex 23 was achieved at
room temperature in DMF using potassium carbonate as the base. The resulting star-
shaped polymers were isolated in very good yields.34 Any unreacted starting mater-
ials were removed from the products by passing them through an alumina column
with acetone. Scheme 9 shows the structures of the star polymers containing six
metallic moieties pendent to their branches.
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Figure 17 1H and 13C NMR spectra of complex 23 in acetone-d6.
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Figure 18 Cyclic voltammograms of complexes 23 (left, R � Cl) and 24 (right, R � CH3).
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The 1H NMR spectrum of complex 27 (Fig. 19) shows two methyl groups at 1.62
and 1.67 ppm corresponding to the isopropylidene groups and the methyl on the com-
plexed aromatic ring at 2.48 ppm. There is one cyclopentadienyl resonance at 5.20 ppm
and the complexed aromatic protons are seen as two sets of doublets at 6.29 and
7.22 ppm. The protons on the uncomplexed aromatic rings resonate as four sets of dou-
blets at 6.73, 7.07, 7.22, and 7.71 ppm and a singlet at 7.17 ppm. Following reaction with
the core molecule (23), the NMR spectrum of the hexametallic complex 31 was obtained.
The methyls of the isopropylidene groups appear at 1.68 and 1.70 ppm, while the methyl
protons of the complexed toluene rings resonate as a singlet at 2.47 ppm. The protons of
the two nonequivalent cyclopentadienyl rings appear at 5.19 and 5.28 ppm, while the
complexed aromatic protons appear at 6.29 and 6.53 ppm as multiplets. The uncom-
plexed aromatic protons appear as two broad peaks at 7.21 ppm and 7.31–7.45 ppm.
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The cyclic voltammogram of complex 32 is shown in Figure 20.34 While the
CVs of complexes 23 and 24 showed single redox processes corresponding to three
concurrent one-electron reductions, the CV of complex 32 showed that two distinct
redox processes were occurring. These two processes can be attributed to reduction
of the inner three and outer three iron centers. The E1/2 values for these two redox
processes occurred at �1.20 and �1.30 V, respectively. This cyclic voltammogram
was obtained in DMF at �40°C with a sweep rate of 0.1 V/s.

Scheme 10 shows the synthesis of complex 34, containing three phenolic groups.
This complex was synthesized by displacing the terminal chloro groups of complex 23
with an excess of hydroquinone (17) in the presence of potassium carbonate.

The synthesis of higher molecular weight polymers was accomplished using
hydroquinone-based systems. The syntheses of linear aromatic ether complexes 
containing two, three, and four cyclopentadienyliron cations pendent to their structures
are shown in Scheme 11. Reaction of complexes 36 and 38 with an excess of hydro-
quinone resulted in the isolation of the aryl ether oligomers 37 and 39. Complexes 36
and 38 were isolated as beige powders in 87 and 94% yields, respectively. These com-
plexes contain terminal phenolic groups that can be further reacted with chloroarene
complexes. These complexes (36, 38, and 40) each contain one terminal chloroarene
complex that can be reacted with the triphenolic star complex 34 to produce larger star
polymers. Complexes 36, 38, and 40 were isolated as yellow solids in 90–93% yields.
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Figure 19 1H NMR spectra of complexes 27 (top) and 31 (bottom) in acetone-d6.
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Complex 34 was subsequently reacted with the chloroarene complexes 36, 38,
and 40, resulting in the isolation of star polymers 41–43 containing 9, 12, and 15
metallic moieties pendent to their backbones, respectively. The synthesis of these
polymetallic stars is shown in Scheme 12. It was found that the solubility of these
polymers decreased with increasing molecular weight; however, all polymers could
be solubilized in polar aprotic solvents such as DMF and DMSO.
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Figure 20 Cyclic voltammogram of hexametallic star complex 32 in DMF.
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The electrochemical properties of the star-shaped complexes were examined
using cyclic voltammetry.34 It is important to note that increasing the size of the
oligomers resulted in broader redox waves, due to overlapping reduction processes.
For example, while the CV of complex 32 (containing six organoiron units) showed
two distinct redox waves as a scan rate of 0.1 V/s, the CV of complex 41 (containing
nine organoiron units) showed only one broad reduction wave at a scan rate of 0.1 V/s
(Fig. 21). The E1/2 of this reduction process occurred at �1.30 V.
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The cyclic voltammogram of the star-shaped complex containing 12 metallic
moieties in its structure (42) is shown in Figure 22. The reduction wave is very broad
because of overlapping redox processes; however, the reduction peaks for this com-
plex became narrower at higher scan rates. The E1/2 value corresponding to reduction
of the iron centers in this complex was �1.25 V at a scan rate of 0.1 V/s.

The redox wave of complex 43, containing 15 pendent metallic moieties, is
shown in Figure 23. In contrast to the CV of 42, the cyclic voltammogram of com-
plex 43 appears to be much narrower. This fairly broad redox wave at E1/2 � �1.34 V
corresponds to one-electron reductions of each of the 15 metal centers. This CV
appears to be narrower because more iron centers are equivalent (or quasiequivalent)
because of the larger number of complexed aromatic rings containing diarylether
linkages. Because of the greater number of these complexes relative to the terminal
toluene complexes, these redox waves predominate.
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Figure 21 Cyclic voltammogram at glassy carbon of 41 with nine metallic moieties in
0.1 M TBAP in DMF, � � 0.1 V/s at �40°C.
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Figure 22 Cyclic voltammogram at glassy carbon of complex 42 with 12 metallic moieties
in 0.1 M TBAP in DMF, � � 0.1 V/s at �40°C.
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IV. POLYMERS CONTAINING NEUTRAL AND
CATIONIC CYCLOPENTADIENYLIRON 
MOIETIES IN THEIR STRUCTURES

The synthesis of complexes containing terminal chloroarene functionalities (46,
47) is described in Scheme 13.35 These complexes were prepared by reaction of p-
dichlorobenzene cyclopentadienyliron hexafluorophosphate with an equimolar amount
of 4-hydroxybenzylalcohol (44) or 2-mercaptoethanol (45). Complexes 46 and 47 were
isolated in 73 and 89% yields, respectively. These complexes were subsequently
reacted with 1,1�-ferrocenedicarbonyl chloride (48) in the presence of pyridine, allow-
ing for the isolation of trimetallic complexes 49 and 50 in 76 and 72% yields.

Figure 24 shows the 1H and 13C NMR spectra of complex 49. The methylene
protons resonate at 5.35 ppm, the Cp resonance of the cationic iron complexes appear
at 5.33 ppm, and the ferrocenyl resonances appear at 4.50 and 4.82 ppm. The com-
plexed aromatic protons appear as two sets of doublets at 6.49 and 6.79 ppm, while the
uncomplexed aromatic protons appear as two doublets at 7.41 and 7.73 ppm. In the 13C
NMR spectrum, the methylene resonance appears at 65.56 ppm. The CH carbons of the
ferrocenyl Cp rings appear at 72.19 and 73.65 ppm, while the carbons ipso to the car-
bonyl appear at 73.53 ppm. The Cp carbons coordinated to the cationic iron center res-
onate at 80.25 ppm. The complexed aromatic (CH) carbons resonate at 76.97 and
87.56 ppm, while the quaternary complexed aromatic carbons appear at 104.74 and
133.37 ppm. The uncomplexed aromatic carbons appear at 121.51 and 131.54 ppm,
and the quaternary aromatic carbons resonated at 136.09 and 153.52 ppm.
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Figure 23 Cyclic voltammogram at glassy carbon of 43 with 15 metallic moieties in 0.1 M
TBAP in DMF, � � 0.1 V/s at �40°C.
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Figure 24 1H and 13C NMR spectra of complex 49 in acetone-d6.
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Monomers 49 and 50 were subsequently reacted with 2d, 7, and 10d in the
presence of potassium carbonate in DMF, resulting in the formation of polymers
51a–f as shown in Scheme 14.35 These polymers are unique in that they bear neutral
ferrocenyl units in their backbones and cationic cyclopentadienyliron moieties pen-
dent to their backbones. These polymers were isolated as orange solids in yields
ranging from 86 to 91%. These organoiron polymers demonstrated good solubility
in polar organic solvents such as DMF and DMSO.

Figure 26 shows the 1H and 13C NMR spectra of polymer 51e. The 1H NMR
spectrum shows two peaks at 4.52 and 4.73 ppm, corresponding to the ferrocenyl
cyclopentadienyl protons, while the singlet at 5.11 ppm corresponds to the cyclopenta-
dienyl protons coordinated to the cationic iron center. In addition, the presence of
two sets of doublets between 7.49 and 7.63 ppm confirms the incorporation of the
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The electrochemical properties of the trimetallic monomers were examined
using cyclic voltammetry. It has been established that cationic cyclopentadienyliron
complexes undergo reduction processes, while ferrocene and functionalized ferro-
cenes undergo oxidation processes. Figure 25 shows the cyclic voltammogram of
complex 49. The E1/2 value obtained for the oxidation of the neutral iron center was
0.994 V, and the E1/2 value obtained for the reduction of the two terminal cationic
iron centers was –1.12 V.
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Figure 25 Cyclic voltammogram at glassy carbon of 49 in 0.1 M TBAP in propylene 
carbonate, � � 0.2 V/s at �20°C.
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aromatic thioether bridges into the polymer backbone. In the 13C NMR spectrum, the
CH carbons of the ferrocenyl cyclopentadienyl rings resonate at 70.89 and
72.68 ppm, while the quaternary cyclopentadienyl carbons can be seen at 71.37 ppm,
and the cyclopentadienyl carbons pendent to the polymer backbone appear at
79.03 ppm.

218 Polyaromatic Ethers and Thioethers

K2CO3

DMF

HO C OH HS S SH

CH3

CH3

HS
SH

YHHY

49, 50

+

2d 7 10d

spacer

51a X=O, R=C6H4CH2, Y-spacer-Y = OC6H4C(CH3)2C6H4O

51b X=O, R=C6H4CH2, Y-spacer-Y =SC6H4SC6H4S

51c X=O, R=C6H4CH2, Y-spacer-Y = S(CH2)8S

51d X=S, R=CH2CH2, Y-spacer-Y = OC6H4C(CH3)2C6H4O

51e   X=S, R=CH2CH2, Y-spacer-Y = SC6H4SC6H4S

51f  X=S, R=CH2CH2, Y-spacer-Y = S(CH2)8S

2d, 7, 10d

Fe
+
PF6

-

X R

Fe
+
PF6

-

XR YY spacer

n

FeC C

O O

O O

FeC C

O O

Fe
+
PF6

-

Cl X R O

Fe
+
PF6

-

X ClRO

Scheme 14

Photolysis of polymers 51a–f (Scheme 15) resulted in loss of the CpFePF6

moieties, and polymers 52a–f, containing only neutral ferrocene groups in their
backbones, were isolated.35 This methodology represents a new route to the produc-
tion of ferrocene-based polymers containing aryl ether and thioether spacers.
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Figure 26 1H and 13C NMR spectra of polymer 51e in DMSO-d6.
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1H and 13C NMR analysis of these polymers clearly showed that the cyclopenta-
dienyl resonances corresponding to the cyclopentadienyliron cations were no longer
present. However, the cyclopentadienyl resonances corresponding to the neutral organo-
iron groups were still observed. Figure 27 shows the 1H and 13C NMR spectra of poly-
mer 52a. The ferrocenyl cyclopentadienyl resonances are present at 4.24 and 4.75 ppm,
and the complexed aromatic protons that were seen in polymer 51a have shifted
downfield. The peak at 5.18 ppm corresponds to the methylene protons, and the singlet
at 1.63 ppm corresponds to the methyl protons. The aromatic protons appear as three
sets of doublets and two singlets between 6.86 and 7.34 ppm. The 13C NMR spectrum
of polymer 52a shows the methyl resonance at 30.97 ppm, and the quaternary carbons
of the isopropylidene groups appear at 41.99 ppm. The methylene carbon resonance
appears more downfield at 65.70 ppm because of its proximity to the ester functionality.
The ferrocenyl (CH) carbons appear at 71.49 and 72.88 ppm, while the quaternary fer-
rocenyl carbon appears at 72.60 ppm. There are six aromatic carbons between 117.68
and 130.27 ppm, and six quaternary aromatic carbons between 130.71 and 157.94 ppm.
Finally, the carbonyl carbon appears furthest downfield at 170.22 ppm.
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Figure 27 1H and 13C NMR spectra of polymer 52a in CDCl3.
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The cyclic voltammogram of polymer 51b is shown in Figure 28. It was deter-
mined that the oxidation of the neutral iron centers occurred at E1/2 � 1.03 V. In con-
trast, reduction of the cationic iron centers occurred at E1/2 � �1.02 V.
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Figure 28 Cyclic voltammogram at glassy carbon of 51b in 0.1 M TBAP in propylene carbonate,
� � 0.2 V/s at �10°C.

Electrochemical analysis of the photolyzed polymers was also performed.
Figure 29 shows the cyclic voltammogram of polymer 52b, which was obtained in
dichloromethane. It can be seen that oxidation of the iron centers in this polymer
occurred at E1/2 � 0.609 V.
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V. POLYMERS CONTAINING AZOBENZENE
CHROMOPHORES IN THEIR SIDECHAINS

Scheme 16 shows the synthesis of azobenzene-derivatized monomers (55a–c)
by reaction of complex 53 with the alcohol-functionalized chromophores (54a–c).36

The resulting monomers were isolated in 87–90% yields. Reaction of monomers 53
or 55a–c with dinucleophilic reagents provides a route to polymers functionalized
with carboxylic acid or azobenzene groups.

It was observed that the colors of complexes 55a–c were orange, orange-red,
and red, respectively, while complex 53 is light beige-yellow. UV–Vis analysis of
complexes 55a–c showed that they absorbed at 421, 452, and 491 nm, respectively,
while the wavelength maximum for complex 53 was around 273 nm.36

Figure 30 shows the 1H and 13C NMR spectra of complex 55b. The methyl pro-
tons of the N-ethyl chain appear as a triplet at 1.23 ppm, while the adjacent methylene
protons appear as a quartet at 3.59 ppm. The methyl of the acetyl group appears as a sin-
glet at 2.61 ppm, while the protons of the methyl group adjacent to the 
quaternary aliphatic carbon resonates as a singlet at 1.67 ppm. The other methylene res-
onances in this complex appear at 2.14, 2.46, 3.79, and 4.33 ppm. The cyclopentadienyl
protons resonate as a singlet at 5.32 ppm, while the complexed aromatic protons appear
as two sets of doublets at 6.42 and 6.74 ppm. The uncomplexed aromatic protons appear
as six sets of doublets between 6.96 and 8.09 ppm. The doublet furthest upfield 
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Figure 29 Cyclic voltammogram at glassy carbon of 52b in 0.1 M TBAP in dichloro-
methane, � � 0.1 V/s at �30°C.
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corresponds to the aromatic protons alpha to the N,N-dialkyl group, while the doublet
resonating furthest downfield is assigned to the protons alpha to the acetyl group.

Polymers Containing Azobenzene Chromophores in their Sidechains 223

OH

C
HO O

2c

Fe
+

OO

C
HO O

ClCl

53

Fe
+

Fe
+

ClCl + HO

1

K2CO3

DMF

N N RN

HO

54a   R = H

54b  R = COCH3

54c  R = NO2

DCC, DMAP

CH2Cl2, DMSO

OO

C
O

ClCl

O

Fe
+

Fe
+

N

N

N

R

55a  R = H

55b R = COCH3

55c  R = NO2

Scheme 16

The 13C NMR spectrum of complex 55b shows three methyl resonances at
12.31, 26.83, and 27.72 ppm; five methylene resonances at 30.67, 37.02, 46.16, 48.96,
and 62.29 ppm; and a quaternary aliphatic carbon at 45.50 ppm. The cyclopentadienyl
carbons appear at 80.31 ppm and the complexed aromatic carbons resonate at 76.86,
87.66, 104.70, and 133.73 ppm. There are six aromatic CH carbons resonating
between 112.36 and 130.50 ppm and six quaternary aromatic carbons observed
between 137.91 and 156.30 ppm. Finally, the carbonyl resonances can be seen at
173.50 and 197.34 ppm.

Initial polymerization studies were performed using monomer 53 containing
the pendent carboxylic acid group with dinucleophiles 2d, 7, and 10d as shown in
Scheme 17. The resulting polymers (56a–c) exhibited good solubility in polar aprotic
solvents such as DMF and DMSO. These polymers were also soluble in aqueous solu-
tions of sodium hydroxide.
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Figure 30 1H and 13C NMR spectra of complex 55b in acetone-d6.

Figure 31 shows the 1H NMR spectrum of polymer 56c. The methyl protons
appear at 1.66 ppm, and the methylene protons in the polymer backbone resonate at
1.34, 1.56, and 3.34 ppm as broad singlets. The methylene protons in the polymer
sidechain appear as broad singlets at 2.06 and 2.40 ppm. The cyclopentadienyl pro-
tons appear as a singlet at 5.12 ppm, indicating that the polymerization reaction was
successful. The complexed aromatic protons of this polymer appear as two sets of
doublets at 6.31 and 6.41 ppm. Finally, the uncomplexed aromatic protons appear as
two broad doublets at 7.25 and 7.37 ppm.
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Figure 31 1H NMR spectrum of polymer 56c in DMSO-d6.
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The azobenzene-functionalized complexes 55a–c (Scheme 18) were also
reacted with nucleophiles 2d, 7, and 10, resulting in the isolation of polymers 57a–c,
58a–c, and 59a–c in excellent yields.36 These cyclopentadienyliron-coordinated poly-
aromatic ethers or ether/thioethers containing azobenzene chromophores in their
sidechains displayed fair to excellent solubility in polar organic solvents such as
DMF, DMSO, and acetonitrile. The polymers prepared using bisphenol A (2d) pos-
sessed the highest solubility, while polymers prepared with 4,4�-thio-bis-benzenethiol
(7) and 1,8-octanedithiol (10d) often formed gels.

Polymers 57a–c, 58a–c, and 59a–c were demetallated using photolytic tech-
niques to give polymers 60a–c, 61a–c, and 62a–c in moderate yields (Scheme 19).
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The thermal properties of the carboxylic acid-functionalized polymers were
compared with the azo-functionalized polymers in order to examine the effects of the
azobenzene sidechains. In addition, a comparison of the thermal properties of the
metallated and demetallated azo-functionalized polymers could provide information
on the influence of the cyclopentadienyliron moieties on these materials. Thermal
analysis of these polymers was performed using thermogravimetric analysis and
differential scanning calorimetry.
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The molecular weights of the organic polymers were determined using gel perme-
ation chromatography. The weight-average molecular weights of these polymers
(60a–c, 61a–c, 62a–c) were estimated to range from 8400 to 20,500, with polydis-
persities ranging from 1.16 to 2.64. It is important to note that the molecular weights
of these polymers were limited by their poor solubilities in many cases. From the GPC
values obtained from 57a–c, 58a–c, and 59a–c, the molecular weights of the corre-
sponding organoiron polymers were estimated to range from 13,400 to 31,600.
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Figure 32 DSC trace of polymer 56c.

Thermogravimetric analysis of all the metallated polymers showed weight
losses between 220 and 240°C, indicative of cleavage of the CpFe� moieties 
pendent to their backbones. The azo dye-functionalized polymers underwent sec-
ondary weight losses between 250 and 290°C, which were attributed to decompo-
sition of the polymer side chains; however, these weight losses were not always
distinct, and overlapped with other weight losses. Further decomposition steps were
observed starting around 420–460°C in the azo-functionalized polymers. The car-
boxylic acid functionalized polymers experienced only two weight losses: the first
due to decomposition of the organoiron groups and the second, to polymer decom-
position.

Differential scanning calorimetry was utilized to determine the glass transition
temperatures of the organometallic and organic polymers. In general, the metallated
polymers exhibited much higher glass transition temperatures than did the organic
polymers. The polymers with aromatic spacers in their backbones possessed higher
Tg values than did polymers incorporating aliphatic spacers in their backbones, in
both their metallated and demetallated states. The glass transition temperatures of
the carboxylic acid substituted polymers were generally higher than those of their
azo-substituted analogs for the polymers with aromatic backbones. Figure 32 shows
the DSC thermogram of polymer 56c. The Tg of this polymer occurred at 123°C,
compared to 203 and 195°C for polymers 56a and 56b, respectively.

Figure 33 shows the thermogram of organoiron polymer 57c, which has the
same organic backbone as 56c, but incorporates azobenzene units in its sidechains.
The Tg of 57c occurs at 114°C. On demetallation, the Tg values of the organic
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Figure 33 DSC trace of polymer 57c.

Figure 34 DSC trace of polymer 60c.

polymers were much lower than their organoiron counterparts. For example, polymer
60c had a Tg at 59°C, and the thermogram of this polymer is shown in Figure 34. The
glass transition temperatures of the organic polymers with aryl ether spacers occurred
between 111 and 123°C, while the polymers with alternating aryl ether and thioether
spacers occurred between 101 and 115°C.
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VI. CONCLUSIONS

The use of arene cyclopentadienyliron complexes in monomer and polymer
synthesis was described. Chloroarene complexes undergo facile nucleophilic aro-
matic substitution reactions with bis-phenols and bis-thiols to produce polymers
with ether and thioether spacers in their backbones. This represents an alternative
route to the synthesis of polyaromatic ethers and thioethers using mild reaction con-
ditions. An added benefit to utilizing this metal-mediated methodology is that the
resulting organometallic polymers displayed good solubility in polar organic sol-
vents such as acetone, dichloromethane, acetonitrile, dimethylformamide, and
dimethyl sulfoxide. In contrast, on removal of the metallic moieties pendent to the
polymer backbones using photolytic means, many of the resulting organic polymers
were insoluble in common organic solvents.

By altering the nature of the spacers in the polymer backbones, it was possible
to alter the thermal properties of these materials. It was found in all studies that the
glass transition temperatures of polymers with aromatic backbones were higher than
those of polymers with aliphatic spacers in their backbones. It was also determined
that ether linkages resulted in higher glass transition temperatures than did thioether
linkages. The glass transition temperatures of cyclopentadienyliron-coordinated poly-
mers were also examined for some of the classes of polymers. These organometallic
complexes increased the Tg values of polyethers and thioethers significantly. All poly-
mers displayed good thermal stability following degradation of the organometallic
moieties pendent to the polymer backbones. However, the incorporation of azoben-
zene groups in the sidechains of polyethers and thioethers decreased their thermal 
stability. It was also noted that these polymers were bright orange or red compared to
other classes of organoiron polymers that were beige, yellow or light orange.

The electrochemical properties of the cyclopentadienyliron-coordinated poly-
mers were examined using cyclic voltammetry. These polymers underwent reversible
reduction processes from 18-electron species to 19-electron species. It was also pos-
sible to effect a second reduction step for some of these organometallic polymers,
resulting in the formation of anionic 20-electron species. By incorporating neutral
ferrocene moieties into the backbones of polyethers and thioethers, it was also possi-
ble to oxidize these polymers. Polymers containing cationic cyclopentadienyliron
moieties pendent to their backbones and neutral cyclopentadienyliron moieties within
their backbones were found to undergo independent redox processes. Following
cleavage of the cyclopentadienyliron cations from these polymers, the electrochemi-
cal oxidation of the neutral iron centers in these polymers was examined.
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I. INTRODUCTION

In 1955, Arimoto and Haven reported the first example of an organoiron poly-
mer via the radical-initiated polymerization of vinylferrocene.1 Since that time there
have been numerous studies outlining the polymerization of olefins substituted with
organoiron complexes.2–13 In the 1970s, Pittman and coworkers reported that a number
of olefin monomers functionalized with the ferrocene group could be copolymerized
with organic monomers such as styrene, methyl methacrylate, N-vinylpyrrolidone,
and acrylonitrile.8–13 More recently, Schrock and coworkers described the ring-opening
metathesis polymerization (ROMP) of norbornenes functionalized with ferrocenyl
groups.14,15 While ferrocene-based systems are by far the most prevalent, there 
have also been a number of studies outlining the olefin polymerization of other
classes of organoiron monomers. For example, Mapolie and coworkers have reported
the polymerization of a monomer containing a cyclopentadienyliron dicarbonyl
complex with an iron–carbon � bond.16 The homo- and copolymerization of 
π-(2,4-hexadienyl acrylate)tricarbonyliron has also been reported.17,18

Since the mid-1990s, arene complexes of cyclopentadienyliron have emerged
as efficient precursors to functionalized materials.19–26 Many of our studies in this
area involved the metal-mediated nucleophilic aromatic substitution polymerization
of dichloroarene complexes with dinucleophiles.19–23 The cyclopentadienyliron 
moieties have also been cleaved from the polymer backbones to yield the corresponding
organic polymers using techniques such as photolysis, pyrolysis, and electrolysis.
The cyclopentadienyliron-coordinated materials possessed enhanced solubility rela-
tive to their organic analogs and good thermal stability.20 Novel monomers have also
been synthesized using the electron-withdrawing power of the cyclopentadienyliron 
moiety.27–30 Polymethacrylates containing CpFe cations in their sidechains were the first
class of organoiron polymers that we prepared via olefin polymerization.31 We have
subsequently investigated the radical polymerization of styrene monomers function-
alized with arenes π-coordinated to cyclopentadienyliron cations.31,32 We have also
reported that cyclopentadienyliron complexes of chloroarenes can be utilized to pre-
pare aromatic and aliphatic ether-functionalized norbornene monomers.28–30,33,34 In
our initial studies of these materials, the cationic organoiron complexes were cleaved
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from the monomers prior to polymerization.28–30 However, we have reported that
cationic organoiron norbornenes also undergo ROMP to produce organoiron poly-
norbornenes.33,34 In this chapter we review some of the results obtained on the poly-
merization of cyclopentadienyliron complexes functionalized with olefins.

II. METHACRYLATES

A. Radical Polymerization of the 
Methacrylate Groups

Our interest in the design of aryl ether and thioether monomers and polymers
using arene cyclopentadienyliron complexes prompted our investigation into the syn-
thesis of methacrylate monomers functionalized with aryl ether groups.31 Initially, two
complexes with terminal carboxylic acid groups were synthesized so that they could
undergo reaction with a methacrylate monomer containing a terminal hydroxyl group.
Scheme 1 shows the synthesis of complexes 3a and 3b via reaction of complexes 1a
and 1b with 2, followed by decomposition of the imine groups with HCl. The result-
ing aldehyde complexes (3a and 3b) were subsequently oxidized with chromium tri-
oxide and sulfuric acid to produce complexes 4a and 4b. Reaction of these carboxylic
acids with thionyl chloride produced the corresponding acid chloride complexes,
which were reacted in situ with 2-hydroxyethyl methacrylate (5), to produce the
methacrylate organoiron monomers 6a and 6b in 92 and 89% yields, respectively.
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NMR analysis of the monomers confirmed that the condensation reactions
between the carboxylic acid-functionalized complexes and 2-hydroxyethyl metha-
crylate were successful. Figure 1 shows the 1H NMR spectrum of monomer 6b. The
singlet at 1.91 ppm corresponds to the protons of the methyl group attached to the
olefinic carbon, while the singlet at 2.51 ppm corresponds to the methyl protons on
the complexed aromatic ring. The multiplets at 4.52 and 4.62 ppm are assigned as the
methylene protons. The singlet at 5.25 corresponds to the cyclopentadienyl res-
onance, and the multiplet at 6.44 ppm corresponds to the four complexed aromatic 
protons. The two singlets at 5.65 and 6.09 ppm are the olefinic protons, and the doub-
lets at 7.42 and 8.15 ppm correspond to the uncomplexed aromatic protons.
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Figure 1 1H NMR spectrum of monomer 6b in acetone-d6.

Polymerization of monomers 6a and 6b was accomplished using the radical ini-
tiator 2,2�-azo-bis(2-methylpropionitrile) (AIBN). Scheme 2 shows these polymer-
ization reactions, which allowed for the production of polymethacrylates 7a and 7b.
The polymerization reactions were conducted in refluxing acetone for 24 hours, and
then poured into a water/methanol solution. The resulting polymethacrylates with
organoiron sidechains were isolated in good yields as yellow solids. On the basis of
interactions between the cationic iron complexes and GPC columns, the molecular
weights of the polymethacrylates were determined following cleavage of the
cyclopentadienyliron moieties from the polymer sidechains. Polymers 7a and 7b were
subjected to photolytic demetallation, resulting in the isolation of the organic
polymethacrylates 8a and 8b.
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NMR analysis of the polymethacrylates was very useful in determining the
success of the polymerization reactions. The loss of the olefinic resonances in the 1H
and 13C NMR spectra and the appearance of new peaks further upfield were indica-
tive of the spectra of these polymers. The 1H NMR spectrum of polymer 7b is shown
in Figure 2a. It can be seen that the olefinic resonances are no longer present at 5.65
and 6.09 ppm; however, there are broad peaks between 0.53 and 1.90 ppm that cor-
respond to the methylene protons in the polymer backbone and the methyl protons
attached to the polymer backbone. The methyl on the complexed aromatic ring
appears as a singlet at 2.47 ppm, while the methylene protons in the polymer
sidechains appear at 4.32 and 4.55 ppm as broad singlets. The cyclopentadienyl protons
appear as a singlet at 5.18 ppm, while the complexed aromatic protons resonate at
6.36 ppm. The uncomplexed aromatic protons appear as broad singlets at 7.37 and
8.07 ppm. The 1H NMR spectrum of polymer 8b (Fig. 2b) shows that the cyclopenta-
dienyliron moieties were cleaved from the polymer backbones. Also, on demetalla-
tion, the complexed aromatic protons shifted downfield.

The polymethacrylates with aryl ether sidechains coordinated to cyclopenta-
dienyliron moieties (7a and 7b) were investigated using thermogravimetric analysis.35

Both of these polymers showed two weight loss steps in their thermograms. The first
weight losses, between 218 and 248°C, corresponded to loss of the cyclopenta-
dienyliron moieties, while the second weight losses corresponded to degradation of
the polymer backbones. The polymethacrylate backbones were stable until �320°C,
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at which point the polymers underwent a 40% weight loss. Figure 3 shows the TGA
thermogram of polymer 7b. Thermal analysis of the demetallated polymethacrylates
(8a and 8b) was performed using thermogravimetric analysis and differential scan-
ning calorimetry. These polymers experienced weight losses beginning starting
between 314 and 347°C accounting for between 62 and 76% of the polymers’
masses. Differential scanning calorimetry of 8a and 8b showed that they have glass
transition temperatures at 64 and 71°C, respectively.

10 9 8 7 6 5 4 3 2 1PPM

9 8 7 6 5 4 3 2 1 PPM

(a)

(b)

Figure 2 (a) 1H NMR spectrum of metallated polymethacrylate 7b in acetone-d6; (b) 1H
NMR spectrum of organic polymethacrylate 8b in CDCl3.

The molecular weights of the organic polymethacrylates were determined using
gel permeation chromatography. A calculation was performed in order to determine the
molecular weights of their corresponding organoiron polymers. While polymer 8a has
a weight average molecular weight of 17,800, its metallated analog (7a) would have had
a Mw of 32,300. Similarly, the weight-average molecular weight of polymer 8b is
48,500, which corresponds to a Mw of 86,400 for its metallated analog (7b). The degrees
of polymerization for these polymers were calculated to be 55 and 143, respectively.
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Figure 3 TGA thermogram of metallated polymethacrylate 7b.

The electrochemical properties of the polymethacrylates containing organoiron
groups in their sidechains were examined using cyclic voltammetry.35 Figure 4 shows
the cyclic voltammogram of polymer 7b obtained at �50°C with a scan rate of 1 V/s.
There are two reduction steps that can be observed in this polymer. The first reduc-
tion (E1/2 ��1.24 V) corresponds to reduction of the 18-electron cationic iron cen-
ters to neutral 19-electron species. The second reduction step (E1/2��1.94 V)
corresponds to the reversible formation of the anionic 20-electron iron complexes.
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Figure 4 Cyclic voltammogram of polymer 7b in DMF at �50°C obtained with a scan 
rate of 1 V/s.
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The design of diiron complexes functionalized with methacrylate units was
also achieved using complex 9. The synthesis of complex 9 was previously reported
by the reaction of the 1,4-dichlorobenzene complex of cyclopentadienyliron with
4,4-bis(4-hydroxyphenyl)valeric acid.36 Scheme 3 shows the synthesis of monomer
11 via condensation of an acid chloride complex (10) with 2-hydroxyethyl metha-
crylate (5). Monomer 11 was isolated as a yellow precipitate in excellent yield.

The 1H NMR spectrum of monomer 11 is shown in Figure 5. The methyl of
the methacrylate unit appears as a singlet at 1.73, and the protons of the other methyl
group resonate at 1.90 ppm. The methylene protons at 2.20 and 2.54 are triplets, each
integrating for two protons, while the two methylenes between the esters appear as a
singlet integrating for four protons at 4.33 ppm. The cyclopentadienyl protons res-
onate as a singlet at 5.37 ppm, and the olefinic protons appear as two peaks at 5.65
and 6.06 ppm. The complexed aromatic protons appear as two sets of doublets at
6.50 and 6.81, and the uncomplexed aromatic protons are also split into two sets of
doublets at 7.32 and 7.47 ppm.
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Figure 5 1H NMR spectrum of methacrylate monomer 11 in acetone-d6.

Following isolation of the methacrylate complex 11, this monomer was poly-
merized in the presence of AIBN as shown in Scheme 4 to produce polymer 12.
Polymethacrylate 12 displayed good solubility in acetonitrile, DMF and DMSO.
Polymethacrylate 12 was subsequently demetallated using photolytic techniques to
yield the organic polymer 13.

NMR analysis of 12 confirmed that the polymerization reaction had been suc-
cessful. The 1H NMR spectrum of polymer 12 obtained in deuterated acetonitrile is
shown in Figure 6. The methyl and methylene protons attached to the polymer back-
bone appear as a broad multiplet within 0.82–1.26 ppm, while the other methyl pro-
tons and the methylene protons in the polymer backbone overlap between 1.64 and
1.93 ppm. The two methylene spacers next to the quaternary carbon appear as broad
singlets at 2.07 and 2.43 ppm, while the two methylene groups sandwiched between
the ester groups appear as a broad singlet at 4.11 ppm. The cyclopentadienyl reso-
nance appears as a singlet at 5.09 ppm, and the complexed aromatic protons are
found as broad singlets at 6.15 and 6.47 ppm. The uncomplexed aromatic protons
resonate at 7.01 and 7.33 ppm. The most significant feature of this spectrum is the
absence of olefinic peaks between 5.5 and 6.1 ppm.
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Figure 6 1H NMR spectrum of polymethacrylate 12 in acetonitrile-d3.
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Following photolysis, the weight-average molecular weight of polymer 13
was determined to be 12,100 by GPC with a polydispersity of 1.38. From this value,
the molecular weight if the organoiron polymethacrylate (12) was calculated to be
22,500. This corresponds to a degree of polymerization of approximately 20. In 
contrast, polymethacrylates 7a and 7b had degrees of polymerization ranging from 55
to 143. The lower solubility and bulkier sidechains in the metallated polymethacry-
late 12 may have prevented the production of higher molecular weight polymers.

The cyclic voltammogram of the organoiron-coordinated polymethacrylate 12
is shown in Figure 7. This CV shows the reversible reduction of the iron centers in
the polymer occurring at E1/2��1.18 V.

Methacrylates 243

E (V)

-1.6-1.4-1.2-1.0-0.8

I 
( µ

A
)

-40

-20

0

20

40

60

80

Figure 7 Cyclic voltammogram of methacrylate polymer 12 in DMF at �40°C.

B. Substitution Polymerization of 
Chloroarene Complexes

It was also of interest to examine the polymerization of monomer 11 via nucle-
ophilic displacement of the chloro groups with oxygen- and sulfur-based nucle-
ophiles.32 Our previous studies have shown that these reactions proceed under 
mild reaction conditions to yield soluble polycationic organoiron polymers.19–23

Scheme 5 shows the reaction of 11 with 14a and 14b to produce polymers 15a 
and 15b.

Polymers 15a and 15b were isolated as light yellow precipitates in 92 and 93%
yields, respectively. These cyclopentadienyliron-coordinated polymers exhibited good
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solubility in polar aprotic solvents such as DMF and DMSO. NMR analysis revealed
that the SNAr polymerization reactions had been successful and that the olefinic groups
had not polymerized under the conditions of these reactions.35 Figure 8 shows the 1H
NMR spectrum of polymer 15a, which was obtained in deuterated DMSO. The pro-
tons of the three methyl groups attached to the polymer backbone appear at 1.65 and
1.71 ppm, while the methyl resonance of the methacrylate unit appears at 1.85 ppm.
The methylene spacers next to the quaternary carbon in the polymer backbone can be
found at 2.15 and 2.39 ppm, and the protons of the two methylene spacers between the
ester groups appear as a singlet at 4.26 ppm. The cyclopentadienyl protons resonate as
a singlet at 5.21 ppm and the complexed aromatic protons have collapsed into a singlet
integrating for eight protons at 6.26 ppm. The olefinic protons appear at 5.68 and 6.00
ppm as singlets, and the uncomplexed aromatic protons appear as a doublet at 7.23
ppm and a multiplet from 7.32 to 7.42 ppm.

c11.qxd  9/9/2003  3:14 PM  Page 244



The thermal stability of these polyaromatic ethers and ether–thioethers func-
tionalized with methacrylate groups was examined using thermogravimetric analy-
sis. The polymers displayed typical thermograms in that there were weight losses
corresponding to loss of the metallic moieties from 225 to 260°C, followed by sec-
ondary weight losses due to polymer degradation. These polymers continued to 
gradually lose weight after the second major weight loss, as can be seen in the 
thermogram of polymer 15a in Figure 9. The backbones of polymers 15a and 15b
began to degrade at 474 and 460°C, respectively, and lost 30 and 23% of their mass
during these weight losses.

In order to examine the molecular weights of polymers 15a and 15b, they were
photolyzed as shown in Scheme 6, resulting in the isolation of organic polymers 16a
and 16b. These polymers displayed moderate solubility in tetrahydrofuran and chloro-
form; however, their solubilities decreased on drying.

Following NMR identification of these polymers, gel permeation chromato-
graphy of polymers 16a and 16b was performed in order to determine their molecu-
lar weights and molecular weight distributions. It was determined that polymer 16a
had a weight average molecular weight of 9800 with a polydispersity of 1.31. This
corresponds to a molecular weight of approximately 17,200 for its metallated analog
polymer 15a. Polymer 16b exhibited poorer solubility, and its Mw was found to be
8300, with a PDI of 1.65. This corresponds to a weight-average molecular weight of
approximately 13,800 for polymer 15b.
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Figure 8 1H NMR spectrum of polymethacrylate 15a in DMSO-d6.
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C. Crosslinking

The polymers with methacrylate functionalities in their sidechains (15a and
15b) were also subjected to radical polymerization reactions with AIBN to produce
crosslinked polymers as shown in Scheme 7.
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These polymerization reactions were carried out in a number of different solv-
ents depending on the solubility of the starting polymer.35 Ideally, acetone was used;
however, most of the polymers were not completely soluble in acetone. Acetonitrile
was also used; however, attempts were also made with DMF and DMSO. The
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Figure 10 TGA thermograms of polymers 15b and 17b.

polymerization reactions were terminated when the polymers precipitated from solu-
tion. The polymers were gels or completely insoluble in polar aprotic solvents. NMR
analysis of the gels confirmed that there were no olefinic peaks present in the poly-
mers; however, the spectra were very broad.

TGA analysis of the crosslinked polymers was performed; however, there were
no substantial differences between the thermograms of the linear and crosslinked poly-
mers. Figure 10 shows the TGA thermograms of polymers 15b and 17b. Although
there is a slight difference between the two thermograms, weight losses were within
10–20°C of each other.

III. STYRENES

A. Radical Polymerization of the Styrene Groups

Scheme 8 shows the synthesis of the styrene monomer 19 by reaction of the
carboxylic acid complex 9 with 4-vinylbenzylchloride (18).32 Complex 19 was iso-
lated in excellent yield as a yellow precipitate.

Monomer 19 was analyzed using 1H and 13C NMR spectroscopy.35 The
olefinic portion of complex 19 displays an ABX-type pattern in its 1H NMR 
spectrum since the protons of the methylene group are not chemically equivalent.
Figure 11 shows the numbering system used for identifying the olefinic protons in
this compound.
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Figure 12 shows the 1H and 13C NMR spectra of monomer 19. In the 1H
spectrum, proton HA appears as a doublet at 5.30 ppm due to coupling
(J�13.3 Hz) between HA and HX. Although there is also coupling between HA and
HB, this coupling is very small and was not observed. Proton HB appears as a

Styrenes 249

OO

C
HO O

ClCl

Fe
+
 PF6

-
Fe

+
 PF6

-

Cl

OO

C
O O

ClCl

Fe
+
 PF6

-
Fe

+
 PF6

-

18

9

+

K2CO3

DMF

19

Scheme 8

R

C C

HB

HAHX

Figure 11 Labeling of styrene functional group.

c11.qxd  9/9/2003  3:14 PM  Page 249



200 180 160 140 120 100 80 60 40 20 0PPM

9 8 7 6 5 4 3 2 1 PPM

OO

C
O O

ClCl

Fe
+
 PF6

-
Fe

+
 PF6

-

Figure 12 1H and 13C NMR spectra of monomer 19a in acetone-d6.
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doublet at 5.81 ppm due to coupling (J�17.6 Hz) between HB and HX. Finally, HX

resonates as two sets of doublets; however, the complexed aromatic protons over-
lap one of the doublets. The doublet that is visible appears at 6.71 ppm with a cou-
pling constant of 10.9 Hz. The methyl group appears as a singlet at 1.73 ppm, and
the two aliphatic methylene groups appear as triplets at 2.24 and 2.57 ppm. The
benzylic methylene group appears as a singlet at 5.08 ppm, and the cyclopentadi-
enyl resonance is seen at 5.35 ppm. The complexed aromatic protons resonate as
two sets of doublets at 6.48 and 6.79 ppm, while the uncomplexed aromatic pro-
tons appear as three sets of doublets at 7.31, 7.35, and 7.47 ppm.
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In the 13C NMR spectrum of monomer 19, the olefinic carbons appear at
114.56 ppm for the methylene carbon and 137.19 ppm for the methine carbon. The
methyl resonance appears at 27.82 ppm, while the quaternary aliphatic carbon is found
at 46.20 ppm and the CH2 groups appear at 28.64, 37.04, and 66.24 ppm. The
cyclopentadienyl resonance appears at 80.37 ppm, and the complexed aromatic car-
bons resonate at 77.04, 87.74, 104.74, and 133.75 ppm. There are four aromatic (CH)
carbons at 121.21, 127.00, 129.19, and 130.54 ppm, and four quaternary aromatic car-
bons at 136.84, 138.11, 147.81, and 151.91 ppm. Finally, the carbonyl carbon appears
at 173.38 ppm.

Monomer 19 was subsequently polymerized in the presence of AIBN as shown
in Scheme 9 to produce polymer 20, which was isolated as its hexafluorophosphate
salt. This polymer exhibited fairly low solubility in polar organic solvents and often
formed gels. The cyclopentadienyliron-functionalized polystyrene (20) was analyzed
using NMR, IR, and TGA. This organoiron polymer was subsequently demetallated in
order to examine its molecular weight; however, the organic analog (21) was insoluble.
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The TGA thermograms of the styrene monomer (19) and its corresponding
cyclopentadienyliron-coordinated polymer (20) are shown in Figure 13.35 Monomer
19 exhibits three distinct weight losses starting at 217, 437, and 550°C, while poly-
mer 20 shows only two distinct weight loss steps starting at 226 and 433°C. Although
the first two weight losses occur at approximately the same temperatures, the func-
tionalized polystyrene displays superior weight retention at higher temperatures.
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Figure 13 Thermogravimetric analysis of styrene monomer 19 and polymer 20.

B. Substitution Polymerization of 
Chloroarene Complexes

The next step of this investigation was to examine the polymerization of
monomer 19 via nucleophilic aromatic substitution reactions with dinucleophiles 14a
and 14b.32 Scheme 10 shows the synthesis of polymers 22a and 22b using this
methodology.

These cyclopentadienyliron-coordinated polymers displayed very good solu-
bility in polar aprotic solvents such as DMF and DMSO. They were isolated as beige
and yellow precipitates in excellent yields and were analyzed using spectroscopic,
thermal, and electrochemical methods.

The interesting feature of the 1H NMR spectra of these organometallic
polymers is that while some of the olefinic resonances were overlapped with the
complexed aromatic resonances in monomer 19, all of these peaks can be observed
in the spectra of the polymers. Figure 14 shows the 1H NMR spectrum of polymer
22a. The olefinic proton at 5.23 now overlaps slightly with the cyclopentadienyl
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resonance at 5.20 ppm; however, there is a doublet at 5.83 and a doublet of doublets
at 6.72 ppm that are identified as the vinyl protons. The multiplet around 1.65 ppm
corresponds to the methyl protons, while the small peaks at 2.20 and 2.46 ppm cor-
respond to the methylene spacers. The methylene protons adjacent to the styrene
group appear as a singlet at 5.04 ppm integrating for two hydrogens. The complexed
aromatic protons have collapsed into a singlet, while the uncomplexed aromatic
peaks appear as four sets of doublets at 7.23, 7.32, 7.36, and 7.46 ppm.
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The 13C NMR spectrum of polymer 22a is also shown in Figure 14. There are
two methyl resonances at 26.94 and 30.63 ppm, and two corresponding quaternary
aliphatic carbon peaks at 42.16 and 44.99 ppm. The three aliphatic methylene peaks
appear at 29.71, 35.89, and 65.34 ppm, while the olefinic methylene and methine
resonances appear at 114.64 and 136.14 ppm, respectively. The cyclopentadienyl
carbons can be found at 77.83 ppm, and the complexed aromatic (CH) carbons
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appear at 74.90 and 75.07 ppm. The corresponding complexed quaternary carbon
resonances are found at 129.97 and 130.18 ppm. The aromatic carbon peaks appear
between 119.93 and 129.20 ppm, and the quaternary aromatic resonances appear
between 135.66 and 151.61 ppm. The carbonyl from the ester group is seen furthest
downfield at 172.67 ppm.

TGA analysis of these organoiron polymers with styrene groups in their
sidechains revealed the presence of two distinct weight loss steps. Figure 15 shows
the thermogram of polymer 22a. The first weight loss was attributed to decom-
plexation of the cyclopentadienyliron moieties from the polymer sidechains, while the
second weight loss was due to degradation of the polymer backbone and sidechains.

The cyclic voltammetric properties of polymer 22a were examined in DMF
using tetra-butylammonium perchlorate as the supporting electrolyte. Figure 16
shows the CV obtained at �50°C with a scan rate of 2 V/s. It can be seen that the
reduction process for this polymer is reversible and occurs at E1/2��1.20 V.
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Figure 14 1H and 13C NMR spectra of polystyrene 22a in DMSO-d6.
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Figure 15 Thermogravimetric analysis of cyclopentadienyliron-coordinated polyether 22a.
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Figure 16 Cyclic voltammogram of 22a at �50°C in DMF.
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Scheme 11 shows the photolysis of the cyclopentadienyliron-coordinated 
polyaromatic ether and ether/thioether containing styrene units in their sidechains
(22a, 22b), allowing for the isolation of the corresponding organic polymers 23a
and 23b.
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Figure 17 1H NMR spectrum of polymer 23a in CDCl3.

While polymer 23a displayed fair solubility in chloroform and tetrahydrofuran,
polymer 23b exhibited poor solubility in the common solvents that it was tested in. The
molecular weights of the demetallated polymers were also determined using GPC.
It was found that the weight-average molecular weights of polymers 23a and 
23b were 13,500 and 6300 with PDI values of 1.21 and 1.15, respectively. These
molecular weights correspond to 22,800 for polymer 22a and 10,500 for poly-
mer 22b.

Figure 17 shows the 1H NMR spectrum of polymer 23a. The two methyl
groups appear as overlapping singlets at 1.57 and 1.64 ppm, integrating for three and
six protons, respectively. Two methylene resonances are seen at 2.16 and 2.56 ppm,
while the methylene protons attached to the styryl group appears as a singlet at
5.02 ppm. There are two doublets at 5.23 and 5.72 ppm that correspond to the pro-
tons of the olefinic methylene group. The olefinic methine proton appears as a 
multiplet between 6.62 and 6.84 ppm, while the uncomplexed aromatic protons res-
onate between 6.86 and 7.34 ppm.

C. Crosslinking

Polymerization of the styrene groups in the sidechains of polymers 23a
and 23b was also examined. Scheme 12 shows the synthesis of the crosslinked organo-
iron polymers 24a and 24b. The crosslinking reactions had the desired effect of mak-
ing the soluble linear polymers insoluble. Since the linear polymers were 
stable with their styrene functionalized sidechains, this could allow for the processing
of a soluble polymer, which could subsequently be rendered insoluble by crosslinking.
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IV. NORBORNENES

A. Ring-Opening Metathesis Polymerization of the
Norbornene Groups

Norbornene monomers functionalized with aromatic or aliphatic ether groups
have been prepared using cyclopentadienyliron complexes.28–30 Our initial
investigation into these materials showed that the use of organoiron arene complexes
was an efficient method to prepare these classes of functionalized norbornene
monomers. Following photolysis of complexes 25–27, the corresponding organic
monomers underwent ring-opening metathesis polymerization using either ruthe-
nium chloride or Grubbs’ catalyst.
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We have reported that norbornene monomers functionalized with arene com-
plexes also undergo ring-opening metathesis polymerization to produce the corres-
ponding cyclopentadienyliron-coordinated polynorbornenes. Scheme 13 shows the
synthesis of polymers containing aromatic ether sidechains functionalized with
organoiron moieties.33

NMR analysis of the monomers was accomplished using one- and two-
dimensional techniques in order to identify their exo and endo isomers. Figure 18
shows the labeling scheme utilized in the identification of the protons of the exo and
endo isomers.

Figure 19 shows the HH COSY NMR spectrum of monomer 32a. The
cyclopentadienyl protons resonated at 5.25 ppm, while the complexed aromatic pro-
tons were found at 6.3–6.5 ppm. The uncomplexed aromatic protons resonated fur-
ther downfield between 7.2 and 7.5 ppm, while the olefinic protons of the norbornene
unit were found in the range of 6.12–6.26 ppm. The aliphatic norbornene protons
were found furthest upfield between 1.39 and 3.38 ppm.

For the identification of the endo isomer, the olefinic protons (H6 and H5) were
first assigned based on their strong coupling to each other, as well as their couplings
to the bridgehead protons H1 and H4, respectively. Protons H6 and H5 each appear as
a doublet of doublets, with H5 resonating at 6.26 ppm (J5,6�5.48 Hz, J4,5�2.93 Hz)
and H6 appearing 6.12 ppm (J5,6�5.48 Hz, J1,6�2.58 Hz). The bridgehead protons H1

and H4 appeared as broad singlets at 3.38 and 2.97 ppm, and also displayed weak
long-range coupling with each other. The multiplet resonating between 3.33 and
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Figure 18 Labeling of norbornene protons.

3.36 ppm was assigned to H2 on the basis of its connectivity with H1, as well as H3,x

and H3,n. The H3 protons (H3,x�2.03–2.06 ppm, H3,n�1.39–1.52 ppm) were also
assigned on the basis of their characteristic strong coupling with each other
(J3,x;3,n�11–13 Hz), as well as their connectivity with H4. The bridge protons, H7a and
H7s, also exhibited strong coupling with each other (J7,a;7,s�8.40 Hz), and resonated
as a multiplet between 1.39 and 1.52 ppm (H7,a) and a doublet at 1.58 ppm (H7,s).
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The protons of the exo isomer were identified using the same strategy. The
olefinic protons (H6 and H5) were assigned to the multiplet resonating between 6.20
and 6.23 ppm. The distinctive couplings between H6 and H5 with the bridgehead 
protons (H1 and H4) allowed for the assignment of H1 to the singlet at 3.24 ppm, and
H4 to the broad singlet appearing at 3.17 ppm. Proton H3,x (2.03–2.06 ppm) was
identified via its coupling with the bridgehead proton H4; however, H3,n could not be
found using H4 since coupling between these protons was not observed in the exo iso-
mer. Using the characteristic strong coupling between the two H3 protons, as well as
their coupling with H2, it was found that H3,n resonates within the multiplet between
1.39 and 1.52 ppm. Using this information, it was also found that H2 appeared as a
doublet of doublets at 2.52 ppm (J2;3,x�8.57 Hz, J2;3,n�2.52 Hz). Finally, the H7 pro-
tons were assigned to the multiplet resonating between 1.39 and 1.52 ppm.

Ring-opening metathesis polymerization of monomers 32a–c with
bis(tricyclohexylphosphine)benzylidene ruthenium(IV) dichloride (Grubbs’ cata-
lyst)36 allowed for the isolation of polynorbornenes 33a–c as shown in Scheme 14.
These polymerization reactions were carried out using a monomer:catalyst ratio of

Figure 19 HH COSY NMR spectrum of monomer 32a.
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20–1 over a period of 2 h.33 These polymers precipitated from the dichloromethane
solution during this time, and the reactions were terminated on the addition of ethyl
vinyl ether. Following analysis of the metallated polynorbornenes, the cyclopentadi-
enyliron cations were cleaved from the polymer sidechains by photolysis. This
resulted in the isolation of polymers 34a–c as beige solids. These organic polymers
had weight-average molecular weights ranging from 11,600 to 14,800 with polydis-
persities ranging from 1.24 to 1.56.
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Thermogravimetric analysis of the metallated polynorbornenes (33a–c)
showed two distinct weight loss steps. The primary weight losses around 210–250°C
correspond to degradation of the cyclopentadienyliron hexafluorophosphate moieties,
while the secondary weight losses correspond to decomposition of the polymer
backbones and sidechains. Figure 20 shows the TGA thermograms of polymer 33a
and its organic counterpart 34a. The onsets for weight loss of polymer 33a occurred at
225 and 412°C, while a single weight loss for 34a began at 408°C. DSC analysis of
the organic polymers (34a–c) showed that these materials had glass transition tem-
peratures between 59 and 81°C.

It was also possible to design norbornene monomers functionalized with 
two cyclopentadienyliron arene complexes.33,34 Scheme 15 shows the synthesis of
complex 36 via reaction of the diiron complex 9 with endo,exo-5-norbornene-2-
methanol (35). While this monomer could itself be ring-opened, it could also be reacted
with various phenolic compounds (37a–c) to produce longer aromatic ether spacers.
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Figure 20 TGA thermograms of metallated polynorbornene 33a (bottom) and its organic
analog 34a (top).
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These monomers were analyzed using one- and two-dimensional NMR
prior to polymerization in order to identify the isomeric mixture of compounds 36
and 38a–c. Scheme 16 shows the polymerization of monomers 36 and 38a–c
using Grubbs catalyst. Polymers 39 and 40a–c were isolated as brown solids in
yields ranging from 70 to 75% and analyzed using spectroscopic, thermal, and
electrochemical methods. Following cleavage of the metallic moieties from the
polymer sidechains, the molecular weights of the organic polynorbornenes were
found to range from 12,800 to 20,300, which corresponds to Mw values of
24,000–32,700 for the organoiron polymers 39 and 40a–c. The glass transition
temperature of 41 was 92°C, while the Tg values of 42a–c ranged from 75 to
76°C.
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Figure 21 shows the cyclic voltammogram of polymer 40a obtained in DMF
at �30°C. The iron centers of this polymer underwent reversible reduction at �1.22 V
using a scan rate of 2 V/s.

The length of the spacer between the polynorbornene backbone and the aro-
matic portion of the side chains was also examined.34 Scheme 17 shows the strategy

c11.qxd  9/9/2003  3:14 PM  Page 264



Norbornenes 265

used to prepare monomers 45a–c using three aliphatic diols. Initially, complex 9 was
reacted with an excess of 1,2-ethanediol, 1,6-hexanediol, or 1,12-dodecanediol to
produce complexes 44a–c. These diol complexes were subsequently reacted with
exo,endo-5-norbornene-2-carboxylic acid to give monomers 45a–c.
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Figure 21 Cyclic voltammogram of 40a in DMF.

Polymerization of monomers 45a–c was carried out using a monomer to cat-
alyst ratio of 20 to 1 (Scheme 18). This allowed for the isolation of polynor-
bornenes 46a–c in good yields. These polymers were subsequently demetallated to
give polymers 47a–c. It was determined that these polymers had weight average
molecular weights ranging from 10,600 to 18,600 with PDI values ranging from
1.3 to 1.6.
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Thermogravimetric analysis of these polymers was accomplished in order to
examine their thermal stability. Figure 22 shows the TGA thermogram of polymer
46c. It can be seen that there are two weight losses starting at 215 and 395°C. These
weight losses account for degradation of the organometallic moieties, and the
organic portions of the polymers, respectively.
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Figure 22 TGA thermogram of polynorbornene 46c.
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B. Substitution Polymerization of 
Chloroarene Complexes

Polyaromatic ethers and ether–thioethers with norbornene substituents in their
side chains were also synthesized by reaction of monomer 36 with dinucleophiles 14a
and 14b using the strategy shown in Scheme 19. The resulting organoiron polymers
exhibited good solubility in polar organic solvents and were isolated in excellent yields.
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Polymers 48a and 48b were analyzed using NMR, TGA, and cyclic voltammetry.
Thermogravimetric analysis showed that following cleavage of the metallic moieties
from the polymer sidechains, these materials exhibited good weight retention. Figure 23
shows the TGA thermogram of the organoiron polyether–thioether with norbornene
units in its sidechain (48b).

The electrochemical properties of these cyclopentadienyliron-coordinated
polyethers and ether-thioethers with norbornene units in their side chains were 
examined using cyclic voltammetry. Figure 24 shows the CV of polymer 48b at 0°C
obtained with a sweep rate of 1 V/s in DMF. Reduction of the cationic 18-electron 
iron centers to the corresponding neutral 19-electron species occurred at
E1/2��1.08 V.
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The organoiron polymers 48a and 48b were subjected to photolytic demetalla-
tion to produce the corresponding organic polymers with norbornene groups in their
sidechains as shown in Scheme 20. GPC analysis showed that these organic poly-
mers had molecular weights of �10,000.
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C. Crosslinking

Polymers 48a and 48b were also subjected to ring-opening metathesis poly-
merization reactions to produce crosslinked polymers 50a and 50b. Scheme 21
shows the structure of these polynorbornene networks. These polymers were insolu-
ble in all organic solvents tested.
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V. CONCLUSIONS

The polymerizations of three different classes of organoiron monomers contain-
ing olefins in their structures were examined. Methacrylate-functionalized monomers
substituted with aromatic ether complexes were initially subjected to polymerization
using AIBN as the initiator. This allowed for the isolation of high molecular weight
soluble polymethacrylates bearing cyclopentadienyliron cations in their sidechains.
Styrene-substituted monomers were also polymerized in the presence of a radical ini-
tiator; however, the resulting organoiron polystyrenes exhibited much lower solubility
in polar aprotic solvents. Norbornene-based organoiron monomers were subjected to
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ring-opening metathesis polymerization reactions to yield the corresponding poly-
norbornenes using Grubbs’ catalyst. The polymethacrylates, polystyrenes, and poly-
norbornenes were studied using spectroscopic, thermal, and electrochemical means.
Thermogravimetric analysis showed that these materials underwent initial weight
losses at �225°C corresponding to loss of the metallic moieties from the polymer
sidechains, and second weight losses between 320 and 450°C corresponding to degra-
dation of the polymer backbones. Cyclic voltammetric studies revealed that the
cationic 18-electron iron centers pendent to the polymer sidechains underwent
reversible reduction processes to produce neutral 19-electron species. Further reduc-
tion to the anionic 20-electron iron complexes was also observed. These polymers were
subjected to photolysis, resulting in cleavage of the cyclopentadienyliron cations from
the polymer sidechains.

Methacrylate, styrene, and norbornene substituted monomers containing
chloroarene complexes in their structures were also subjected to nucleophilic aromatic
substitution polymerization with phenolic and thiophenolic dinucleophiles to produce
the corresponding polyaromatic ethers and ether–thioethers with acyclic or cyclic
olefins in their sidechains. These polymers displayed very good solubility in polar
solvents at room temperature. Demetallation of these polymers resulted in a decreased
solubility for the polyaromatic ether–thioethers. NMR analysis of these polymers
showed that the olefinic groups were not polymerized during these processes. The 
aromatic polymers prepared by nucleophilic aromatic substitution reactions possessed
higher thermal stability than the polymers prepared by radical or ring-opening
metathesis polymerization reactions. The polyaromatic ethers and ether–thioethers
were crosslinked through their olefinic groups, resulting in the isolation of insoluble
organoiron networks.
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Arene complexes:
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crosslinking, 270–271
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radical polymerization, 250–252
substitution polymerization, 253–258

Aryl ethers, methacrylate groups, cationic
cyclopentadienyliron arene polymerization,
235–243

Atomic force microscopy (AFM):
polyferrocenyldimethylsilane, reactive ion etch

barriers, 123
polyferrocenylsilanes (PFS), multilayer thin

film patterns, 109–111
self-assembling resists, 130

Attached proton test (APT), polyethers, 
189–195

Auger electron spectroscopy (AES), polyferro-
cenyldimethylsilane, reactive ion etch barri-
ers, 122–123

Azaferrocene polymers, iron carbonyl complexes,
19–21

Azobenzene chromophores, polyaromatic ethers/
thioethers, 221–229

Index

bindex.qxd  9/9/2003  2:58 PM  Page 275

Macromolecules Containing Metal and Metal-like Elements, 
Volume 2: Organoiron Polymers, Edited By Alaa S. Abd-El-Aziz, 

Charles E. Carraher, Jr., Charles U. Pittman, Jr., John E. Sheats, and Martel Zeldin
ISBN 0-471-45078-2 Copyright © 2004 John Wiley & Sons, Inc.



Azo-bis-isobutyronitrile (AIBN):
cyclopentadienyliron arene complexes, 13–19
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Backbone structure:
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Bilayer structures:
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radical polymerization, 235–243

norbornenes:
chloroarene substitution polymerization,

268–270
crosslinking, 270–271
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cyclopentadienyliron neutral and cationic
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268–270
crosslinking, 270–271
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neutral and cationic moieties, 215–221
star-shaped structures, 205–215
structure and properties, 186
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Demetallation, polyethers, 187–195
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ferrocene polymers, 12–13
polyaromatic ethers, 205–215
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micellization, 78–79
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Directed dewetting, polyferrocenyldimethylsilane,
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radical polymerization, 241–243
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star structures, 207–215
polyethers, cyclopentadienyliron cations,
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244–246
radical polymerization, 241–243
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complexes, 217–221
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proton-coupled electron transfer (PCET), fer-
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organic resist materials, 116–119
organometallic polymers, 120–126
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tion, 43–46
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synthesis, 163–165
Etch resistance, organometallic polymers, 120–126
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F
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170–173
1-1-FcAq complexes, proton-coupled electron

transfer (PCET), 140–145
1-2-FcAq complexes, proton-coupled electron

transfer (PCET), 150–152
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Ferrocene-anthraquinone (FcAq) complexes, pro-

ton-coupled electron transfer (PCET), 138–153
allenylidene/cumulenylidene transition metal
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1-2-FcAq complex, 150–152
2-1-FcAq complex, 145–150
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Ferrocene-benzoquinone complex, proton-coupled
electron transfer (PCET), 153–156

Ferrocene-quinone conjugated oligomers/poly-
mers, proton-coupled intramolecular electron
transfer:

basic principles, 136–138
ethynylene-bridged ferrocene-anthraquinone

(FcAq) complexes, 138–153
allenylidene/cumulenylidene transition metal

complexes, 138–140
1-2-FcAq complex, 150–152
1-1-FcAq complexes, 140–145
2-1-FcAq complexes, 145–150
polymeric 1-1-FcAq complexes, 152–153

vinylene-bridged ferrocene-benzoquinone com-
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Ferrocenes. See also Polyferrocenes
discovery of, 1–2
polymers, 3–13

Ferrocenoyl amino acids:
peptide conjugate monolayers, 173–180
peptide structure:

general parameters, 165–167
solid state hydrogen bonding and ordering,

167–173
structure and properties, 162
synthesis, 162–165

Ferromagnetic behavior, polyferrocenylsilanes
(PFS), 63–65

Fourier transform infrared (FTIR) spectroscopy,
polyferrocenylenesilynes, 34–36

Fullerene (C60):
inorganic resists, 119
organic-inorganic composite resists, 119–120

Fulvene units, proton-coupled electron transfer
(PCET), 1-1-FcAq complexes, 141–145

G
GaAs substrates, PFS block copolymers, 70–71
Gel permeation chromatography (GPC):

methacrylate groups, radical polymerization,
236–243

methacrylates, chloroarene substitution poly-
merization, 245–246

PFP-PFS-PDMS synthesis and micellization,
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PFS-PDMAEMA synthesis and aqueous micel-
lization, 78–79

polyaromatic ethers/thioethers, azobenzene
chromophores in sidechains, 227–229

polyethers, cyclopentadienyliron cations, 188–195
polyferrocenylsilanes (PFS), water-soluble

derivatives, 103–104
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Germanium complexes, organometallic polymers,

120–126
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polyferrocenylsilanes (PFS), multilayer thin
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norbornene ring-opening metathesis polymer-
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Helicate structures, ferrocenoyl peptides, 170–173
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tion, 81–83
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High-aspect-ratio structures, bilayer resists, 120
Highest occupied molecular orbital (HOMO), pro-

ton-coupled intramolecular electron transfer,
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polymers, 137–138

High molecular weight polymers:
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210–215
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1H NMR:
methacrylate groups, radical polymerization,

236–243
PFP-PFS-PDMS synthesis and micellization,
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styrenes:
radical polymerization, 248–252
substitution polymerization, 252–258

Homopolymers:
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iron carbonyl polymers, 19–21
polyferrocenylsilanes (PFS), 65

Hydrogen bonding, ferrocenoyl peptides, 167–173
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ferrocenes, 12–13
polyferrocenylenesilynes:

ceramic composition, 43–46
ceramization, 52–53
chemical properties, 30–32
electronic/thermal transitions, 37–41
experimental materials, 50
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research perspectives, 49–50
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Layer-by-layer self-assembly:
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derivatives, 101
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polyethers, 186–195
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future research, 130–131
inorganic resists, 119
organic-inorganic composites, 119–120
organic-organometallic block copolymers:

periodic nanodomain structures, 127–128
resist self-assembly, 130
self-assembly structure formation,

126–130
synthesis, 127
thin film structures, 128–129

organic resists, 116–119
chemical amplification, 118–119

organometallic polymers, 120–126
directed dewetting, 125–126
polyferrocenyldimethylsilane ion etch bar-

rier, 122–123
soft lithographic printing, 123–126

Metal halides, inorganic resists, 119
Metallocenes:

ferrocene polymers, 5–13
proton-coupled intramolecular electron transfer,

ferrocene-quinone conjugated oligomers/
polymers, 137–138

Metal-to-ligand charge transfer (MLCT):
1-1-FcAq complexes, 141–145
2-1-FcAq complexes, 147–150

Methacrylates, cationic cyclopentadienyliron
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ceramic composition, 43–46
ceramization, 52–53
chemical properties, 30–32
electronic/thermal transitions, 37–41
experimental materials, 50
instrumentation, 50–51
magnetic susceptibility, 46–49
polymerization, 51–52
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