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Recent reports of highly conductive metallopolymers are reviewed. This literature is classified into
one of two categories (inner or outer sphere) depending on the mode of interaction between the
transition metal centers with each other and the conducting polymer backbone. The critical nature
of charge transport is discussed in the context of the relative energies of the organic polymer-
based and metal-centered redox processes. Also included are recent advances in the development
of functional materials based on metal-containing conducting polymers.

Introduction: architectures of metal-containing
conducting polymers

Metal-containing conducting polymers

The study of conducting polymers has blossomed into a
mature field over the last six decades.! Tremendous progress
has been made towards the goal of developing functional
organic materials with delocalized m-electrons serving as the
means of electronic conductivity.” In such systems, chemical or
electrochemical doping produces charged species within the
polymer backbone and the mobility of these charges defines
the bulk conductivity of a given material. In organic based
materials, charge is efficiently shuttled due to isoenergetic
states throughout the polymer backbone that can be
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interrupted by defects in the polymer strand (i.e., non-
conjugated linkages, short conjugation length, or chemically
altered monomer units). The vast majority of investigations
performed in this field to date have dealt with purely organic
frameworks and electron/hole transport in these systems is
reasonably well understood. The incorporation of transition
metals has the potential to greatly expand the function and
ultimate applications of conducting polymer systems. More
specifically, there is a steady and growing effort to incorporate
redox-active metal centers into conducting polymer structures
to create highly efficient redox conductivity for sensory (i.e.,
anions and small molecules), catalytic, photochemical, and
photoelectronic applications. In conducting metallopolymers
an understanding of the interactive roles that the metal centers
and the organic polymer backbone play is in its early stages.
Metal centers can provide efficient sites for redox conductivity,
but can also provide thermodynamic sinks that trap/localize
charges due to the introduction of low-lying energetic states. A
few select systems have demonstrated important applications,
however the potential of conducting metallopolymers is largely
unrealized. To encourage progress towards realizing the full
potential of these hybrid metal-organic conductors, we
summarize herein recent work and highlight the general
principles that need to be met in order to generate highly
conductive metallopolymers.

Mechanisms of conductivity in metallopolymers

For the purposes of discussion, we emphasize two distinctly
different redox conductivity mechanisms that pervade the
conducting metallopolymer literature. In accord with classic
inorganic electron transfer theory,* Fig. 1A details outer and
inner sphere electron transfer mechanisms in mixed valence
systems (top and bottom, respectively). The outer sphere
mechanism is distinguished by the lack of mixing of the
respective metal orbitals. In contrast, the inner sphere
mechanism involves the communication of the two metal
centers by orbital overlap via a mutually bridging ligand. It is
important to note that the rate of electron transfer by this
mechanism is highly dependent on the nature of the bridging
ligand and its orbital overlap with the two metal centers.’
In conducting polymer systems incorporating redox-active
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Fig. 1 Mechanisms of electron transfer in molecular (left) and conducting polymer (right) systems.

transition metal centers we also find two unique environments.
In the outer sphere arrangement, there are redox-active metals
centers or complexes that decorate the periphery of the
conducting polymer strand but have no direct interaction with
the delocalized orbitals of the conducting organic polymer
backbone, Fig. 1B (top). Although the transition metals in this
system may not be intimately involved in the conjugative
pathway, they can still provide important charge transfer
mechanisms. Analogous to molecular systems, in outer sphere
architectures the metal centers are often tethered to the
conducting polymer and have independent coordination
spheres. In contrast, inner sphere architectures involve the
incorporation of the transition metal centers into the polymer
backbone with strong coupling between the orbitals of the
transition metal and those involved in charge transport
through the polymer strand, Fig. 1B (bottom). When the
energies of the orbitals are equivalent (same redox potential
or redox matched) strong coupling provides for efficient
additional charge transport pathways that intimately involve
the transition metal centers leading to highly conductive
materials.

General examples

There exists a diverse collection of systems that incorporate
transition metals into conducting polymer structures. Of the
two arrangements outlined above, the outer sphere arrange-
ment has been the more widely studied. Recently systems have
been reported that tether complexes such as Ru(bpy)s
(bpy = bipyridine) or ferrocene to the polymer backbone as
shown in Fig. 2. As shown, the length and nature of the tether
has been varied as well as the nature of the conducting polymer
backbone. In most cases, a saturated tether has been employed
resulting in electronic isolation of the metal complexes from
the polymer backbone. From a molecular design point of view,
the use of “well-behaved” redox-active metal complexes is
easily understood since their electrochemical behavior is

predicable. The electrochemical properties of several of these
architectures will be outlined below.

Although there are fewer examples of inner sphere type
conducting metallopolymers, a rich structural diversity
remains. Fig. 3 summarizes the general architectures of inner
sphere systems with several specific examples from the recent
literature superimposed. It is important to note that the
transition metal center is directly interacting with the
conjugation pathway, in some cases as an integral structural
unit in the polymer framework. A variety of ligands can

Redox-Active Metal Complex

@

oN\ 0
@'L('j‘

Covalent Tether

Fig. 2 Molecular components of outer sphere metallopolymer
systems.
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Fig. 3 Molecular components of inner sphere metallopolymer
systems.

produce direct orbital overlap between the polymer backbone
and the transition metal center thereby yielding materials with
electronic properties that are highly sensitive to electronic
perturbations at the metal center. The metal-containing
functionalities can be varied widely and are not limited to
those displaying metal-centered redox activity.

Scope of this review

We provide herein a brief survey of recent conducting
metallopolymer literature and the relative modes of conduc-
tivity. We will limit this review to materials with electro-
chemical properties/measurements that enable discussions
of the degree of redox matching and its effect on conduc-
tivity. More comprehensive reviews of metal-containing
polymeric materials and their model complexes have appeared
elsewhere.” '

Properties of metal-containing conducting polymers
Outer sphere electronic coupling

In the outer sphere arrangement the transition metal com-
plexes are not directly involved in the conductivity pathway.
However, in many cases the metal centers remain in electronic
communication with the conducting polymer backbone
through resonance or inductive effects. There are two
prevalent synthetic strategies to accomplish an outer sphere
arrangement. One involves non-conjugated tethers to attach
the redox active metal centers to polymerizable monomer
units. In the second strategy metal complexes are more
intimately fused to the periphery of the monomer unit.
Several examples of each will be discussed in the follow
sections.

Tethered ferrocene systems

Over the past decade, a body of work has been developed
concerning the functionalization of electropolymerizable
groups ranging from parent thiophene and pyrrole to
cyclopentabithiophene units with ferrocene.'®?° Several of
these structures are summarized in Chart 1. Structures 1 and 3
require  copolymerization with other thiophene-based

S

Chart 1

monomers to form electroactive polymer films with
ferrocene-based electrochemical responses.'®?° The study of
the mixed monomer materials is inherently more difficult due
to the poorly defined nature of the conducting polymer
films, nevertheless separate electrochemical responses are
observed for the polymer backbone and the pendent
ferrocene. Zotti and coworkers have reported that a series
of monomers, 2 and 4, electropolymerize cleanly to provide
well-defined polymer films that have been studied by
cyclic voltammetry, UV-Vis spectroelectrochemistry, and
conductivity.!” " The redox and conductivity properties of
these materials are highly dependent on both the length and
nature of the tethering moiety with conductivities in the range
of 3 x 1072 — 40 S cm™'. As the length of the alkyl tether is
decreased the transport switches from a direct ferrocene-
ferrocene self-exchange mechanism to one involving the
conducting polymer backbone. Utilizing a conjugated alkene
tether (not shown) further enhances the mechanism of
conductivity that involves the polymer backbone directly.
These studies provide a clear example of the outer sphere
mechanism with the properties of the metal complexes and
the conducting polymer backbone remaining electronically
independent. The incidental overlap of the redox properties
of the two components does not lead to a continuum of
electronic states but instead an arbitrary cooperation wherein
the metal complex and polymer backbone continue to function
independently.

Tethered bipyridyl systems

Ruthenium bipyridyl complexes are robust and electrochemi-
cally stable leading to their selection as attractive candidates
for the synthesis of new redox active polymers. Monomer 5
depicted in Chart 2, involves the common p-linkage to
thiophene to produce a tethered Ru5(bpy),.>! Electroc-
hemical deposition of this complex forms poly(Ru5(bpy),)
with saturated alkyl tethers that preclude the direct electronic
communication between the metal complex and the conduct-
ing polymer backbone to give separate redox processes for the
two electroactive components. A recent report also outlines the
use of symmetrically disubstituted bipyridine ligand, 6, which
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possesses electropolymerizable groups tethered on both sides
of the metal chelate to form metal complexes (iron and
ruthenium) with multiple sites available for polymerization.**
In this case, the use of a terminal ethylene dioxythiophene,
EDOT, group was employed to lower the anodic electro-
polymerization potential. These ligands and their metal
complexes (Ru(6(X S, n 4))(bpy)s, Ru(6(X S,
n = 4)),Cl,, Fe(6(X S, n 4));) readily undergo
electropolymerization to provide materials displaying electro-
activity assigned to extended polythiophene (0.60 V) and
immobilized metal complexes (0.35 V-Ru and 1.00 V-Fe)
Fig. 4.

Adjoined metal clusters and complexes

In addition to discreet metal complexes such as ferrocene or
Ru(bpy);, redox active organometallic metal clusters have
been covalently attached to conducting polymer backbones.
The work of Shin et al. has focused on exploring the electronic
interactions between polythiophene backbones and various
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Chart 3

cobalt and molybdenum organometallic clusters attached
through both conjugated and non-conjugated tethers.”> 2 A
selected example 7 is depicted in Chart 3 and the rich electro-
chemistry of the organometallic clusters provides potential
applications including electrochromism. In a series of recent
reports, Shin and coworkers outline the synthesis, character-
ization, and electrochemical properties of polythiophene/
organometallic cluster hybrid materials including the electro-
deposition of polymer films and their subsequent characteriza-
tion by UV-Vis spectroelectrochemistry.?>?® The materials
display defined and well-separated electrochemical responses,
and the incorporation of the organometallic clusters results in
significant perturbation of the polythiophene-based electro-
chromic response.
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Fig. 4 Left: Potentiodynamic electropolymerization of Ru(6(X = S, n = 4)),Cl, from CH,Cl, with 0.1 M BuyNPFy as supporting electrolyte by
repeated scans at a rate of 100 mV s~ ! (potential in V vs. Ag/AgCl). Growth of polymer film is indicated by sequential growth in current. Right:
Cyclic voltammogram of the polymer film in a monomer-free electrolyte solution showing separate electrochemical responses for the two
electroactive components (Adapted from ref. 22 by permission of The Royal Society of Chemistry).
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Mirkin and coworkers>”?® have reported the use of a
terthiophene unit as a redox-switchable hemilabile ligand.>-*°
In this system, a redox active ruthenium complex is covalently
attached to the polymer backbone through an alkyldiphenyl-
phosphine tether and a weaker Ru-S coordination interaction,
8, Chart 3. This unique architecture was designed to
investigate if the electron donation to the metal center could
be sequentially varied by adjusting the redox state of the
polythiophene. These studies made use of FT-IR spectro-
electrochemistry to probe electron density of the ruthenium
metal center through changes in the characteristic carbonyl
stretching frequency. Although, these studies demonstrate that
charge localization on the metal centers prohibits the tuning of
electronic properties over a continuous range, reversible small
molecule uptake and release was achieved as a function of
redox state, Chart 3.2

A novel class of phosphinoterthiophene ligands developed
by Wolf and coworkers has been used to study the effects of
incorporating a transition metal center directly into a
conducting polymer framework.> 3 In this work, a series of
terthiophene ligands were synthesized by appending a diphe-
nylphosphine moiety to either the central or exterior ring of
the terthiophene unit, a selected example is shown in Chart 3,
monomer 9. The phosphinoterthiophene ligands direct palla-
dium toward C-metallation and S-coordination to form a
collection of metal complexes that differ in connectivity,
morphology, and metal content. These complexes electropo-
lymerize to form conductive electroactive thin films and EDX
(energy-dispersive X-ray) analysis of the Pd/C, Pd/S, and Pd/Cl
ratios of the polymer films confirm the retention of the
monomer structure. The films display conductivities in the
107%-10"* S em ™' range as measured by in situ conductivity
with the use of interdigitated microelectrodes,*** and the
authors conclude that the role of the metal is largely inductive.
The ligands are hemilabile and UV-Vis and IR spectroscopy of
these polymer films before and after treatment with isocyanide
ligands that partially displace the palladium metal centers
provide evidence as to the role of the transition metal centers.

Adjoined metal-salen complexes

Reynolds and coworkers have explored the synthesis, metal-
binding, and electrochemical properties of a SALOTH
(condensation product of salicylaldehyde and 3,4-diaminothio-
phene derivatives) ligand, 10, Chart 3. The Schiff-base
ligands were chosen due to their ease of synthesis, high
coordination affinity towards a variety of metal centers, and
robust chemical nature. Studies of zinc, copper, nickel, and
cobalt ions bound in the ligand and the effect on the ligand
and polymer properties were investigated. This group’s studies
further reveal that the complexes can be polymerized between
the para-positions of the SALOTH ligand to give a poly-
phenylene backbone or the a-positions of the thiophenes to
produce a polythiophene backbone depending on the length of
the thienyl portion and the substituent pattern on the
SALOTH ligand. Specifically, if the thienyl portion of the
ligand is extended to a terthiophene moiety and the para-
positions of the SALOTH are capped with methyl groups a
polythiophene backbone will be exclusively formed. Based on

cyclic voltammetry and the electrochromic properties
Reynolds and coworkers conclude that the metal centers
inductively influence the electrochromic behavior of the
polythiophene backbone.*”-*8

Inner sphere electronic coupling

In inner sphere conducting metallopolymers metal centers are
part of the intrapolymer conductive pathway. This has been
accomplished several different ways including: binding the
metal centers to the backbone via metal-carbon or metal-
heteroatom bonds, using the metal centers as functional linkers
within the polymer backbone, using chelating ligands such as
salen (N,N'-ethylenebis(salicylidenimine)) to introduce the
metals, and more elaborate systems such as polymetallorotax-
anes. After a discussion of the energetics, examples of each of
these arrangements will be provided in the following sections.

Energy dispersion in metallopolymers

Although the phenomenon of redox matching in metal-
containing conducting polymers has been increasingly dis-
cussed in the literature, we feel an important conceptual aspect
of this electronic state has been overlooked to date. In order to
take full advantage of the intimate communication between the
transition metal centers and the conducting polymer backbone
one must first consider the energetic effects of combining the
two electro-active systems. In the case of molecular systems
involving well-defined metal complexes such as ferrocene or
Ru(bpy)s, there exists an isoenergic series of electronic states
that can facilitate the charge migration through the system/
solution. This is a direct result of the closed-shell, coordina-
tively saturated nature of the metal centers that limits the
perturbations and leads to relatively sharp and cleanly
reversible electrochemical transitions. This is graphically
represented as seen in Fig. SA. When these types of metal
complexes are tethered to a polymer backbone which possesses
its own band of electronic states, as in the outer sphere
arrangement, the electronic states remain uniform, isoenergetic
and distinct from the electronic states of the conducting
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Fig. 5 Distribution of energetic states in molecular (top) and
polymeric (bottom) systems.
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polymer. One case of this environment is represented in Fig. 5B
which would lead to reversible and well-separated electro-
chemistry for both the metal complexes and the conducting
polymer backbone. Indeed, even a coincidental overlap of
redox potentials still gives two redox systems that are
independent of one another. The distinct disadvantage of such
an arrangement lies in the coordinatively saturated nature of
the metal complexes. The passive nature of the metal centers
leads to well-behaved electrochemical responses, however this
same trait prohibits utilizing direct interactions with the metal
centers for sensing or catalytic applications.

In sharp contrast to this outer sphere electronic arrange-
ment, the inner sphere arrangement enables the utilization of
redox active metal centers that are coordinatively unsaturated
as part of the conduction pathway. In a molecular system, the
open coordination sphere of the metal centers leads to inherent
sensitivity to the local environment due to ligand, solvent, and
ionic interactions. The diverse and dynamic local environment
is unique to each metal center and in turn creates an innate
dispersion in the redox energies of the metal complexes as
shown in Fig. 5C. This response is often averaged for mole-
cular systems in solution but when confined to an electrode the
disparity of local environments is evident. The result is a broad
and varied metal centered electrochemical response. Although
first consideration from an electrochemist’s standpoint would
deem this an inherent weakness, we maintain that, when
carefully matched to a polymer system, the dispersion of states
can be a powerful trait with many potential applications. More
specifically, if a polymer system, and its broad distribution of
electronic states, is overlaid on the dispersed metal-based
electronic states in a judicious manner so as to match the
disparity of the polymer system to the disparity in the metal
system (Fig. 5D) one can obtain a redox-matched state that
should be both highly conductive and sensitive to the local
environments of the transition metal centers. Although there
are relatively few examples of coordinatively unsaturated
systems to date, the principles of energy dispersion are
important to consider when designing metallopolymers for
sensory and catalytic applications. However, the general
principles of redox matching in metallopolymers outlined here
are applicable to both coordinatively saturated and unsatu-
rated systems to enhance electronic communication between
the metal centers and organic segments of the metallopolymer.

As touched on in the introduction, a direct analogy between
the polymeric systems discussed herein and molecular mixed
valence systems can be drawn. The vast body of work on the
molecular systems®>** provides a valuable resource when
considering the electronic interactions between metal centers
within inner sphere metallopolymers.

Initial demonstration of redox matching

From a molecular design aspect, the salen ligand meets several
important criteria, namely, it is: chemically robust, able to
accommodate many different metals, easily synthesized, and
capable of forming coordinatively unsaturated metal com-
plexes. Our laboratory has made use of this versatile ligand to
prepare a series of functional metallopolymers with high
conductivities as summarized in Chart 4.*** Although the

M = Co, Cu, Ni, UO,

oS

A ARRRS

Chart 4

thiophene-free parent M(salen) system has been shown to
oxidatively polymerize,* > the high voltages required to
polymerize and dope the materials produces degraded metal
complexes. Thiophene based electroactive groups have been
incorporated para to the phenolic oxygens of the salen core in
the monomers in order to lower the potential necessary to
electropolymerize the salen—-metal complexes and achieve the
highest degree of communication between the polymer back-
bone and the metal centers. Initial cyclic voltammetry and
in situ conductivity (max = 40 S cm ™) studies on 12 revealed
that although the cobalt metal center was in direct commu-
nication with the polymer’s electroactive m-system it was not
involved in electron/hole transport, Fig. 6 (solid line).** This
conclusion was supported by the lack of overlap of the
electrochemical responses for the cobalt and polymer back-
bone, and the loss of metal centered electroactivity in thick
films due to a lack of facile Co™/Co™>-based charge transport.
Substitution of the thiophene moiety with an EDOT creates a
more favorable redox match between the conducting polymer
backbone and the transition metal center, Fig. 6 (dotted line),
thus establishing a distribution of redox states similar to that
shown graphically in Fig. 5D. This system has excellent
organic-metal redox overlap that was commensurate with
the onset of conductivity. The redox matching generated
a large increase in the maximum conductivity to a value of
250 S em™ !, a value comparable to polyEDOT polymerized
under the same conditions. It was concluded that the matching
of the metal and polymer backbone centered redox potentials
provides a conductivity enhancement beyond a simple additive
combination. In order to clearly identify the role of the cobalt
metal center in the conductivity, this system was reacted with a
series of pyridine-based ligands that selectively perturbed the
energy level of the metal and therefore affected the degree of
redox coupling in the system. As shown in Fig. 7A, the redox
couple of the cobalt centers shift to a lower (unmatched)
potential while the polymer backbone was left unchanged.
Additionally, Fig. 7B reveals that this led to a 66% decrease
in the conductivity and an onset of conductivity that no
longer involves the metal centers. The latter proves that the
cobalt centers are electronically removed from the system
while still being physically present. In this regard, pyridine also
served as the initial demonstration of small molecule sensing
via metallopolymer-modified electrodes in a redox-matched
system.

In addition to the initial observation of conductivity
enhancement by redox-matching in conducting metallopoly-
mers, our group has reported a detailed study of the electronic
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leads to relatively low conductivity. Cyclic voltammogram of a thin film of polymer 11 (ethylene bridge/Co) (dotted line) showing overlapped or

redox matched electrochemical processes.

properties of a series of salen-based metallopolymers, 11,
where both the metal center and diamine backbone of the salen
ligand were varied.** This study utilized cyclic voltammetry,
in situ conductivity, UV-Vis spectroelectrochemisty, and in situ
EPR spectroscopy to elucidate the correlation between the
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Fig. 7 A: Cyclic voltammogram of polymer 11(ethylene/Co) in 0.1 M
BuyNPF¢/acetonitrile solution (solid line) and in the presence of
pyridine (dotted line) demonstrating a shift of the metal-based peak as
a result of metal-ligand interactions. B: In situ conductivity versus
electrochemical potential of polymer 11(ethylene/Co) before (solid
line) and after (dotted line) exposure to pyridine clearly showing a
reduction of conductivity as a result of less favourable redox matching.
(Adapted from ref. 43 by permission of Wiley-VCH publishing.)

interpolymer electronic communication, ligand structure and
the transition metal center. Increased bulkiness of the diamine
used to prepare the salen ligand gave decreased interchain
communication and associated conductivity. This effect was
also metal dependent with the redox inactive copper-based
system exhibiting the largest conductivity decrease, and the
redox-active nickel system was less sensitive. The variation
between interchain and intrachain type mechanisms of
electronic transport complicates conducting polymers relative
to molecular systems.

Redox matched materials
Recent examples of redox matched conducting metallopolymers

Transition metal centers directly bound to the polymer
backbone. Organometallic heterocyclic polymers have been
prepared by “metallacycling” polymerization reactions®>* by
Nishihara and coworkers, and both ruthenium and cobalt
materials have been investigated.”>>® The soluble cobalt-
containing polymer 13, synthesized by cyclization of the
corresponding diacetylene and CpCo(PPhs), has the most
favorable electrochemical properties and displays redox-
conductivity of 107* S ecm ™' when doped with I,.¥ The
authors postulated that the metal centers provide a conduit for
charge transfer through the n-conjugated backbone and that a
mixed valence state exists after chemical doping.

Pickup and coworkers’’®' have made extensive use of
impedance spectroscopy, rotating disk voltammetry, and dual
sandwich electrode voltammetry to elucidate charge transport
mechanisms in several ruthenium- and osmium-containing
conducting polymers. They outlined how the different
conductivity mechanisms depend upon the nature of the
interaction between the metal centers and the ligand backbone.
The benzimidazole-based conducting polymer 14, Chart 5,
has demonstrated strong polymer mediated communication
between the metal centers.””® The pH dependent
nature of the charge delocalization resulting from the
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Chart 5

protonation/deprotonation of the polymer backbone support
its role in charge transport. These studies revealed the roles of
redox matching in polymer-mediated charge transport and
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how superexchange type mechanisms depend on the degree of
organic polymer—metal ion orbital overlap. In an effort to
increase this orbital overlap Pickup and coworkers investi-
gated polymer 15, Chart 5.°' In this system the electron rich
poly(bithiophene-co-bithiazole) backbone was selected to
lower the energy of the polymer HOMO to promote electronic
communication with the metal center. Impedance spectroscopy
confirmed the enhanced electron transfer rate due to increased
organic polymer-metal ion electronic communication in
polymer 15 relative to polymer 14. Moreover, impedance
spectroscopy, see Fig. 8, further revealed that the closer redox
matching in the ruthenium analog of 15 gave increased
electron-transport over the osmium analog. Additional evi-
dence for the involvement of the polymer backbone in the
metal centered electronic conduction was obtained from a
potentiometric charge transport analysis that showed a sharp
drop in charge mobility as the polymer backbone was
overoxidized to a form that does not efficiently mediate
electron transport, Fig. 8.

Our laboratory has also reported a series of polymeric
systems based on the Ru(bpy); redox functionality.®*®* The
most noteworthy material, in the context of this review, is the
highly crosslinked polyl6. Comparisons within a series of
complexes demonstrated that the 4,4'-attachment of the
bithiophene moieties to the bpy system provides the best
inter-Ru(bpy); communication. This result is expected based
upon the frontier orbitals of the bpy ligands and a high redox
conductivity (3.3 x 107> S cm™ ") was observed for poly16.%*

Transition metal centers as part of the polymer backbone.
Recent studies by the research groups of Wolf and Higgins
have focused on conducting polymers that incorporate
ferrocene directly into the polymer backbone.®*¢* Both groups
have reported ferrocenes separated by oligothiophenes, 17
and 18, Chart 6, and although these studies do not
report conductivity measurements, electrochemical and
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Fig. 8 Left: Complex plane impedance plots for a 15 (M = Os) coated Pt electrode at selected potentials in CH;CN containing Et;NCIO,. Right:
D.Cy> versus potential from impedance data for a 15 (M = Ru) coated Pt electrode in CH3CN containing 0.1 M Et;NCIO,. The order of
experiments was from low (1.22 V) to high (1.5 V) potential, followed by a final experiment at 1.22 V. These experiments demonstrate the
involvement of both the metal centers and the polymer backbone in charge transport through the polymeric material. (Adapted with permission

from ref. 61. Copyright 2002 American Chemical Society.)
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Chart 6

spectroelectrochemical data indicates that significant charge
delocalization 1is present.66 Furthermore, studies in model
systems show that a matching of the redox couples of the
oligothiophene backbone to the ferrocene- greatly enhances
the charge delocalization.®®

Linear rod-like polymers based on oligothiophene function-
alized terpyridine ligand systems have been reported.®” ¢
Charge mobility and polymer conductivity studies on polymer
19, Chart 6°%% determined that the combination of a
bithiophene polymeric unit and the osmium-terpyridine
redox-active complex gives ideal redox matching. The elec-
trical transport properties were probed by a variety of
electrochemical techniques including impedance spectroscopy
and large amplitude potential step chronocoulometry. These
techniques revealed a lower limit estimate of the conductivity
of 0.5-1 x 107* S cm™! (Fig. 9) that is enabled by the high
degree of overlap between the quaterthiophene HOMOs and
the orbitals of the osmium complex.®®

Polymetallorotaxanes and entwined metallopolymers.
Conducting polymers with metal-rotaxane and -entwined
architectures provide access to interlocking network mate-
rials.” The assembly of metallorotaxanes and entwined
metallopolymers is templated by metal centers which serve to
hold a circular molecular component in place about a linear
molecule that pierces the macrocycle center and to hold two
U-shaped molecules together (respectively). In the rotaxane
variant the threading molecule is irreversibly captured by the
macrocycle and in entwined metallopolymers the thread can be
removed without breaking a covalent bond. Bidan, Divisia-
Blohorn, Kern, Sauvage, and coworkers have published
extensively on entwined conducting metallopolymers and
polymetallorotaxane systems.”' 78

In the case of the entwined metallopolymer systems,”' two
ligands have been studied that incorporate thiophene-based
electropolymerizable moieties in the 2,9-positions of the

Eotrset =20 mV

[&)]
o
\

0.1 0.3 0.5 0.7
E/Vvs FclFc'

Fig. 9 In situ conductivity measurement using a 19-coated inter-
digiated platinum microelectrode array. (Adapted with permission
from ref. 68. Copyright 2003 American Chemical Society.)

copper binding 1,10-phenanthroline ligands, 20 and 21,
Chart 7. X-ray absorption spectroscopy of the monomer and
polymer structures reveals that the copper coordination
geometry remains unchanged in the polymer and depends on
which ligand is used. Cyclic voltammetry of poly[Cu(20)]
reveals a poor overlap of the metal-centered and ligand-
centered redox processes and an in situ conductivity of
11 x 107* S ecm™! which is similar to poly20 (1.2 x
107*S cm ") suggesting no involvement of the copper ions in
the conductivity. In contrast, polymers of alkylated terthio-
phene containing ligand, 21, provide better redox matching
with the copper metal centers and an increase in the
conductivity to 9 x 107* S cm™~'. Again, the role of the metal
can be inferred by comparing the metal-free polymer, poly21,
which shows a decreased conductivity of 1 x 107% S ecm ™!
similar to the non-redox matched system.

Our laboratory reported the initial synthesis and character-
ization of conducting polymetallorotaxanes’>”’ based on a

Chart 7
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2,2'-bipyridyl threading element functionalized with polymer-
izable thienyl groups in the 5,5'-positions and Sauvage’s 1,10-
phenanthroline based macrocycle, structure 22, Chart 8.
These architectures were designed to incorporate well-defined
receptor sites into a conducting polymer framework that can
reversibly bind transition metal ions. Studies on electropoly-
merized films showed that demetallation and remetallation
processes are completely reversible leading to potential sensory
applications and that the Lewis acidity and redox properties of
different metal centers effected the polymer’s electronic
conductivity. Good redox matching was observed between
the PEDOT based threading polymer and copper metal ions.
In this system, a dramatic 10°~107-fold increase in conductivity
was observed upon treatment of the metal-free material with
Cu*? ions that effectively dope the polymer when they bind to
the templated binding sites.”

Subsequent studies of polymetallorotaxane systems by
Sauvage and coworkers’>"” focused on rotaxanes based upon
the same macrocycle threaded with 2,9-functionalized 1,10-
phenanthroline units (not shown).”*”>”” In contrast to 22,
these materials can not be reversibly demetallated without the
use of a lithium ion placeholder to preserve the rotaxane

M = none, Cu, Zn, Co
R=CHs, H

23

Chart 8

structure. A second-generation polymetallorotaxane structure,
23, Chart 8, repositions the electropolymerizable groups to the
3.8-positions of the phenanthroline resulting in a linear
threading element and polymer backbone. Additional fine
tuning of the properties was achieved by varying the
substituents at the 2,9-positions.”>’® By incorporating more
sterically demanding methyl substituents (as compared to
hydrogens) the resulting polymer’s electrochemical stability
and metal binding reversibility are enhanced. Polymetalloro-
taxanes incorporating the 2,9-dimethyl phenanthroline 23
revealed that the charge-carrier mobilities were higher in the
metal free forms than the lithium, cobalt, zinc, and copper
metallorotaxanes. In polymer 23 redox matching is absent and
the metal centers act as barriers to electronic conductivity due
to charge localization mechanisms.

Through carefully designed synthesis and supramolecular
assembly, our group has constructed a three-strand conducting
metallorotaxane ladder polymer that incorporates dissimilar
electroactive moieties into a superpolymer structure.”® As
shown in Chart 9, polymer 24 has different electropolymeriz-
able groups attached to both the macrocyclic and threading
elements of the rotaxane structure. By introducing electro-
active groups with distinctly different oxidation potentials
these two groups can be polymerized in a step-wise fashion.
Specifically, the EDOT-based groups covalently attached to
the macrocycle can be first electropolymerized producing a
metallorotaxane structure and the bithiophene groups poly-
merize at higher potentials. The size and relative orientation of
the monomers in the second polymerization were chosen to
produce a highly regular three-strand supramolecular ladder
polymer. By including the two different types of conducting
polymer backbones into one material, it was demonstrated
that each can be electrochemically doped into its conductive
state at a unique electrochemical potential creating a situation
wherein the inner strand is conductive while the outer strands
remain insulating; an insulated molecular wire. In this case, the
copper ions that were redox matched to the insulated
conducting polymer were key to interpolymer transport, see
Fig. 10. Hence a conductivity of 38 S cm™! was observed for

M =Cu, Zn

Chart 9
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Conductor

Insulator

Fig. 10 Conduction between molecular wires is mediated by metal-
centered electroactivity.

the copper metallorotaxanes, whereas the analogous system
incorporating electroinactive zinc ions exhibits a much lower

conductivity of 2 S em ™ L.

Applications. Several of the materials introduced in previous
sections have been used in applications ranging from electro-
responsive sensors to photoelectronic devices. In cases where
the interaction of the transition metal centers with the
conducting polymer backbones creates the relevant function;

enhanced properties are obtained by redox matching. Selected
examples of each application are briefly reviewed below.

Sensing. We have illustrated how strong electronic coupling
between the transition metal centers and the organic conduct-
ing polymer backbone facilitates electronic charge transport.
The intimate involvement of the transition metal centers in the
conductivity pathway provides an approach to chemoresistive
chemical sensors. For example, the redox potential of a
coordinatively unsaturated transition metal will be highly
sensitive to small molecule or ion binding. Analyte induced
changes in the metal’s redox potential will affect the degree of
overlap with the conducting polymer thereby creating a
measurable response in conductivity. The matching of the
metal center’s and organic polymer’s redox potentials can be
either increased or decreased depending on whether the
binding event shifts the redox potential of the metal center
into a state of better overlap with the polymer backbone or
worse overlap. These two scenarios lead to two distinct sensing
strategies with characteristic levels of sensitivity that can be
tuned and tailored depending on the desired application. As
shown in Fig. 11, the most sensitive situation is achieved with a
perfectly redox matched conducting metallopolymer. Here a
single binding event can disrupt a critical transport pathway
and lead to a drastic reduction in conductivity thereby
providing an ultrasensitive system for detecting small mole-
cules. Such a mechanism is best realized in systems that have a
finite number of pathways to block. Alternatively, if the initial
state of the conducting metallopolymer displays partial or no
redox matching of the of the organic polymer and metal
centers, a low conductivity charge localized material would be
observed. In this situation, a single binding event can create

A. “Turn-Off” Mechanism - most sensitive
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Fig. 11 Chemoresistive sensing schemes with conducting metallopolymers demonstrating how analyte induced energetic changes can produce a

response.
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favorable redox matching that will enhance local transport.
However when the relative concentration of activated low
resistivity regions exceeds a critical percolation level the bulk
conductivity of the material will be enhanced leading to a
measurable electrical output. The sensitivity of this motif is
best suited to the detection of target analytes at intermediate
concentrations. Initial, proof-of-concept, sensory systems
based on conducting metallopolymers and the principles of
variable redox matching within these systems are outlined in
the following examples.

Electropolymerization readily  produces polymer-
functionalized electrodes for the construction of resistivity/
conductivity-based chemical sensors. One example, based on
the polymetallorotaxane developed in our laboratory and
discussed above, takes advantage of its reversible metal ion
binding rotaxane structure, Chart 10 (25a and 25b).”° In
particular these materials display changes in both their optical
and electrical properties with metal coordination. Specifically,
the addition of copper or zinc ions, gives a 34 nm red shift in
the UV-Vis spectrum from the metal-free polymer, Fig. 12.

Conducting metallopolymers based upon the salen ligand
system are particularly well-suited for sensory applications as a
result of the nominally vacant axial sites that enable further
coordination to specific analytes. Our group recently reported
the use of a cobalt-based salen polymer, 26, as a resistivity-
based detector for nitric oxide.’® In this system it had been
previously observed that the cobalt-based redox processes
provided good, but not optimal, redox matching with the
organic polymer backbone, thereby establishing a turn-on
sensor system (Fig. 11). When exposed to a 7 mM solution of
NO, the electrode confined polymer exhibits a specific 30%

M

-M

M =Cu, Zn

+ M

M = Ni, Cu
M' = Li, Na
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0.05
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Wavelenghth (nm)

Fig. 12 Initial 25b (M = Zn) film (solid line), after treatment with
H,Ol/ethylenediamine (3 : 1) (dashed line) and after dipping in 0.05 M
Zn(Cl04),/CH;CN (dot-dashed line). Reversible metal binding causes
34 nm shift in UV-Vis spectrum of polymer film. (Adapted with
permission from ref. 79. Copyright 1996 American Chemical Society.)

increase in its in situ conductivity. This increase is accom-
panied by an anodic shift of the cobalt-centered redox activity,
which enhances the redox matching with the organic polymer.
The sensor demonstrated a highly reversible response by
returning to the initial state within three potential sweeps in an
NO-free solution. Additionally, this sensor system has shown
good stability in the aerobic aqueous conditions opening
potential for use in biological media.

Another example utilizing a metal-containing conducting
polymer in a sensory role was demonstrated by Reynolds
and coworkers with the crown-ether containing polymer, 27,
Chart 10.%" Once electrodeposited on an electrode surface this
polymer has two “hot-spots” that can be utilized for the

Chart 10
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detection of different classes of analytes. First, the chelated
metalloSALOTH unit, which is in close electronic commu-
nication with the intramolecular conduction pathway, can
detect neutral donor molecules (pyridine, DMF, DMAc,
DMSO) down to nM concentrations by virtue of semi-
reversible (50% recovery) disappearance of the electroactivity
of the polymer film. Second, the tethered crown ether moiety
shows cathodic electrochemical shifts in electroactivity in
response to Li, Na, Mg, and Ba ions. The monocations of Li
and Na show fully reversible binding behavior whereas
dicationic Mg and Ba bind irreversibly in the crown ether.

Electrocatalysis. Transition metal centers in a conducting
polymer framework have many potential uses in catalytic
processes including: tuning the reactivity of catalysts based on
applied voltage, driving reactions based on electrical switching
of the transition metal centers redox state, and delivering
multiple electrons to a reaction site for a single transformation.
An example of the latter is the four-electron electrocatalytic
reduction of oxygen to water. The same polymeric material
utilized for the nitric oxide detection has been shown to
efficiently reduce oxygen to water, 26, Chart 10.5> The high
conductivity due to the redox matching allows the rapid
delivery of electrons to the cobalt and the complete conversion
of the oxygen to water with almost no trace of hydrogen
peroxide formation being detected by rotating disk voltam-
metry. In contrast the parent poly(Co/salen) system with no
redox matching and lower conductivity gives only a 39%
conversion.

Photoelectronic devices. The strong charge-transfer UV-
Visible absorptions of many transition metal complexes are
attractive for incorporation into photonic devices. When this
feature is combined with a conducting polymer backbone that
can efficiently shuttle charge between the metal centers,
photoelectronic applications can be easily imagined. One such
device makes use of alternating layer by layer deposition of
conducting metallopolymer 28 and SPAN, Chart 11.** to
create a photodetector based upon charge injection into a
conducting polymer from excited state of the ruthenium metal
center. Under simulated solar illumination, functioning devices
have exhibited short circuit currents and open circuit voltages
in the 8.9-15.0 pA cm ™2 and 0.76-0.84 V ranges (respectively).

= SPAN

SO,H

Chart 11

These promising results and the ability to tune the absorption
of the device by introducing different transition metal
complexes suggests a promising future for conducting metal-
lopolymers in photoelectronics.

Concluding remarks

In this review we have provided a general introduction to the
principles governing redox active transition metal centers in
organic conducting polymer systems. The resulting perturba-
tions can profoundly effect the conductivity and several
examples were provided from the recent literature.
Additionally we have outlined how the redox matching of
the metal centered electroactivity with that of the electroactive
organic polymer backbone can be used to enhance conductiv-
ity, sensory responses, and electrocatalytic activity. Due to the
relatively young nature of the field of highly conducting
metallopolymers the potential of such systems remains largely
unexploited. Future work in this area will undoubtedly provide
novel materials with major impact on the fields of sensory
devices, electrocatalysis, optoelectronics, energy conversion
and storage, and molecular electronics.
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