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1 Provenance of Polyradicals

Polymers have always been useful as chemically robust stuctural
components and such applications are expected to continue for
most bulk commodity polymers. Alongside these engineering
materials, designed for their mechanical properties, specialized
polymers have been developed in the past few decades which
contain periodic functionality suiting them for specific physico-
chemical tasks. Examples include electrode coatings, catalysts,
photo-resists, and light-emitting polymers. Polyradicals com-
bine together the high molecular weights and structural regulari-
ties of common solid-state polymers, with the unique character-
istics associated with the unpaired electrons present in free
radicals. In the production of virtually all polyradicals advan-
tage is taken of the ease with which chains and networks can be
built up by the stepwise repetition of sequences of reactions like
addition, coupling, condensation efc. from the standard meth-
ods of polymer synthesis. The product polyradicals contain a
succession of paramagnetic centres, usually stable free radicals
or radical ions. These radical centres occur as repeating side
chain units, or as repeating electronic structures within the
polymer backbone, and they are ordered by the recurrent
polymer structure.

Two major classes of polyradicals can be distinguished. First,
those with unconjugated backbones to which stable radicals are
attached as pendant groups, i.e. (1). The second class contains
materials with conjugated backbones of the polyacetylene type,
linked either to free-radical side-groups, i.e. (2), or incorporat-
ing repeating paramagnetic centres within the backbone.
Technically, lightly doped poly(acetylenes), poly(thiophenes),
polypyrroles) etc. belong to this second class, because in poly-
pyrrole, for example, the doping process (oxidation) introduces

polarons (radical cations delocalized over ca. four monomer
units) which are the major charge-carriers. However, conduct-
ing polymers have received excellent coverage elsewhere! and,
with a few exceptions, are excluded from the present review.

Polyradicals contain ordered arrays of unpaired electrons and
their most important chemical properties stem from this.
Because the incorporated free radicals usually have accessible
oxidation or reduction potentials, polyradicals can act as cata-
lysts, or as full reactants, in a variety of electron transfer
processes. Depending on the nature of the electron array,
ferromagnetic, ferrimagnetic, or antiferromagnetic behaviour
may be displayed. Polyradicals, in contrast with conducting
polymers, may have appreciable conductivity before doping. It is
also possible that, in conjugated polyradicals containing two
different kinds of non-bonding electrons, enhanced conductivity
could be produced and that pairwise mobility of the electrons
could even give rise to superconductivity.

In this review we shall discuss the synthesis, characterization,
and spectroscopy of polyradicals. We shall also survey the
chemical reactivity, including the electrochemistry and catalysis
of, for example, single electron transfer reactions. Physical
properties will not be discussed in detail, except where it is
relevant to the design of polyradical structures for the goals of
ferromagnetic and superconducting materials.
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2 Synthetic Strategies

Four basic strategies have been utilized for the production of
various types of polyradicals. (i) A monomer containing a vinyl,
diacetylene, thiophene, pyrrole, etc. unit, to which is attached a
stable free radical, is polymerized by free radical, anionic,
topochemical photolytic, or electrochemical means, to give a
polyradical directly. This approach is severely limited by the fact
that the radical centre in the monomer often inhibits, prevents,
or diverts the polymerization process. (ii) A similar monomer,
but functionalized with a free radical precursor is polymerized.
Subsequent treatment of the polymer, usually oxidation or
reduction, converts the precursors into free radicals. For exam-
ple, polymers containing hindered secondary amine groups may
be oxidized to poly(nitroxides), polymers containing quinones
may be reduced to poly(semiquinone radical anions), and
polymers with diazo groups may be photolytically cleaved to
give poly(triplet carbenes). (iii) Stable free radicals are chemi-
cally attached (grafted) to a preformed polymer. The advantage
of this approach is the good control which can be exercised over
the molecule weight by selection of an appropriate starting
polymer such as a poly(butadiene) or a poly(acrylic acid). (iv)
Free radical precursors are chemically attached to a preformed
polymer which is subsequently oxidized, reduced, or otherwise
chemically treated to give the polyradical. The main drawback
to strategies (ii) and (iv), which give precursor polymers, is the
difficulty of ensuring complete conversion of the precursor
groups, particularly if, as often happens, the polymer is not very
soluble in inert reaction solvents. For example, synthesis of
copolymers, (3), which were prepared by irradiation of an
oxallyl ester with an attached phenol, were recently reported.?
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Allowing for the co-radicals produced in the photochemical
reaction, only about 25% of the theoretical concentration of
polymer-bound spins was observed. The disruption of the
radical array in incompletely converted polyradicals can have
drastic effects on any desired cooperative activity of the final
material, for example, the electrical conductivity or ferro-
magnetism. Consequently, optimization of the yield of radical
centres is a major concern.

3 Specialized Methods of Characterization

3.1 EPR Spectroscopy of Polyradicals®

Spin—spin dipolar interactions in solid state polyradicals lead to
a broadening of the EPR lines compared with solution spectra.
In favourable cases the degree of broadening can be calculated
from known or estimated spin densities and the distance the
spins are apart. Dipolar interactions are typically on the order of
10-2to 10~ 1 cm~! (10 to 100 mT). A biradical, for example,
generally exhibits a six-line spectrum in frozen glasses; from this
spectrum two parameters D and E may be extracted. The value
of D is related to the distance the two spins are apart, and the
degree of interaction of the spin-containing orbitals. A conju-
gated, or folded over, biradical hasa D of ca. 0.06 cm ~ !, while a
non-conjugated biradical has a much lower value of D. On the
other hand, exchange interactions (J) can be larger than the
dipolar interaction by up to two orders of magnitude. They can
bring about exchange-narrowing of linewidths to approach
those of the monomer radicals in solution. If the observed
linewidth of the solid polyradical is the same as that for the
polymer in a dilute solution or in a dispersed solid, then it is
reasonable to assume that the intrachain exchange interactions
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dominate. If the observed linewidth is broader than in solution,
then interchain exchange interactions are important. As the
temperature is lowered the dipole—dipole linewidth increases,
while the exchange-narrowed linewidth is unchanged.

The integrated signal intensity is proportional to the magnetic
susceptibility, . This may be useful when the contributions of
two different signals to the bulk magnetic susceptibility are
under consideration.

3.2 Electrical Conductivity

Polymer conductivities span a wide range. For example, Teflon
has a conductivity of < 107!%® S/cm (2! cm~!) and is an
insulator whereas polythiophene, which has a conductivity of
10? S/cm in its oxidized (‘doped’) form, is a good conductor.
These differences reflect the number and mobility of itinerant
electrons or holes. The electrical conductivity of a polymer
sample indicates whether the charge carriers are delocalized and
mobile, giving rise to high conductivities, or localized and
immobile, leading to low conductivities. Many novel electrically
conducting polymers are prepared as powders, and must be
pressed into pellets before the conductivity is measured, gener-
ally by attaching four fine gold wires or by pressing four graphite
contacts onto the sample.! These contact methods prevent
cracking of brittle peliets. Two of the contacts are used to pass a
known current, the other two measure the voltage drop across
the sample: this is called the four-point probe method, a
procedure which eliminates the effect of contact resistance. A
pressed powder sample, however, may have a lower conductivity
than the intrinsic conductivity because of the resistance between
the powder particles and the inherent defects in the polymer
chains. Defect-free, oriented-chain doped-polyacetylene sam-
ples have been produced with conductivities of up to 10° S/cm,
approaching those of metals.

Turning to polyradical samples, since they contain a large
number of unpaired electrons which have singly-occupied (or
vacant) orbitals in the adjacent radical centre to jump to, we
should expect the conductivity to reflect the mobility of the
electrons. A high conductivity for a polyradical indicates that
the unpaired electrons are mobile and metallic; this will tend to
cause the electrons to pair up. However, a low conductivity
would indicate immobile, localized electrons and the possibility
of unpaired spins.

3.3 Electrochemistry

Many radical groups are redox-active, and hence electrochemi-
cal measurements can confirm that the redox potential of the
polyradical is similar to that of the monoradical redox unit; a
broad redox couple indicates extensive hydrophobic or electro-
static interactions between groups. The percentage redox
activity (charge associated with each monomer unit) of a sample
indicates whether the radical groups are accessible to the elec-
trode and whether fast electron transfer between redox groups is
possible. Immobilization of the polymer onto the electrode
surface is very convenient for making these measurements, as
well as measuring D,,, the diffusion coefficient of charge trans-
port within the polymer, which is a sensitive function of polymer
solvation, flexibility, and structure. There is also a great deal of
interest in measuring the rate of redox reactions mediated by the
polymer interior and outer surfaces. In many cases electroche-
mical oxidation is a convenient way to synthesize conjugated
polyradicals, or to generate in situ radical groups from non-
radical precursors.

4 Unconjugated Polyradicals

The first rather ill-defined polyradicals were prepared in the mid
’50s by incorporating DPPH (diphenyl picryl hydrazyl), triaryl-
methyl, or verdazyl radicals into poly(styrene) by irradiating
with y-rays and subsequently oxidizing the polymers.* Subse-
quently, the most popular unconjugated polyradicals have
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contained 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) as the
pendant stable radical. For example, poly(TEMPOacrylates),
(5), have been made by anionic polymerization of monomer (4)
prepared from TEMPOL and a substituted acrylic acid chlor-
ide.5 The extent of polymerization depends critically on reaction
conditions, but molecular weights up to 140K have been
reported. Free amine monomers inhibit polymerization with
free radical initiators. However, the analogous hydrochloride
(6) or hydrogen sulfate salts, gave good yields of polymer with
AIBN as initiator, provided acetic acid was used as the solvent.
Conversion of the polymer (7) into polynitroxide (8) was
effected by oxidation with hydrogen peroxide. The free radical
route via amines enabled copolymers incorporating unsubsti-
tuted styrene, methyl methacrylate, and divinylbenzene units to
be assembled.

The polynitroxides (5) and (8) are orange-brown paramagne-
tic powders which are insoluble in hexane but sparingly soluble
in acetonitrile. Their redox potentials and chemical reactivity
are similar to those of monomeric nitroxides.® Apart from the
possibility of using them as minimum disruption anti-oxidant
additives for bulk polymers, the main interest in these materials
is associated with their use as catalysts for the oxidation of
organic substrates. For example, a catalytic amount of (8) in
acetonitrile was employed, in conjunction with a second
aqueous phase containing alkaline K;[Fe'"{(CN),), to oxidize
benzyl alcohol to benzaldehyde in yields of > 50%

PhCH,OH (B)/K,[Fe(CN)s]

PhCHO
These polynitroxides were also effective as coatings on elec-
trodes for the electrochemical oxidation of amines. For exam-
ple, an electrode made by dip coating (5)(R = H) onto platinum
was effective in the oxidation of a range of amines.> The
oxidation was also successful on a preparative scale using a
carbon fibre cloth electrode coated with a monolayer of
(5)(R = H). Electrolysis at + 0.85V of benzylamine in anhyd-
rous acetonitrile yields benzonitrile; addition of water gives
instead a good yield of benzaldehyde. The oxidation takes place
via a catalytic cycle involving the oxoammonium ion, nitroxide,
and hydroxylamine. In general, the efficiency of this electrosyn-
thesis depends on the structure of the amine, but catalytic
currents and turnover numbers are high for most primary
amines.

A large number of papers have reported electrochemical
studies on redox polymers but we shall mention only two.
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Unconjugated polyradicals containing viologens have been
made by AIBN-catalysed copolymerization of I-propyl-1'-
vinyl-4,4'-bipyridinium diperchlorate (9) and vinyl benzophe-
none.® The resulting copolymers were converted into deep blue
poly(viologens) (10) in DMSO solution by photo-induced elec-
tron transfer. The ease of this conversion suggested that poly-
(viologens) might be used as photochromic materials. Nambu e¢
al. showed that intermolecular charge-transfer complexes,
formed between viologen and benzophenone groups inside a
copolymer, could mediate the photo-reduction of viologen by
DMSO. Evidence for this interaction was also obtained from
electrochemical studies.® Wrighton er al. described a redox
polymer containing quinone groups sandwiched by viologen
units. The quinone was inaccessible to the electrode and could
only be reduced via electron transfer from viologen groups.’

5 Conjugated Polyradicals
5.1 Functionalized Polypyrroles and Polythiophenes

Pyrrole, thiophene, aniline, and several other monomers can be
polymerized either by electrochemical oxidation or by chemical
oxidizing agents to give black polymers with backbones contain-
ing long sequences of conjugated double bonds. These materials
become electronic conductors when oxidized or reduced
(doped). This is explained by the creation of delocalized charge
centres which may be singly-charged (polarons) or doubly
charged (bipolarons), both of which can migrate along the
conjugated chain under the influence of an applied potential. If
the monomers have chemically bound side groups containing
redox centres then the resulting polymers are conjugated polyra-
dicals of type (2). Most work has been carried out with pyrrole
and thiophene derivatives using electrochemical polymeriza-
tion. The polymers form as layers on the anode. Modified
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electrodes made in this way can be activated by applying the
appropriate potential, and used for the catalysis of electron
transfer initiated chemical transformations.

The polymerization process links pyrrole nuclei via their 2-
and S-positions so that any functional groups must be attached
at the pyrrole nitrogen atom (1-position) or the 3-position of the
pyrrole nucleus. The latter derivatives are quite difficult to
prepare so that only a few such polymers have been studied.
These include poly(11) which was readily formed by electroche-
mical oxidation; films were highly electroactive.®
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Many different polyradicals have been made from N-substi-
tuted pyrroles. A thorough exposition of this area has been given
in recent interesting reviews.® The chain linking the substituent
to the pyrrole nitrogen must be at least two methylene units long
for electrochemical polymerization to be successful. Polypyr-
roles with reducible substituents include the quinone-containing
poly(12), which catalysed the reduction of oxygen, and viologen
containing-poly(13).1° Platinum electrodes coated with violo-
gen-containing poly(pyrroles) were shown to catalyse the reduc-
tion of organo-halogen compounds.!?
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For pyrroles linked to oxidizable substituents the potential
needed to cause polmerization may be greater than that required
to oxidize the substituent. Regardless of this, several such
monomers have successfully been polymerized by cyclic voltam-
metry, provided that the potential is swept sufficiently positive
for initiation of the oxidative pyrrole coupling process — as we
have shown for a pyrrole monomer linked to a TEMPO
group.!? Electrodes coated with poly(14) exhibited a reversible
couple due to oxidation of nitroxide to oxoammonium cation.
In the presence of an added alcohol the oxoammonium ions
were reduced to the hydroxylamine and the alcohol was oxidized
to aldehyde or ketone. Then, reoxidation of the electrode-bound
hydroxylamine to oxoammonium cations prepared the system
for another catalytic cycle.!® Although this system successfully
converted alcohols into aldehydes/ketones on an analytical
scale, problems with the electrode coating stability were encoun-
tered on scaling up the process. Ruthenium complexes made
from pyrroles N-functionalized with pyridine and bipyridine
ligands such as poly(15) and poly(16) were found to be better
electrocatalysts for alcohol oxidation.!* Many other poly(pyr-
roles) with attached metal complexes of pyridines, porphyrins,
and cyclams have been investigated.®

Thiophenes functionalized at the 3-position can be polymer-
ized by controlled potential oxidation only if electron withdraw-
ing groups are remote from the thiophene. Usually the redox
functional group must be separated from the thiophene by a
methylene chain of at least two units. Poly(thiophenes) with
quinone side chains such as (17)!* and viologen side chains such
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as (18)!¢ have been made and studied electrochemically. Elec-
tronic conductivities up to 6 S/cm have been recorded and these
materials are being tested for electrochromic devices and as
microelectrochemical transistors.

5.2 Co-operative Magnetic Interactions in Conjugated
Polyradicals?

For solids composed of ordered arrays of atoms or molecules,
each containing one or more unpaired electrons, there are
several possibilities for intermolecular cooperative behaviour
amongst the spins. Most commonly, the exchange interaction
between the unpaired electrons is negative so that antiparallel
coupling occurs and results in overall antiferromagnetic behav-
iour. To achieve macroscopic ferromagnetism the exchange
interaction must be positive so that parallel alignment of spins is
obtained over extended regions of the solid. The goal of creating
an organic ferromagnet has stimulated a lot of attention from
innovative scientists. Indeed it seems to exercise the same
attraction as the proverbial lodestone. Several ways whereby
ferromagnetism might be achieved have been suggested by
theoreticians. Of the three main models, the Topological Model,
has provided greater inspiration in the design of polyradical
magnets than the well known McConnell (I) and McConneli (II)
mechanisms.!6

In the Topological Model ferromagnetic coupling (strictly,
intramolecular high spin states arising from Hund’s rule), occurs
in very large organic species which contain bands of degenerate,
or nearly degenerate, orbitals as a consequence of their molecu-
lar topology.'® For example, in polymeric triplet carbenes (19),
or radicals (20)(R = H, Ar), in which the aromatic substitution
is meta, the frontier w-orbitals constitute three distinct bands. In
polymeric species this topological arrangement leads to the
formation of a band of non-bonding MOs (NBMOs) in addition
to the full or valence band and the vacant or conduction band.
The poly(phenylcarbenes)(19) have additional ¢-non-bonding
MOs which are of similar energy to the 7-non-bonding MOs and
contribute to the NBMO. If the energies of the non-bonding
orbitals are all the same, or nearly so, they constitute a family of
superdegenerate orbitals in which all the unpaired electrons will
have parallel spin. Polyradicals of this type have the potential to

OO0 G0

B
n-2 n-2
R

(19) (20), (R=H. Ar)
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behave as linear ferromagnets. Magnetic resonance and magne-
tic susceptibility measurements on several oligomeric carbenes
of type (19) in the solid state showed that they do indeed exhibit
the predicted high spin multiplicities.'® For example, the penta-
carbene, (19)(n = 6) was found to have an undecet electronic
configuration. However, these oligocarbenes were only stable at
cryogenic temperatures and so far there has been no success in
making polymeric analogues.

Building on this same basic concept, Fukutome and co-
workers mapped out the design of ‘polaronic ferromagnets’
which consist of lengths of conjugated polyene (polyacetylene)
chain connected by =-systems with an odd number of sp?-
carbons.2® Unpaired electrons are then created by doping the
conjugated blocks. The linking odd =-systems, e.g. meta-substi-
tuted aromatic rings, build in the correct topology to induce
ferromagnetic coupling of the spins. For example, oxidation of
(21) should create polarons in the tetraene blocks which will be
separated by meta-substituted aromatic rings. The latter intro-
duce three (or five) sp2-carbon atoms into the =-system so that
the polymer will possess a band of non-bonding superdegenerate
orbitals which will constrain all the polaron spins to be parallel.
Similarly, if blocks of thiophenes of sufficient length to support
polarons were linked by carbonyl groups, which introduce one
sp*-carbon into the chain (22), they should ferromagnetically
couple the induced polarons.

(22)

A polymer of type (21), with octadecyloxyl substituents
(R = OC,H;,) to promote solubility, was made by Dougherty
and co-workers.2! This material, when oxidatively doped with
AsF;, showed weak ferromagnetic coupling. The small magni-
tude of the ferromagnetism was accounted for by intermolecular
antiferromagnetic coupling between segments of the chain
situated close together in the solid. Moreover, the doping was
inhomogeneous so that the number of spins introduced was too
small for uniform interaction to develop. Further design is
needed —for example, more controlled doping could be achieved
by electrochemical methods - but this is obviously a promising
strategy in the search for organic ferromagnets.

A further attempt to arrange the radical units in accord with
the topological model was based on the oxidative coupling of
1,3,5-triaminobenzenes to provide polymers conjugated in two
dimensions. Polymer (23), for which ferromagnetic interactions
have been claimed, was prepared as a precipitate from a solution
of triaminobenzene in acetic acid.?? A one-dimensional version
of this polymer, i.e. (24), was prepared by the Ulimann coupling
of m-bromoaniline. However, doping of this material led to a
spin concentration of only 1 in 60 monomer units,23

Ovchinnikov showed that alternant hydrocarbons (and

Q.
Q00 00,0

(23) (24)

heteroatomic analogues), for which the number of atoms in the
two sets was unequal, would have a finite spin multiplicity. He
identified several series of molecules, with members increasing
by a regular repeating unit, for which the resultant spin would be
proportional to the size.?4 Other theoretical studies have shown,
however, that pendant radical groups may interact with each
other via a conjugated backbone.?® These examples included
hypothetical polyacetylenes and polyacenes as well as conju-
gated polyradicals such as (25) in which the unpaired electron
would be conjugated with the backbone =-system. Several
polyradicals of this general type, e.g. (26)?% and (27)?7 and the
galvinoxyl derivative (28)28, have been prepared, but the solids
did not display bulk ferromagnetism; probably because pairing
of adjacent spins took place. The surprisingly stable (27) with up
to 38% of the theoretical spins was prepared from the parent
phenol by oxidation with either PbO, or alkaline ferricyanide;
addition of base produced the polyanion. The visible spectrum
of (27) indicated a fairly long #-system, and the EPR spectrum of
the polyradical in solution implied coupling to the backbone
protons. This suggested that spin was delocalized onto the chain
and a quinone group was formed (27b). The reversible decrease
in the EPR signal at 7'< 50 K indicated an antiferromagnetic
interaction.
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Polyradical (28) was prepared in a similar way, giving up to
80% of the theoretical number of unpaired spins. The EPR
spectrum in solution showed evidence for intrachain dipolar
interactions. In the solid state the EPR linewidth of the 77% spin
polymer indicated both intrachain exchange and interchain
dipolar interactions. There was no evidence, however, for ferro-
magnetic spin ordering in this sample. It is interesting to contrast
the essentially localized spins of (28) with the chain-delocalized
spins of (27), which unfortunately couple antiferromagnetically.
Other polyradicals with polyacetylene and polyimine backbones
containing nitroxide, nitronylnitroxide, and verdazyl units have
been examined but without finding evidence of ferromagnetic
behaviour.

Perhaps the system to attract most attention has been that
based on 4,4'-(butadiyne-1,4-diyl)-bistTEMPOL) (29). Follow-
ing the original work with (29), numerous attempts have been
made to prepare ferromagnetic polymers from diacetylenes
substituted with nitroxides, or other stable free radicals, either
by topochemical photolysis, pyrolysis, or mechanical means.
This research has been critically reviewed recently.2® Although
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claims of ferromagnetic behaviour have been made, the reported
saturation magnetizations have been very low, and the polymers
have been chemically ill-defined. It seems probable that in most,
if not all cases, the magnetism is due to trace amounts of iron-
containing impurities.

5.3 Polyradicals: Electronic Conductivity and
Superconductivity

According to the classic BCS theory, superconductivity is main-
tained by mobile pairs of non-spin-paired electrons (Cooper
pairs) in which the electrons are coupled to each other via
phonons, i.e. vibrational modes of the lattice material. Even for
crystalline solids, theories explaining how Cooper pair forma-
tion is related to short and long range molecular and crystal
structure are rudimentary, and theoretical guide-lines of this
type are non-existent for organic or organometallic materials. It
has been pointed out that the doubly charged bipolaron,
thought to be present in doped conjugated polymers, is related
to the Cooper pair, but so far no reports of superconductivity
have been published. Data from the new Cu-oxide and related
high T, superconductors indicate that although the charge
carriers are electron pairs, the force that keeps them together is
not always phonon-coupling.*® Conjugated polyradicals typi-
cally contain two types of unpaired electron which could,
depending on the details of the structure, move in concert over
long distances through the infrastructure. Poly(sulfur nitride),
(SN),, which possesses one unpaired electron in each SN unit,
becomes superconducting below 0.3 K.3!

The doped polynitroxide (30) potentially has mobile polarons
in the delocalized backbone in addition to the unpaired electrons
of the nitroxide groups. Experimental investigation32 showed
that (30) has low electronic conductivity probably because
electron pairing via species such as (30b) is important. In
addition, oxidation of the poly(N-hydroxypyrrole) precursors
was accompanied by significant disruption of the chains. More
promising candidates appear to be poly(thiophenes) or poly-
(pyrroles) like (31), or more generally (32), where L are non-
conjugated linkages and R’ are stable free radicals. Polarons
created in the conjugated backbone may be able to form Cooper
pairs with unpaired electrons of the nitroxide groups. Transfer
of the nitroxide electron to an adjacent oxoammonium site will
convert the donor nitroxide into oxoammonium, and the accep-
tor oxoammonium into nitroxide. Potentially this could occurin
response to the passage of a polaron along the backbone,
depending on the nature of the linkage L, and hence electron-
pair mobility along the chain would be actuated. Polyradicals of
this type with nitroxide, quinone, viologen, and complexed
transition metal side-chains are being studied.

6 Future Developments

Electrodes coated with polyradicals containing nitroxides show
good promise as catalysts for the electrochemical oxidation of
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amines, alcohols, and other organic substrates. Similarly, it is
likely that polyradicals functionalized with quinones or violo-
gens will be developed for the electrochemical reduction of a
range of substrates. There is a need for better methods of
permanently attaching the polyradical films to the metal sur-
faces so that more robust electrodes with longer active lifetimes
can be produced. Modified electrodes of this type will find use as
probe elements in sensors. The polaronic magnets are obviously
one of the most fascinating emergent concepts. A wide range of
structural types have still to be investigated. There is a conspi-
cuous need to improve chemical stability, perhaps by using
oligothiophene rather than polyene blocks for housing the
polarons. To prevent the interchain interactions which antifer-
romagnetically couple spins, structures with two- or three-
dimensional regularities need to be designed and synthesized.
There seems to be no limit to the functional groups which can be
incorporated into polymers, or to the physical and chemical
behaviour that such materials can mimic.

7 References

1 ‘Handbook of Conducting Polymers’, ed. T. A. Skotheim, Vols. 1
and 2, Marcel Dekker, New York, 1986.

2 F. C. Rossitto and P. M. Lahti, J. Polym. Sci., Polym. Chem. Ed.,
1992, 30, 1335.

3 A. Bencini and D. Gatteschi, ‘EPR of Exchange Coupled Systems’,
Springer-Verlag, Berlin, 1990, pp. 135—166; pp. 187—192; pp.
253—265.

4 A. Henglein and M. Boysen, Makromol. Chem., 1956, 20, 83; D.

Braun, I. Loflund, and H. Fischer, J. Polym. Sci., 1962, 58, 667.

O. H. Griffith, J. F. W. Keana, S. Rottschaefer,and T. A. Warlick, J.

Am. Chem. Soc., 1967, 89, 5072; F. MacCorquodale, J. A. Crayston,

J. C. Walton, and D. J. Worsfold, Tetrahedron Lett., 1990, 31, 771.

6 Y. Nambu, Y. Gan, C. Tanaka, and T. Endo, Tetrahedron Lett.,

1990, 31, 891; Y. Nambu, K. Yamamoto, and T. Endo, Macromole-

cules, 1989, 22, 3530.

D. K. Smith, G. A. Lane, and M. S. Wrighton, J. Am. Chem. Soc.,

1986, 108, 3522.

C. P. Andrieux and P. Audebert, J. Electroanal. Chem., 1989, 261,

443; C. P. Andrieux, P. Audebert, and J.-M. Savéant, Synth. Met.,

1990, 35, 155.

9 A. Deronzier and J.-C. Moutet, Acc. Chem. Res., 1989, 22, 249; D.
Curran, J. Grimshaw, and S. D. Perera, Chem. Soc. Rev., 1991, 20,
391.

10 P. Audebert, G. Bidan, and M. Lapkowski, J. Electroanal. Chem.,

1987, 219, 165; P. Audebert and G. Bidan, J. Electroanal. Chem.,

1987, 238, 183; J. Grimshaw and S. D. Perera, J. Electroanal. Chem.,

1990, 281, 125; L. Coche, A. Deronzier, and J.-C. Moutet, J.

Electroanal. Chem., 1986, 198, 187.

L. Coche and J.-C. Moutet, J. Electroanal. Chem., 1988, 245, 313; L.

Coche and J.-C. Moutet, J. Electroanal. Chem., 1987, 224, 111.

12 J. A. Crayston, A. Iraqi, P. Mallon, J. C. Walton, and D. P. Tunstall,
Mol. Cryst. Lig. Cryst., 1993, 236, 231.

13 W.F.De Giovaniand A. Deronzier, J. Chem. Soc., Chem. Commun.,
1992, 1461; W. F. De Giovani and A. Deronzier, J. Electroanal.
Chem., 1992, 337, 285.

14 S. Cosnier, A. Deronzier, and J.-C. Moutet, J. Electroanal. Chem.,

W

~

[>]

1

—

OH o o

I\ N - ((/ } §N7) ~— {'ﬂ"(_Nﬁ'

w\lz N / w2 N« \_/ w2
OH o. 0

(30a)

(30b)



POLYRADICALS: SYNTHESIS, SPECTROSCOPY, AND CATALYSIS—J. A. CRAYSTON, A. IRAQI, AND J. C. WALTON 153

16

17

18
19

20
21

1985, 193, 193; S. Cosnier, A. Deronzier, and A. Llobet, J. Electroa-
nal. Chem., 1990, 280, 213.

J. Grimshaw and S. D. Perera, J. Electroanal. Chem., 1990, 278, 287,
J. A. Crayston, A. Iraqi, P. Mallon, J. C. Walton, and D. P. Tunstall,
Synth. Met., 1993, 55—57, 867.

C.-F.Shuand M. S. Wrighton, in ‘Electrochemical Surface Science’,
ACS Symp. Ser., 1988, Chapter 28, p. 408; P. Biuerle, K.-U. Gaudl,
and G. Gotz, Springer Ser. Solid State Sciences, 1992, 107, 384.
For reviews see: ‘Magnetic Molecular Materials’, ed. D. Gatteschi,
0. Kahn, J. S. Miller, and F. Palacio, Kluwer, Dordrecht, Nether-
lands, 1991; F. Wudl and J. D. Thompson, J. Phys. Chem. Solids,
1992, 53, 1449,

N. Mataga, Theor. Chim. Acta, 1968, 10, 372.

Y. Teki, T. Takui, K. Itoh, H. Iwamura, and K. Kobayashi, J. 4m.
Chem. Soc., 1986,108, 2147; A.Izuoka, S. Murata, T. Sugawara, and
H. Iwamura, J. Am. Chem. Soc., 1987, 109, 2631; D. A. Dougherty,
Acc. Chem. Res., 1991, 24, 88.

H. Fukutome, A. Takahashi, and M. Ozaki, Chem. Phys. Lett., 1987,
133, 34.

D. A. Kaisaki, W. Chang, and D. A. Dougherty, J. Am. Chem. Soc.,
1991, 113, 2764.

22 1. Johannsen, J. B. Torrance, and A. Nazzal, Macromolecules, 1989,
22, 566.

23 K. Yoshizawa, K. Tanaka, T. Yamabe, and J. Yamauchi, J. Chem.
Phys., 1992, 92, 5516.

24 A. A. Ovchinnikov, Theor. Chim. Acta, 1978, 47, 297, Dokl. Akad.
Nauk SSSR, 1977, 236, 957.

25 P. M. Lahti and A. S. Ichimura, J. Org. Chem., 1991, 56, 3030; J.
Chandrasekhar and P. K. Das, J. Phys. Chem., 1992, 96, 679.

26 C. Alexander and W. J. Feast, Polym. Bull., 1991, 26, 245; C.
Alexander, W. J. Feast, R. H. Friend, and L. H. Sutcliffe, J. Mater.
Chem., 1992, 2, 459.

27 H. Nishide, N. Yoshioka, K. Inagaki, T. Kaku, and E. Tsuchida,
Macromolecules, 1992, 25, 569.

28 N. Yoshioka, H. Nishide, T. Kaneko, H. Yoshiki, and E. Tsuchida,
Macromolecules, 1992, 25, 3838.

29 J. S. Miller, Adv. Mater., 1992, 4, 298; 435.

30 H. Jaeger, Adv. Mater., 1990, 2, 16.

31 R.L.Greene, G.B. Street,and L. H. Suter, Phys. Rev. Lett., 1975, 34,
577; M. M. Labes, P. Love, and L. F. Nichols, Chem. Rev., 1979, 79,
L.

32 C.Kakouris, J. A. Crayston, and J. C. Walton, Synth. Met., 1992, 48,
65.





