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Abstract

and osmium conjt ining a bi

bithiazole backbone have been ized and their y igated. This
relatively new class of materials has demonstrated enhanced rates of charge transport
relative to redox metallopolymers in which a saturated organic network connects pendant

metal ications requiring fast istry, such as molecular

switching and electrocatalysis, clearly can benefit from this enhancement.

Electropolymerization from boron trifluoride dethyletherate (BF; OEt,) permitted

facile deposition of polymer films for
spectroscopy has been used to investigate electron transport rates in these
metallopolymers. D,C,2 was found to be over 20 times greater in poly-[Ru(5,5"bis(2-
thienyl)-2,2"bithiazole)(bpy),"*'] than in poly-[Ru((6,6'bibenzimidazole-2,2'-diy1)-2,5-
pyridine)(bpy),”"*] as a result of better energy matching of the ruthenium t,, orbital with
the HOMO band in the poly[5,5"bis(2-thienyl)-2,2"bithiazole] backbone. A hole-type

mechanism of superexchange is proposed for this system.
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Chapter 1

An Introduction to Conjugated Metallopolymers



1. Conjugated Organic Polymers - A Brief Introduction
The first account of a material that is now classed among conducting polymers was

published in 1862 [1], on the electrodeposition of polyaniline from dilute sulphuric acid.

Some fourteen years later, the charging/discharging properties of iline were
investigated [2]. It was not until the late 1970's, however, that significant interest in these
materials developed. In 1977, the discovery that polyacetylene underwent a ten billion-

fold increase in conductivity when doped with iodine [3] sparked an explosion of research

on the topic, so much so that it has evolved into a highly interdisciplinary field,

embracing chemistry, physics, i and science, and
more recently, biology and medicine [4]. The pioneering research of Heeger,
MacDiarmid, and Shirakawa on the synthesis and properties of polyacetylene culminated
recently with the 2000 Nobel Prize in Chemistry.

Electrical conductivity is not the only interesting property these polymers display.

Studies on systems ingap i (i.e., polymers ing a
high degree of linear m-conjugation), show that these materials may also exhibit non-
linear optical [5], charge storage [6], and electrochromic properties [7], as well as
mechanical attributes such as high tensile strength and resistance to high temperatures

[5]. These qualities have translated into a diverse scope of applications for conducting
polymers [8, 9], producing forays into such areas as drug delivery [10], electroanalysis
[11], national defense [12], corrosion protection [4], and energy technology [13], to name

afew. Some of the more novel proposed applications include molecular-level electronic



devices[8], artificial muscles [14], ing textiles [4], and

separations [15]. It is likely that the future will see this list grow even more as the

properties of conducting polymer systems become better understood.

1.2 Classifications of Electroactive Polymer Systems
It is perhaps a good idea to distinguish between two important types of electroactive
polymers, in order to limit confusion between closely related terms. The following

classification is based on the mechanism of clectron movement proposed for cach system.

1.2.1 Redox Polymers

Prior to 1977, reports of electronically conducting polymer materials pertained to
polymer chains having pendant electroactive groups. Electronic processes in these
systems are governed by electron hopping, or self-exchange, between the fixed, isolated,
electrochemically active sites and are characterized by the voltammogram shown in
Figure 1.1. A wide variety of conducting polymers have been reported which conform to
this architecture, and have been assigned the general label “redox polymers.” Poly[1-
‘methyl-4-vinylpyridinium] (1) is an example of an entirely organic redox polymer, while
polyvinylferrocene (2) represents a system possessing transition metal-based redox sites.
The latter polymer, a hybrid structure consisting o an organic backbone and a transition

metal complex, is commonly referred to as a metallopolymer.



3
v

E 1V vs AgiAgCl

0s R

Figure 1.1: Cyclic

for the redox polymer poly[Fe(S-amino-1.1 7% in

CH,CN/0.2M EtNCIO,, scanned from 100 - 900 mV.s”. Reprinted from [16] with permission from

J. Electroanal. Chem. 1994, 365, 289. Copyright 1994 Elsevier Science.




Electron transport in redox polymers is governed by the equation
- 2
D, = k A (Cy, # Cyg) (L1)

where D, is the electron diffusion coefficient, ., is the homogeneous second order rate
constant for electron exchange between Ox and Red (the fixed, oxidized and reduced
redox sites in the polymer), A is the average distance an electron hops in the redox
polymer, and C,, and C., are the concentrations of oxidized and reduced redox sites
(Croe= Co, + Creg) [4]. Typically, D, values of 10 cm?s™ have been reported for redox

polymers, which can often dtoa ivity that is associated with the

which

1.2.2 Conjugated Polymers

The feature that distinguishes conjugated organic polymers from redox polymers is their
extensively delocalized m-orbital skeletons, which facilitate one-dimensional electron
(hole) transfer along the backbone. This contrasts with the highly localized
electrochemistry of redox polymers. For redox systems, electron hopping is through
outer-sphere exchange between fixed, electroactive sites, while for conjugated organic
polymers, charge transport occurs via movement of charged defects created during
oxidation or reduction of the neutral polymer [1] (Figure 1.2). Metal complexes have
been grafted onto conjugated organic polymer chains, mixing the d-orbitals of the metal

with the m-network of the polymer. These so-called conjugated metallopolymers (also
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Figure 1.3: Changes in a conducting polymer’s band structure with oxidation (18], Reprinted with permission

from Modern Aspects of Electrochemistry, Vol. 3. Copyright 1999, Plenum Press.



called “redox/conjugated polymer hybrids”) differ from the polyvinylferrocene redox
metallopolymer discussed above in that there is no saturated linkage to isolate
electronically redox active sites from one another.

Conjugated organic polymers are normally good insulators, behaving as wide
bandgap semiconductors. It is not until their T-systems are oxidized (“p-doped”) or
reduced (“n-doped”) that they display the electronic properties which make them so
interesting. A modified band theory has been employed to explain why conductivity is so
greatly enhanced by “doping” in conducting polymer systems [17]. For a material to be
conductive, electrons must be promoted from a non-excited energy level (valence band) to
an excited state (conduction band), the difference between these energy bands being
designated the “energy bandgap.” Thus, electronic movement arises from a partially empty
valence band and/or a partially occupied conduction band (Figure 1.3). In a good
electronic conductor (for example, a metal), the conduction band energy lies just above the
energy of the valence band (i.¢., zero bandgap). In the case of a semiconductor, an
electron must acquire sufficient energy to reach the conduction band. The polymerization
of conjugated monomers creates band structures from the discrete HOMO and LUMO
energies of the monomer, due to the extended conjugation that is produced. Bandgaps in

conjugated polymer systems are generally too large for these materials to exhibit

intrinsic ivities; however, i iate energy states that are created
during the oxidation or reduction of the polymer can significantly reduce the energy

required for charge movement to occur. These new energy states are associated with
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structural deformations accompanying polymer oxidation (or reduction). Oxidation results
in the formation of an energy state just above the valence band due to the creation of a
cation radical species called a “polaron.” Correspondingly, new energy states below the
conduction band are created during n-doping. With heavier doping, these excited states
broaden to form intermediate energy bands. For p-doping, this results in a dication species,
a “bipolaron,” delocalized over several repeat units in the polymer. These charge carriers
are highly mobile, and it is seen that the conductivity of conjugated polymers increases in
proportion to their number.

A ison of a cyclic of a conj polymer (Figure 1.4) with

that of the redox polymer (Figure 1.1) demonstrates interesting differences. The most
notable is the shape of the voltammogram. The broader, less descript conjugated polymer
electrochemistry owes to a larger number of available electronic energy states. This array
of energy states is attributable to a wide variety of chain lengths, ranging between shorter
chain oligomers to longer polymer systems, each having different oxidation and reduction
characteristics. The observed response is thus a superposition of many closely spaced
redox waves. Cross-linking and irregularities in chain connectivity offer an additional

explanation.
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Figure 1.4: Cyclic voltammogram of a conjugated polymer, polypyrrole. Reprinted from [19] with permission

from J. Chem. Soc., Chem. Commun. 1980, 397. Copyright 1980 Royal Society of Chemistry.



For the redox polymer film, the electrochemistry behaves as for experiments
conducted in a thin layer cell (peak current linearly related to scan speed, symmetric
wave shape), with a current maximum localized close to the formal potential for the
redox active sites of the polymer. This is described by:

_ PG,

1.2)
4RT G

where i is the peak current, n is the number of electrons involved for the redox reaction,
F is Faraday’s constant (Cmol™), v is the scan speed (V's™), V is the volume (cm’),

Cry=Coy + Cregs R is the gas constant, and T is the temperature.

1.3 Synthetic Routes to Conjugated Polymers

A significant volume of research has been reported for conjugated polymers synthesized
by chemical routes. Currently, some of the most interesting research in the field, from a
synthetic view, involves the attachment of functionalities to the monomer to obtain
polymers having desirable qualities like better solubility [20], controlled molecular
weights [21, 22], higher doping levels [23], and increased regioregularity [20, 24].
Lowering of the electrochemical bandgap has also been accomplished, through the design

of polymers with special skeletal archi and by ization with

alkyl groups [23, 25]. Some of these alterations can affect chain conjugation length, and
thus can improve the polymer’s conductivity.
Conducting polymers can be synthesized by a variety of chemical routes. Oxidants

such as Fe’" have frequently been used to create polythiophenes and polypyrroles [26].
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nickel polycond have been employed in the syntheses of
p ic systems such as poly(thi 2,5-diyl) (3), poly(pyridine-2,5-diyl)

(4), and poly (2,2"-bipyridine-5,5"-diyl) (5) [27]. Grignard couplings have been utilized in
the preparation of polyesters derived from oligothiophenes, producing systems having
electroactive and photoactive moieties [22]. Dozens of synthetic routes to polyacetylenes
are known [4]. Unfortunately, for all these routes, characterization is often not
straightforward. Sometimes, tedious steps must be undertaken even to coat electrodes for
electrochemical analyses. Low solubilities in commonly used solvents can sometimes lead
to characterizations employing strong acids like H,SO, and CF,COOH [28].

One of the more useful synthetic for the of

polymers does not involve chemical reagents to promote polymerization, but is carried out

at an el de-solution interface. i have long been known, and are

the preferred method for film preparation for several reasons. An obvious advantage over
chemical routes is the avoidance of separations and purifications, which must be
undertaken in order to remove catalysts, reactants, and side products. Speed and ease of
product preparation are two more benefits of the electrochemical route, but probably the
greatest advantage of this technique is that it allows one to bypass solubility problems

commonly encountered with high molecular weight materials, permitting film growth on
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Figure 1.5: Anodic dimerization of thiophene.

©

the electrode surface for i ization. Since film growth

can be regulated by several methods (e.g. by regulating the quantity of charge passed
during the polymerization step), highly regular films of controlled dimensions are possible,
and are produced in their conducting (doped) form.

Although there have been several mechanisms proposed for oxidative
electropolymerization [1], it is now generally accepted that this is a E(CCE),-type process,
which involves radical coupling of the products of monomer oxidation (Figure 1.5) with
subsequent reoxidations and couplings. It can be seen that electropolymerization is

possible only for monomers which produce stable oxidation intermediates. Less

and electron-deficient systems are not good candidates, as the cation
radicals thus formed undergo nucleophilic attack at the high potentials required for their
generation. A good comparison exists between thiophene and thiazole. Although
structurally similar, thiophene has been reported to undergo facile electropolymerization,
while for thiazole, no film formation is possible [29]. Another electrochemical route,
involving reduction of a Ni** catalyst in the presence of the dihalogenated monomer, also
permits polymerization [30, 31]. The method shows promise for monomers which are
unable to be polymerized at an anode [32, 33]. 1t may also be superior in that monomer

coupling could be more controlled.



1.4  Conjugated Polymers based on 2,2'-bithiazole

A con polymer the 2,2"bithiazole moiety (6) is i ing from several
standpoints. Structurally, the bicycle resembles 2,2"bithiophene (7). Polythiophenes and
their derivatives are popular systems for electrochemical studies, in part due to facile film
formation, good structural stabilities, and excellent conductivities. The introduction of an

imine functionality into a thiophene chain has been found to significantly reduce

. While polythi having ivities of 10° Scm are known [4],
chemically synthesized poly(2-thiazol-5-yl) exhibited a much lower conductivity (10° to
107 Som) when either p-doped or n-doped [29]. A broad absorption spectrum for this
polymer, over the range of 0.8 eV - 4.0 eV, with an absorption maximum in the region of
550-600 nm, was found. The authors concluded that the broad nature of the absorbance
suggested the presence of kink defects. A more recent report concerning poly(4,4"-alkyl
bithiazoles) employed chemical polycondensations to generate more regular polymers
having high molecular weights (M, = 22,000) [34]. Subsequent studies on these materials
showed that they are stable to n-doping, and that while in the neutral state they are
insulating, n-doping greatly enhances their electron transport properties [35].

Electrochemical polymerization of 2,5-bis(2-thienyl)-thiazole resulted in a

thiazol, with which isons to

polythiophene films are much better suited. It was found that this copolymer displayed a

) ¢

6 74
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conductivity of 6x10° Sem, indicating that the introduction of a nitrogen atom into the

polythiophene framework greatly hinders the movement of charge carriers [36].

A consisting of bithiazole-bithi segments was developed by Wolf
and Wrighton, from 5,5"bis(2-thienyl)-2,2"bithiazole (8) [37]. Films of this polymer
displayed good conductivity (0.2 Scm"), although the authors realized that reduced
delocalization compared to a homothiophene system was the probable culprit of its lower
charge transport rates, the energies of the valence and conduction bands being a function of
the position in the polymer backbone. Polymers grown from 5,5*bis(2-thienyl)-4.4'-

dimethyl-2,2"bithiazole (9) and 5,5"bis(3-methoxy-2-thienyl)-4,4'-dimethyl-2,2"bithiazol

(10) were reported by Jenkins and Pickup [38], yielding maximum conductivities of 4x10”

Sem'and 7x10? Sem', respectively, in the p-doped state, by dual electrode voltammetry.
Although the presence of an imine functionality in thiazole endows polythiazoles

with less enviable p-doping characteristics than for polythiophenes, these materials are

susceptible to n-doping, making them good candidates for applications in

devices [39], light emitting diodes (LED’s) [40, 41), and lithium batteries [42]. A
comparison between n-doping potentials of poly(3-methyl thiophene) and poly(3-methyl
thiazole) (-2.30 V and -2.05 V, respectively, vs Ag/Ag") elucidates this effect [39]. Itis

seen that n-doping is more facile for the latter polymer.

Another attractive feature of polymers ing 2,2"-bithiazole is the p ility of
coordinating transition metal ions to combine the interesting electrochemical properties of
the conducting polymer backbone with the rich redox chemistry of metal complexes. Also,

it has been shown that N, N-metal coordination occurs in these complexes (i.e., no sulfur



coordination) [43, 44]. Although the electrochemistry of a variety of conjugated
metallopolymers containing 2,2"-bipyridine has been reported, only one account [37]
outside our laboratory pertaining to metal complexes of polymers incorporating 2,2'-

bithiazole is known.

1.5 Conjugated Metallopolymers

Hybrid materials which combine redox active sites with the conjugated mt-orbital network
of a conducting polymer have been known for some time [45, 46]. Recently, a new class of
metallopolymer has been developed, in which the metal complex is coordinated directly to

the ized m-orbital ofa ing polymer. This affords

enhanced electron transport relative to redox polymers, due to dy-T, orbital overlap. In the
past five years or so, the number of reports concerning conjugated metallopolymers and
their new and interesting properties has grown substantially. One aim of the research in
this group is directed at understanding the mechanisms at work during electron transport.
For the conjugated / redox polymer hybrid systems developed so far, there exist
three possible mechanisms of electron (hole) transport [47] based on well known
‘mechanisms for bimetallic systems [48]. All three may occur in a given metallopolymer to
some extent. As shown in Figure 1.6, the first mechanism is the one that exists in redox
polymers. Electron hopping, or self-exchange, consists of outer sphere electron transfer
between fixed, adjacent metal complexes, and relies on contact between electron density
surrounding these sites. In this case, no electron transport occurs through the polymer

backbone. Movement in this manner is slow, driven by a concentration gradient across the



electroactive film starting with sites immediately neighboring the electrode surface.

Polymer-mediated electron transfer is a multistep process, which is possible in

for which I-based istry overlaps the istry of
the polymer backbone. For the p-doping scenario, the backbone is oxidized by the higher
valence metal center, which necessarily becomes reduced in the process. The adjacent,
lower valence metal site is subsequently oxidized by the polymer backbone. Obviously, for
this mechanism to occur, the oxidized metal site must be able to mediate polymer
oxidation, and so the formal potentials for both processes must be similar. Electron
transport through the backbone between complexed metal centers may also occur by a
superexchange mechanism in which the polymer’s m-orbital skeleton overlaps metal-based

d-orbitals, providing a conduit for fast charge transit between metal centers.



Figure 1.6: Electron transport mechanisms in conjugated metallopolymers [47]: A, outer sphere electron

transfer (self-exchange); B, polymer mediated pathway; C, superexchange through a r-conjugation network

Reprinted with permission from J. Mater. Chem. 1999, 9, 1641. Copyright 1999 Royal Society of Chemistry.
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Figure 1.7: Hole and electron type superexchange. BL = bridging ligand. Reprinted with permission from

J. Mater. Chem. 1999,9, 1641. Copyright 1999 Royal Society of Chemistry.

Depending on the relative energies of the metal’s d-orbitals and the backbone

p-orbitals, superexchange may be of the hole or electron type. Both are represented in
Figure 1.7 for a M""" binuclear system. From the orbital energy diagrams, it is apparent
that electron superexchange involves dy-orbital overlap with the LUMO of the polymer,
while hole-type superexchange involves d-orbitals mixing with the polymer HOMO. This
kind of electron transport has been demonstrated for metal complexes separated by a
bridging ligand [48]. Very strong electronic communication between metal sites is

manifested by a splitting of the M"™" wave. It was expected from the outset of this research



I ining the 2,2"-bithiazole moiety would

electronic ion via the Ly ism, and that the extent of

metal-metal communication could be tuned by substitution at sites on the polymerizable

bithiazole ligand.

1.6 Literature on Conjugated Metallopolymers

It is only during the last decade that attempts have been made to study these
redox/conjugated polymer hybrids. Early reports related to preformed polymer backbones
reacted with metal salts to form incompletely and irregularly substituted products [49].
Since then, polymers having 100% coordination have been developed by the
polymerization of monomer metal complexes. Several review articles dealing with

and/or their appli have recently appeared [47, 50, 51].

What follows is a collection of interesting accounts concerning these intriguing systems.

1.6.1 2,2"-Bithiazole Based Metallopolymers

Wolf and Wrighton [37] first developed a ining the 2,2"-bithiazol

moiety, by the anodic polymerization of 5,5"bis(2-thienyl)-2,2"bithiazole (8). Subsequent
complexation with Re(CO),Cl centers (Scheme 1.1) provided a metallopolymer
immobilized on a gold surface for expedient electrochemical analysis. The rationale
behind the experiment was to use the electroactive backbone to modulate electron density

at the metal center. Changes in the oxidation state of the polymer could be controlled by
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Scheme 1.1: Derivatization of poly-8.

potentiostat, permitting control of the electron density of the metal complex. IR
stretching frequencics of the carbonyl ligands provided a convenient handle with which

to gauge the effectiveness of the electron source/sink polymer film. The study implied

the possibility of utilizing conjugated polymers to affect the potency of immobilized
electrocatalysts.

Re centers were coordinated to films of poly-8 by refluxing coated electrodes in
Re(CO),CI/CHC, solutions for 5 minutes, yielding poly-11. This was followed by
conversion of the Re(CO),Cl groups to Re(CO),(CH,CN)' (poly-12). XPS showed that 60-
75% of the available coordination sites were occupied. Cyclic voltammetry showed that

poly-8 is p-doped at ~ 0.8 V vs Ag wire, and is stable to potential cycling to 1.4 V, while
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Figure 1.8: Valence band energy with position in poly-8. Adopted from [37)

the metallopolymer, poly-12, required a higher p-doping potential. No rhenium-
centered wave was observed, presumably due to overlap with the backbone
electrochemistry. The poly-12 film could be cycled to greater potentials. It is expected
that the onset of polymer oxidation will shift to higher potentials upon coordination of a
metal cation, as this will yield a less delocalized n-system.

The same intuition suggests that the film should be less stable to potential cycling

and more ible to ilic attack than the polymer. The authors

postulated that this result may indicate that polymer deactivation occurs at the N sites of the

backbone, and that metal coordination somehow blocks this process; however, the

degree of sites in the clouded this hyp

Insitu ivi performed with mi arrays showed that the

onset of conductivity in the conjugated polymer is shifted to higher potentials upon metal

coordination. The maximum p-type ivity for poly-12 was ined to be

2x10° Sem, two orders of magnitude less than for poly-8. The decrease in conductivity
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was attributed to decreased delocalization with metal cation coordination. The valence
band energy, shown for the bithiophene-bithiazole backbone in Figure 1.8, was reasoned to
vary with the position in the backbone. Free electrons created by doping would be found at
lower energy (bithiazole segments) while holes would be localized on the higher energy
bithiophene segments. The energy mismatch between bithiophene and bithiazole thus
creates a barrier to charge movement, and this barrier will be more pronounced with a
coordinated metal cation. The localization of charge carriers is also suggested by IR data,
revealing only modest shifts (4-6 cm) in CO stretches after polymer oxidation. Shifts of
only 15 em! in a similar polymer bearing pendant Re complexes have been shown to
increase the rate of nucleophilic attack at a similar rhenium center by 200 times, so variants

of this system might yet hold promise in altering the reactivity at electrocatalytic centers.

1.6.2.1 2,2'-Bipyridine-based Materials

Inaugural work by Yamamoto ef al. on ruthenium complexes of poly(2,2"-bipyridine) (5),
also examined a material formed by reaction of a preformed polymer with a metal complex,
resulting in 10-15% occupation by Ru"(bpy), groups [49]. The resulting metallopolymer
displayed the poorly defined electrochemistry shown in Figure 1.9, characterized by very
broad waves which extended over the entire potential window. The wave broadening in the
polymer voltammogram indicated a polymeric structure with extended conjugation;

o

however, the position of the Ru""" wave relative to the analogous model complex

(Ru(bpy),) wave, revealed that a shift to lower potentials had occurred, while bipyridine



Figure 1.9: Electrochemistry of (a) Ru-§ material, (b) poly-4, (c) Ru(bpy); in CH,CN/0.1 M E(NCIO,

Reprinted from J. Am. Chem. Soc. 1994, 116, 4832. Copyright 1994 American Chemical Saciety.
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ligand reduction waves migrated substantially positive. About the only thing which can be
inferred from this data with any certainty is that the electronic structure of the backbone
‘was affected by incorporation of the metal complex (compare reduction of 5 with that for 5-
Ru(bpy),). Due to poor characterization of the film studied, the results and conclusions

drawn must be viewed with caution.

Polymers of 6,6"-dimethy! and 6,6'-dihexyl-2,2"-bipyridine systems (13, 14) have

been complexed with Cu” to form polymers with higher site occupancy (76-99%) which are

better ized and exhibit better-behaved 'y [52]. The authors claimed
these displayed ies of ~1x10** Sem”, although only the
y of the hexyl substituted polymer was discussed in detail. An oxidation

process at 0.59 V vs Ag/Ag” was attributed to Cu*”, while a more reversible process at
-1.84 V was likely due to the reduction of 2,2"-bipyridine groups (although the authors
assigned this wave 10 a reversible Cu™ reduction). A decrease in peak current during

potential cycling to -2.2 V was explained as Cu° dissociation.

1.6.2.2 Bipyridine-bithiophene Copolymers
The similarities which exist between thiophene-bithiazole copolymers and thiophene-
bipyridine copolymers make the latter a useful system with which to compare results.
Preliminary work on this composite was reported by Zhu and Swager [53], in which they

adopted Wrighton's strategy of i ing terminal, i thiophene

substituents onto the ligating species in the hope of generating metallopolymers having



25

Sy NP —=Lat ™ N Nt
RO, a\Ws (R W2 Gia W23 M
15 (ae1); 16(02)
n2
[ 55 l,zc,,z,..
s. s s \
7 WA A 7NN )
O O~OC) OO e
o
poly- 16 polyRal 16)3]
Scheme 1.2: Extension of bithiophene termini to yield a polymerizable Ru'* complex.
100% coordination (Scheme 1.2). Strangely, neither 15 nor Ru-(15), could be
Extending the ion to a six ring assembly raised the system’s

HOMO energy, permitting facile film growth of both poly-16 and its tris-Ru®* complex,
poly-Ru(16), in CH,CI, (Figure 1.10). Poly-16 displayed the cyclic voltammetry shown in
Figure 1.10A. The oligothiophene segments of this polymer are responsible for the
nondescript p-doping electrochemistry. Reduction of the polymer was seen to occur at less
negative potentials than polythiophene, an influence of the electron deficient nature of
bipyridine. Charge trapping peaks are evident at 0.3 V and -1.0 V vs Ag/Ag’, suggesting
reduced delocalization (charge trapping is a phenomenon often displayed by redox
polymers). The polythiophene-like p-doping properties and the similarity of the reduction
potential with polybipyridine support this argument, suggesting polymer oxidation is
localized on oligothiophene spacers while reduction occurs on the bipyridine sites. It is

seen that n-type conductivity (4x107 Sem™) is twice as great as for p-type peak
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Figure 1.10: Cyclic and profiles (i, : A) poly-16; B) poly-Ru(16),

Reprinted with permission from Adv. Mater. 1996, 8, 497. Copyright 1996 WILEY-VCH Verlag GmbH.

conductivity (2x10°* Scm) in CH,CN/Bu,NPF,. These results point to a polymer with
reduced delocalization, the bipyridine segments representing barriers to hole movement
along the 7t-conjugated backbone.

The cyclic voltammetry of poly-Ru(16), is shown in Figure 1.10B. Obvious

similarities exist in the anodic regions for this and poly-16. U
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it appears that the potential required to observe the Ru™"* wave is too high, and no mention
is made of whether this process was seen. The cathodic electrochemistry is quite different,
however, showing two well-defined, reversible waves at -1.23 V and -1.39 V, attributable
to reductions localized on the 2,2"-bipyridine ligands. The charge-trapping peaks have
increased in magnitude, possibly due to poorer energy matching between thiophene and
bipyridine units upon coordination of the cationic metal center. The conductivity profile of
poly-Ru(16), shows that n-type charge transport is much higher than for p-type. It appears
from the data that overoxidation (probably due to nucleophilic attack in CH,CN) at the
potentials chosen resulted in film degradation, effectively deactivating the polymer
backbone. The n-type conductivity was determined to be at a maximum at -1.37 V.
(9.4x10* Sem™). The appearance of the conductivity profile again indicates redox
behavior, the shoulder and peak potentials being coincident with the formal reduction
potentials in Figure 10B. This behavior is reminiscent of that displayed by non-conjugated
poly-[Os(bpy),(4-vpy),] (4-vpy = 4-vinylpyridine) [54], suggesting that the n-type charge
carriers generated by reduction of poly-Ru(16), are localized on the bipyridine segments of

the backbone.

In order to assess the effect of thiophene itution on through: 1

Swager and Zhu prepared fris-ruthenium and bis(2,2"bipyridi 1n
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