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ABSTRACT

This thesis is mainly concerned with the preparation of a range of novel
poly(thiophene)s incorporating fused redox active substituents. Confirmation of the
structure of the monomer units was carried out by NMR (' H and " C), mass spectral
analysis, C,H,N analysis and where applicable, single crystal X-ray structural
determination. Electrochemical studies on a number of the systems synthesised was also
investigated, and voltammetric measurements were made using cyclic voltammetry.

The novel fused TTF-thiophene monomer 2,5-dibromothieno[3,4-d]-1,3-dithiole-2-
ylidine-4,5-bis(hexylsulfanyl)-1,3-dithiole has been prepared and polymerised using
Yamamoto methodology. The resulting polymer exhibits significant electrical
conductivity in the neutral state and is the first example of an annelated TTF-thiophene

polymer.

The development of terthiophene and bithienyl furan derivatives bearing the
synthetically versatile 1,3-dithiole-2-thione functionality is also described, and
conversion to a tetrathiafulvalene derivative via a phosphite mediated coupling reaction
has been investigated. However, electropolymerisation of this system was unsuccessful
which highlights unfavourable interactions arising between the two redox units.
Synthesis of analogous terthiophene derivatives bearing a fused dithiino spacer group
between the polythiophene chain and the 1,3-dithiole-2-thione moiety is also discussed.

A series of bis-substituted alkylsulfanyl terthiophene derivatives have been synthesised
which can be electrochemically polymerised; a hexylsulfanyl derivative can also be
polymerised chemically. Preliminary photoinduced absorption studies show that an
ethylene bridged derivative exhibits interesting properties, which has been studied in
collaboration with the Johannes Keppler University, Linz, Austria.

A polythiophene bearing a fused quinoxaline moiety has been prepared and
electropolymerised to form polymer films which are capable of molecular recognition of
transition metal cations. This is the first example of a conducting polymer which is able
to detect selectively and reversibly Hg*" and Ag" ions in aqueous and organic media.
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CHAPTER 1
INTRODUCTION

1.1  ORGANIC CONDUCTORS
1.1.1 INTRODUCTION

The concept that certain organic compounds in the solid state could conduct
electricity and exhibit the electrical properties of a metal was first implied in the early
part of this century.! Although the majority of organic compounds are electrical
insulators in the ground state, there is an increasing number of materials that have been
synthesised in which electrical conductivity has been observed.

Work in this field has been based mainly around the areas of conjugated

polymers and charge-transfer complexes.

This thesis is primarily concerned with the synthesis of conjugated
(polythiophene)s bearing fused redox active components, leading towards highly

electroactive species.

1.1.2 REQUIREMENTS FOR CONDUCTIVITY

The movement of electrons (or ions) is essential for a material to conduct
electricity. When a large number of atoms or molecules are brought together in the
formation of a polymeric system or crystalline solid, an energy band occurs if there is
sufficient interaction of atomic or molecular orbitals (figure 1). The occupancy of these
bands is critical if the material is to exhibit metallic properties. Valence electrons
(arising from the highest occupied molecular orbital [HOMO]) are responsible for
electron conduction, and their mobility throughout the solid determines the efficiency of

conduction within the material.



'} Band Gap

AO 2A0s nAOs
Figure 1 : Formation of electronic bands upon interaction of atomic orbitals

Upon excitation, electrons are promoted from the valence band across an energy
gap (bandgap Eg) to the conductance band, the lowest unoccupied molecular orbital
(LUMO). During relaxation, the electron falls back to the HOMO and emits energy
equal to Eg.

The conducting and optical properties of conjugated organic polymers are
dictated by the degree of bandgap separation within the material. Variation of the band
energy in the neutral form is a major goal in the synthesis of conductirig materials,” as
this determines the optical and redox properties of such systems.

Too large an energy gap results in the material existing as an electrical insulator
(e.g. diamond, Eg 4 V). As the gap decreases, thermal excitation of electrons becomes
possible and the material behaves as an intrinsic semiconductor (semi-conducting
materials possess an energy gap of < 2 eV). Metallic behaviour is observed when the

energy gap is negligible and the partially filled bands make it possible for a large
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number of electrons to be promoted easily into higher energy states within the band

(figure 2).

LUMO

q

HOMO

E (@) (b) ©

Figure 2: Band diagrams for (a) an insulator (b) a semiconductor and (c) a metal

Conductivity within organic and inorganic materials is temperature dependent.
For metallic species, this is dominated by the interaction of electrons with lattice
vibrations. Fewer vibrations arise when the temperature is lowered resulting in an
increase in molecular orbital overlap, hence conductivity increases. An opposite effect is
observed for semiconducting and insulating materials. The mobility of charge carriers
within a semiconductor is the key to its conducting properties. As the temperature is
lowered, fewer electrons can be promoted across the gap due to a lowering of energy. A
decrease in the number of charge carriers results, hence a reduction in conductivity is

observed. An increase in temperature induces a Boltzmann-type factor:

-Eg/kT
nace

where n = number of charge carriers which will increase if Eg is not greater than kT. In
this instance, an increase in temperature leads to an increase in conductivity as a result

of thermal excitation.



1.2 CHARGE TRANSFER COMPLEXES

Charge transfer (CT) complexes are formed by the interaction of a donor and an
acceptor molecule through the partial transfer of an electron (systems of this nature
usually form crystalline solids of alternating donor and acceptor stacks within the
crystal lattice, and possess very interesting electrical properties).

In the early 1960’s, Melby and co-workers reported the synthesis and properties
of the powerful electron acceptor 7,7,8,8-tetracyano-p-quinodimethane (TCNQ)® (1). A
series of charge transfer systems were prepared, including metal-TCNQ complexes and
a wide range of salts of TCNQ with alkylammonium, aromatic and heterocyclic cations.
These complexes showed semiconductor characteristics (¢ rt ~ 10° Q' c¢cm™), thus
providing the first examples of organic materials exhibiting electrical conductivity.* The
synthesis of the electron donor tetrathiafulvalene (2) was first reported in 1970 by Wudl
et al.’ This was developed with the intention of synthesising a more efficient reducing

agent than tetrakis(dimethylamino)ethylene (3).

NC : CN
NC CN

TCNQ (1)

S S MeoN NMe,
[~ a
[s S MesN NMe,

TTF (2) 3)

Although TTF proved to be a poorer donor than (3), due to the greater electron

withdrawing nature of the sulfur atoms compared to the nitrogen atoms with respect to



the double bond, the system afforded more stable radical cations than those derived
from (3).

The cyclic voltammogram of TTF shows two reversible oxidation peaks at
E"™ =+ 0.34 V and E” = + 0.71 V (in acetonitrile vs. Ag/AgCl) which is due to
sequential formation of radical cation and dication species (figure 5).

[>=<j [+>—<-j [H]

+0.34V +0.71V

Figure 3: Redox behaviour of TTF
NC CN . NC CN
O = O
NC CN NC CN

Figure 4: Radical ion formation of TCNQ

Current

N\
NV

E/V

Figure 5: Cyclic voltammogram of TTF



The transfer of an electron from a donor species to a neutral acceptor molecule
(e.g. TCNQ) results in the formation of the corresponding radical anion (figure 4).
During this process, the energy level of the HOMO increases to form a partially filled
band. Electrons can then be easily promoted to the LUMO, hence conduction arises. In a
donor species, the loss of an electron lowers the energy level of the LUMO, and again

conductivity occurs as a result of electron promotion (figure 6).

LUMO
HOMO

: LUMO
HOMO
D D" A A~

DONOR ACCEPTOR

E

Figure 6: Band diagram for Charge-Transfer complex formation

In 1972, the chloride salt of TTF was reported’ (figure 7). This interesting new
donor was found to be an organic semiconductor exhibiting a conductivity value of
0.2 Q' cm® at room temperature,’ and in 1973 the charge transfer complex
TTF" -TCNQ™ was reported by Ferraris and co-workers.” The complex was found to
exhibit metallic characteristics at room temperature with a conductivity value of
500 Q' cm™. Thus, synthetic organic ‘metals’ had become a reality. The crystal
structure® of the complex shows a 1:1 stoichiometry with the radical cations of TTF and
the radical anions of TCNQ aligning in segregated stacks (figure 8). Within these stacks,
the molecules are arranged in such a way that an efficient intermolecular overlap is
ensured and intrastack interactions arise with the exocyclic C-C double bond lying over

the ring of its adjacent molecule in the stack, resulting in extensive n-interactions.



e

Figure 7: Chloride salt of TTF

Figure 8: X-Ray crystal structure of TTF-TCNQ

X-ray scattering techniques’ and infra-red analysis'® show that only 0.59
electrons are transferred from each TTF molecule to TCNQ, and metallic conductivity is
observed between both stacks due to the formation of partially filled electron bands as a
result of incomplete charge transfer. This charge transfer salt was metallic down to
54 K, and was known as the first true organic metal. On further cooling, the complex
undergoes a series of phase transitions (at 53, 47 and 38 K).!' These transitions were
first considered by Peierls' and Fréhlich' in the mid-1950’s, who predicted that a one-
dimensional metal could not support long range order and would be unstable to lattice
distortions. Charge transfer complexes can be either single chain conductors (where the

anion is a closed shell species i.e. PF), or two chain conductors, as is observed for
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TTF-TCNQ. The complexes formed contain stacks of molecules that are open shell
radicals. Partially filled bands form which are capable of anisotropic (one-dimensional)
conductivity along the direction of the stacks. Whenever radicals are present, there is
always a driving force for dimerisation, and spin pairing may arise. This results in the
emergence of a gap (Peierls gap) which separates bonding and antibonding energy
levels. Metallic conductivity is reduced and the complex becomes either semiconducting
or insulating. As dimerisation occurs, formation of a charge density wave becomes
apparent. Alternating zones of high and low charge density results and a ‘wave’ is
formed.

This phenomenon is commonly known as the Peierls distortion, and is restricted
to one dimensional systems such as TTF-TCNQ which, as observed, eventually results

in an insulating state at reduced temperatures.

Since the discovery of TTF in 1970, many analogous n-donor systems have been
synthesised by the derivatisation of TTF with varying substituents along with
replacement of sulfur by other chalcogens.

Tetraselenafulvalene (TSF) (4)"* and tetratellurafulvalene (TTeF) (5)° exhibit
higher conductivity values upon complexation with TCNQ (700-800 Q' cm™ for TSF,
and 2000 Q"' cm™ for TTeF), compared to that of TTF-TCNQ (o rt. = 500 Q' cm™),
although the synthesis of these derivatives is much more chemically demanding. This
increase in conductivity may be assigned to an improvement in donor m-interactions,
promoted by the increasingly diffuse p and d orbitals of the selenium and tellurium

atoms, resulting in enhanced delocalisation throughout the molecule.

RIX XIR

rRF X X7 R

(4 TSF,R=H, X =Se

(5) TTeF,R=H,X=Te
(6) TMTTF,R=Me, X=S5

(7) TMTSF, R = Me, X = Se
(8) TMTTeF, R = Me, X = Te
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Extending the o-bond framework of these systems with methyl groups afforded
tetramethyl-TTF'® (6) and tetramethyl-TSF" (7). The analogous derivative of
tetratellurafulvalene (8) was reported in 1985' but there have been no further
developments concerning this system reported in the literature.

Bechgaard et al'” synthesised a series of salts of TMTSF through the variation of
anion species. These have the general formula (TMTSF),X (where X = PF{, AsF,
FSO,, ReO,, and Cl0,), and in 1980 the first organic superconductor (TMTSF),"PF,
was synthesised which showed superconductivity at 0.9 K, 12 Bar.

A structural feature of the Bechgaard salts is the ‘zig zag’ stacking arrangement of the
TMTSF moiety in sheets separated by anions with inter and intrastack contacts of
selenium atoms. The structure of (TMTSF),’PF; shows a pseudo two dimensional
structure (figure 9), rather than one-dimension as is observed for TTF-TCNQ. The salts
also have the advantage in that Peierls distortion is more likely to be suppressed; spin

density wave instabilities dominate the low temperature properties within these systems.

Figure 9: X-Ray crystal structure of (TMTSF),'PF,

Bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) (9) was first synthesised in
1977,%° and a number of salts have been prepared from this donor system, with séveral
proving to be superconductors (conductors with zero resistance) at ambient pressure.
Examples include B(BEDT-TTF),l,* where superconductivity was observed at 1.4 K at
ambient pressure, and (BEDT-TTF),IBr,”> which possesses a T, (critical temperature
that the material undergoes the transition to a superconducting state) of 2.6 K under

similar conditions.



(=<1 (<0

BEDT-TTF (9) BEDO-TTF (10)

The oxygen analogue of BEDT-TTF, BEDO-TTF (10) was reported in 1990 by
Wudl et al” through the substitution of the two peripheral sulfur atoms by oxygen. The
charge transfer complex (BEDO-TTF),Cu,(NCS),** formed from this donor possessed a
T, of 12.5 K which, although inferior to BEDT-TTF salts, was the first organic

superconductor containing oxygen.

Selenium analogue donors were reported in the mid 1980’s, however complexes
formed from BEDS-TTF (11)* and BEDS-TSF (12)*® did not exhibit superconducting

properties.

Se S S Se Se Se Se Se
(L= ) L=< T]
Se S S Se se” Se Se” “gg

BEDS-TTF (11) BEDS-TSF (12)

Unsymmetrical donor systems have also been synthesised. MDT-TTF*’ (13) was
reported in 1988 by Papavassiliou ef al and DMET? (14) was reported by Kikuchi and
co-workers in the same year.

Both donors form superconducting salts, for example (MDT-TTF),Aul,” (T, at 4.5 K)
and (DMET),AuBr,” (T, of 1.9 K) at ambient pressure illustrating that symmetry is not
necessary in order for a species to be superconducting. In fact, the symmetrical donors

of these systems are simply charge transfer materials.

10
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T~ (T =T
S S S s~ S Se” “Me
MDT-TTF (13) DMET (14)

Vinylogous tetrathiafulvalene m-electron donors have also been prepared. The
idea behind the introduction of a spacer group between the two 1,3-dithiole rings in TTF
was to reduce the intramolecular coulombic repulsion of the dication state.*
Ethanediylidene-2,2'-bis(1,3-dithiole) (15) was prepared by Yoshida and co-workers in
1983°.

a7 18

The BEDT vinylogue (16) was prepared concurrently by three different groups.”
The redox behaviour of these systems has been studied by cyclic voltammetry and is
summarised in table 1. These derivatives of TTF display lower first and second

ionisation potentials than their parent molecules.

11



E1"” E2 7 AE

TTF 0.34 0.71 0.37
15y 0.20 0.36 0.16
BEDT-TTF® 0.59 0.99 0.40
16)° 0.48 0.71 0.23
a7 022 | ... |
(18)° 047 | |

Table 1: Cyclic voltammetry data for TTF (1), BEDT-TTF (9) and donors (15) - (18). Pt electrode
vs. Ag/AgCl, supporting electrolyte Et,NC1O,, 0.1M, 20°C in (a) CH,Cl, (b) CH;CN

The results obtained confirm that the insertion of C sp® derived spacer groups into the
central bonds of these systems promotes the formation of the dication state at lower
potentials. However, the introduction of a second pair of sp® carbon atoms did not lead
to a further reduction in the redox values. A single two electron oxidation was observed
for (17)* and (18)** at + 0.22 V and + 0.47 V respectively, where the dithiole rings act

independently of each other resulting in a single redox process.

In summary, many symmetrical, unsymmetrical and ‘stretched’
tetrachalcogenafulvalenes have been synthesised which form highly conducting charge
transfer materials. The presence of substituents attached to these donor systems
determines the redox behaviour of these materials, with a number exhibiting

superconducting properties at low temperatures.
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1.3 CONDUCTING POLYMERS
1.3.1 INTRODUCTION

The synthesis of electrically conducting organic polymers has become a major
challenge within the field of materials chemistry, and systems of this nature are being
incorporated into a variety of commercial applications such as batteries, chemical and
biological sensors and light emitting diodes.*

An ideal conducting polymer should be an ordered, linear system assembled
from repeating units consisting of delocalised m-electrons such that there is no
interruption of conjugation. Processability of polymers is a problem within the field of
organic conductors, due to the insolubility of the materials produced. However, many
polymeric systems have been prepared which are soluble, processable and exhibit high
conductivities. The polymers synthesised contain extensive n-delocalisation within the
conjugated backbone in the hope that a narrow bandgap separation will be achieved.

A brief outline follows of some of the conjugated polymeric systems that have

been synthesised to date.
1.3.2 POLYACETYLENE

Polyacetylene (19) is the simplest of the conjugated polymers and has served as
a model in the development of both the physical and electronic properties of many
electrically conducting systems. Polyacetylene can exist in two isomeric forms; (a) cis
and (b) frans. The cis isomer can be prepared at low temperatures, but at room
temperature or above, this isomerises to the more thermodynamically stable trans form.
In its pure state, polyacetylene exhibits a room temperature conductivity of
107-10 ®° Q' cm™ *. Polyacetylene was first prepared in 1958 by Natta et al via the
polymerisation of acetylene in hexane with an AI(Et), or Ti(OPr), initiator’’ which
formed a linear, high molecular weight polyconjugated polymer of high crystallinity

and regular structure.

ﬂ A,

cis polyacetylene (19) trans polyacetylene
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Polyacetylene was initially considered of little interest due to its infusibility and
insolubility, along with its susceptibility to rapid atmospheric degradation. However, in
the early 1970’s, a new phase in the development of polyacetylene began. Shirakawa
and co-workers® developed a simple method based on Natta’s work for the preparation
of the polymer, involving polymerisation of acetylene at the surface of a high
concentration of initiator in an inert solvent. Upon oxidative doping of (19) with
halogens or AsF,, the material exhibited significant electrical conductivity
(10°Q'em™).”

Although high conductivity values were observed, the preparation of
polyacetylene via this route resulted in the polymer containing impurities from the
polymerisation catalysts employed. In order to remedy this, synthesis via a soluble
precursor polymer was developed.

In 1985, the Durham route to polyacetylene was reported by Feast et al.** This
synthetic route incorporates a ring opening metathesis polymerisation of
7,8-bis(trifluoromethyl)tricyclo[4.2.2.0]deca-3,7,9-diene (20). The reaction takes place
in the presence of a tungsten or tin initiator to form soluble precursor (21), which
undergoes thermal conversion to produce polyacetylene,* with the evolution of

1,2-bis(trifluoromethyl)benzene (22) (scheme 1).

FaC CF3 FaC CF3
FsC CF3
WClg A
] J—" . M +
Me4Sn
(20) e2)) 19 (22)

Scheme 1: Durham route to polyacetylene

Another synthetic route devised by Swager and co-workers* involved a ring
opening metathesis polymerisation (ROMP) of benzvalene (23) with subsequent
catalytic isomerisation to polyacetylene. The production of volatile by-products is

avoided in this route, and a polymer of low crystallinity is produced (scheme 2).

14



(23) (19)

@ ROMP =(=/<l>\=)= .
_— —_— M
: | @) |

Scheme 2: Swager’s route to polyacetylene

However, in general, polyacetylene is insoluble, infusible and a generally
intractable material irrespective of the synthetic methods employed. In order to isolate a
soluble polyacetylene, monosubstituted derivatives have been prepared. Conductivity
values for such systems are lower than for polyacetylene itself (before doping
10" Q' cm™, after doping 10°-10° Q * cm™)* and a lower polymer conjugation length
is observed. Grubbs and co-workers demonstrated the synthesis of a substituted
polyacetylene derivative (25) by the ring opening metathesis polymerisation of
cyclooctatriene derivatives leading to systems that were both soluble and highly

conjugated* (scheme 3).

or A

— R
catalyst hy
) = O
R
2s) 19)

Scheme 3 : Grubbs route to polyacetylene

Doped polyacetylene can now be produced which is essentially as conducting as
copper, with conductivity values as high as 8000 Q "' cm™, the highest room temperature
conductivity obtained for any organic material.*

The rigidity of the backbone of polyacetylene holds the key to its high
conductivity and has therefore been the basis of the design of a large number of

conducting polymers which have been synthesised over the last 20 years.
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1.3.3 POLY(PHENYLENE)S

Poly(phenylene) (26) represents the simplest of the polyaromatic hydrocarbons
and is an insoluble, intractable, rigid rod polymer. In its pristine form, poly(p-
phenylene) exhibits a conductivity value of 10" Q' ecm™, and upon doping with AsF,,
this dramatically increases to 500 Q™ cm™.*

The preparation of polyphenylenes is based mainly around four 'synthetic routes;
(a) oxidative coupling, (b) organometallic coupling, (c) dehydrogenation of
polycyclohexylenes and (d) cycloaddition reactions.

In 1963, Kovacic and Kyriakis*’ reported the synthesis of poly(p-phenylene),
which was achieved by the oxidative coupling of benzene in the presence of the Lewis
acid catalyst AICl,, and oxidant CuCl, at 25-35 °C (scheme 4). The process is thought to
occur via a one electron oxidation of benzene to form its radical cation, followed by
reaction with several benzene molecules to form an oligomeric radical cation. A further
oxidation process follows with the loss of two protons resulting in aromatisation of the
terminal rings, with subsequent oxidative rearomatisation of the dihydro structures by

CuCl, to yield the polymer.*®

AICl5, CuCl,
n —_—
n

(26)

_a n+1CgHg +
CeHs “‘9—’ CeHsf —> |CgHg......... (CeHg)n..---- CGHS:I

— <00 i O
n -H'/-H’ n+2

Scheme 4: Oxidative coupling of benzene to form PPP (26)
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The preparation of poly(phenylene)s via a Grignard coupling reaction was
reported in the early 1970’s by Kovacic and co-workers.*” This method incorporates the
synthesis of a mono-Grignard reagent from dihalobenzene (27) with subsequent
polymerisation in the presence of an organometallic or organic promoter,* and has been

used in the synthesis of a range of para and meta substituted PPPs ' (scheme 5).

Mg
n Br Br —> nBrMg MgBr

(27) (28)

o l or Fe(lf),Co(l
ClIP N\ Ni(ll) catalysis

O

(26)
Scheme 5: Grignard route to PPP (26)

Poly(p-phenylene) can also be prepared from diester derivatives of
5,6-dihydroxy-1,3-cyclohexadiene. The reaction proceeds via a radical process using
AIBN or benzoyl peroxide, with subsequent pyrolysis of the polycyclohexylene
derivative formed to PPP.**> 1,4-Cycloaddition reactions between a bis-
cyclopentadiene and a bis-acetylene have also been used in the synthesis of high
molecular weight polymers with equal para and meta substitution.***

Again, as with the majority of organic conducting polymers, poly(p-phenylene)
is insoluble, and therefore its processability has proved problematic, which has resulted
in the majority of these compounds existing as oligomeric systems rather than as
polymers.* Improvement in the solubility of poly(p-phenylene) has been resolved by
substitution of the aromatic ring with flexible side chains.’* Metal catalysed coupling

reactions via Suzuki methodology have been adopted to aromatic monomers which has

opened the way to high molecular weight polymers.*
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134 POLY(PHENYLENE VINYLENE)S

Poly(phenylene vinylene)s (PPVs) are structurally analogous to both
polyphenylene and polyacetylene, and a number of synthetic approaches have been
adopted in the development of these systems. In 1990, Burroughes and co-workers™
discovered that PPV exhibited excellent electroluminescent properties and could be
incorporated into light emitting devices (LED’s).

PPV (34) is an insoluble, intractable and infusible polymer when synthesised
directly from a monomer unit, rendering its processability difficult.

The standard synthetic route to P