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SYNTHESIS AND CHARACTERISATION OF NOVEL ELECTRONIC MATERIALS

S. D. MARSDEN

ABSTRACT

The synthesis, electrical and magnetic properties of a series of TCNQ
salts including congeners of the model ternary complex (pentamethyl
dipyrrylmethene (3’,4’)Br)2 (TCNQ) and a second series of salts based
upon the bipyridinium cations are reported. The effect of solvent
inclusion on the properties of ternary salts are also presented.
Finally the synthesis and properties of Langmuir-Blodgett films of
amphiphilic dipyrrylmethene, bipyridinium and picolinium salts are
discussed.

The stoichiometry of a bipyridinium TCNQ salt takes the value of 1:5,
where the cation length determines the stoichiometry. The salt is a
small band gap semiconductor. The temperature dependence of the
magnetic susceptibility varies according to the Curie-Weiss law:

M= c/(T+0)

The other bipyridinium forms a 1:1 charge transfer complex with
p-phenylene diamine. The synthesis of the polyviologen produces:' a
highly insoluble low molecular mass polymer.

The majority of the dipyrrylmethene TCNQ complexes are all diamagnetic
insulators. However, the magnetic susceptibility of two of the salts
vere temperature independent and was characterised as Van Vleck
paramaggetisg The room temperature conductivity of the penta methyl
was 10 ' Sem - whereas the hexamethyl was insulating. This was
proposed to be due to differing stacking characteristics.

The properties of the ternary salts were proved to be intrinsic and
not solvent induced.

The failure of the amphiphilic dipyrrylmethene to complex with TCNQ
was proposed to be due to steric hinduance.which encumbers the close
approach of the TCNQ. The Langmuir film of the dipyrrylmethene was
shown to undergo re-orientation on the subphase. The L-B film of a
picolinium TCNQ charge transfer salt was shown not to under go a
molecular re-orientation due to the increase in the area of the
hydrophobic aliphatic chains.
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1.0 INTRODUCTION

1.1 Historical Progress

In the past few yeafs, the field of quasi-one-dimensional (1-D)
organic metals has emerged as being a lively area of research1_4.
However, relatively few salts synthesised have shown conductivity
characteristics of metals, the ones that have include two

bipyridinium tetracyano-p-quinodimethane (TCNQ) saltss-7,

TTF[Ni(dmit)Z]Z8 and BEDT—TTF2139. The majority show

conductivity maxima and transitions to insulating states.

Interest in organic materials as being potentially highly
conductive began in the 1950’s. The first 'organic metal’,
reported in 1954 vas a perylene-bromine complex (perylene—Brx)
which had an electrical conductivity of 1 Scm"1 10. However, in
1960, Acker and co-workers at Dupont reported the synthesis of
the powerful electron acceptor 7,7,8,8-tetracyano-
p-quinodimethane (TCNQ) (Figure 1.1.1) and the conductive

properties of its simple and mixed valence salts with a variety

of cations11

Figure 1.1.1 The acceptor TCNQ.



The simple salts are M+(TCNQ)_, wvhere M* is the cation, and in
general these salts are of low conductivity. Examples include
alkali metal salts such as Na® TCNQ which has a room temperature

GScm-l. The conduction requires an electron

conductivity of 10~
to be excited from one ionic site to another,
TCNQ™ TCNQ™ - TCNQ® TCNQZ™

and the low conductivities arise from the need to place two

conduction electrons on the same TCNQ molecule.

The mixed valence salts are of the form M+(TCNQ)n—, vhere n>1.
An example of this type includes Quinolinium TCNQ (On(TCNQ)Z)
which with a room temperature conductivity of 100 Scm_1 wvas the

best organic conductor known at that time.

The difference in the conductivities by several orders of
magnitude was found to be dependent upon the stoichiometry and

the stacking characteristics of the complex.

For high conductivity it is necessary for the molecules to form
segregated, for example, -DDDDD- and/or -AAAAA- stacks with a
favourable overlap and a short uniform spacing along the stacks.
A convenient classification for the stacking characteristics was
introduced by Dahm et a112. The example above is termed
'homosoric’, those in which different molecules stack alternatly
'heterosoric’ and the non-stacked types ’‘non-soric’. The high
conductive metallic form of N-methylphenazinium-TCNQ,

.NMPZ—TCN0313 can in part be attributed to its homosoric stacking

characteristics, whereas



the semi-conductive form consists of isolated 1CNQ triads, which

was later described by Ashwell14 as ’pseudosoric’.

Together with the structural criteria given above Torrance1 ’
established that another major contribution for high conductivity

was the partial transfer of electrons from donor to acceptor.
The suggestion of superconductivity in organic conductors
proposed by Little in 196416, caused many chemists, physicists
and theoreticians to enter the field of organic metals.
However, the next major advance occured almost a decade after

TCNQ had been discovered with the synthesis of the organic donor

tetrathiafulvalene (TTF)17 (Figure 1.1.2) in 1970.

Figure 1.1.2: The donor molecule TTF



This led two years later to the discovery that the chloride salt
had a room temperature conductivity of 0.2 Sc:m_l 18. In 1973,
the 1:1 complex of TTF and TCNQ was formedlg. The degree of
charge transfer from donor to acceptor was found to be 0.59e20.
The TTF-TCNQ salt was found to be metallic at room temperature
with ¢ 500 Scm_1 measured along the direction of the stacking.
The conductivity rises dramatically below room temperature to 104
Sc:m_1 at 58t, where it undergoes a transition to an insulating
state. Since the initial reports on TTF-TCNQ, synthetic chemists
have given much attention to new donors containing the
1,3-dithiole ring system of TTF. The preparation of analogues
vhere all the hydrogens were substituted by alkyl groups (such as
tetramethylttgiafulvalene TMTTFZl) was attempted first, closely
followed by synthesis to extend the A-orbital system, for
example, dibenzotetrathiafulvalene22. Research was not only
confined to tetrathiafulvenic derivatives but also

23,24 25-26 4erivatives (for

tetraselenated and tetratellurated
recent reviews on routes to TTF derivatives see M.R. Bryce27 and

A. Krief?8)y.

Research is still active in the field with the recently published
work of Sugimotozg. Table 1.1.1 provides a summary of the
electrical conductivity data on the TCNQ salts of TTF and its

derivatives.
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The highly conductive C-T complexes have in common segregated
donor and acceptor columns with a short interplanar spacing and
incomplete charge transfer. The majority afe metallic, but the
TSeF complexes with TCNQ show favourable changes in the metallic
properties, i.e. stabilisation of the metallic state to lower
temperatures, which appears to be due to the presence of the

selenium d orbitals.

In comparison to the success of synthesising donor derivatives,
far less work has been published on the preparation of new
acceptors. Although a new route for TCNQ has been developed36
and significant advances with TCNQlderivatives have been made,
early hopes that they would afford conducting complexes have not

been realized.

Another major advance in organic metal research came with the
observation of the abrupt disappearance of the
metal-semiconductor transition at 42k under pressure of the
complex tetramethyl tetraselenafulvalene (TMTSF) and
2,5—dimethy1-TCNQ37 and the realization that this transition was
associated with the TMTSF stacks. This coupled with the
extremely high electrical conductivity with decreasing

38 study a new series of highly

temperature led Bechgaard et al
conductive salts of TMISF containing only simple anions of the
genéral formula (TMTSF)ZX, where X is, for example, PF6T,

AsF6_,SbF

TMTSF salts is given in table 1.1.2.

6—BF4— and N03—. A summary of the properties of the
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The materials were found to have high conductivities and low
temperature metal insulation transitions38—42. The series is
isostructural and consists of nearly uniform stacks of TMTSF
molecules ordered in sheets separated by anion X~ sheets.
Application of hydrostatic pressure to (TMTSF)2 PF6 led to the
first observation of a bulk superconducting state in an organic

conductor, at a temperature of approximately O.9K40. This was

confirmed by observation of a partial Meissner effect43. This
was followed by the discovery that the perchlorate salt was found

to superconduct at ambient pressure and at a temperature of

1.2k,

The isostructural nature and observation that the Se-Se sheet
netvork distances are anion dependent allows a correlation to be
drawvn between the critical pressure and the size of the different
anions. It was suggested that when the superconductors with the
larger counter ions are placed under pressure the Se-Se network
contracts until its geometry approximates that in (TMTSF)2 ClO4
i.e. the smaller anions mimic the effect of pressure for

superconductivity.

Following the discovery of superconductivity in the (TMTSF)ZX
systems, research into the area quickly diverged into studies of
other potential organic donors. This led to the discovery of
superconductivity in the first sulphur based donor molecule
bis-(ethylene dithio)tetrathiafulvalene (BEDT-TTF) Figure 1.1.3

and the inorganic anion ReO4 .



TG

L ITTrT

Figure 1.1.3 The donor BEDT-TTF.

Again a pressure of 4kbar, was required to suppréss a metal
insulator transition at 81k and prior to the onset of
superconductivity at about 2K44. In 1984, the salt
B—(BEDT—TTF)ZI3 was shown to be superconductive at ambient
pressure, with the superconducting transition temperature
occuring at 1.5K45. The crystal structure reveals that it
contains a ’corrugated sheet network’ of short interstack S-S
contacts sandwiched between linear-symmetric 13_ anion546. It
vas realised that the interstack S-S distances could be altered
by changing the length of anion. This led to a new salt
(BEDT-TTF)ZIBr2 vhich superconducts at ambient pressﬁre and at a
temperature of 2.7K47. However, a report that the salt
B—(BEDT-TTF)ZI3 becomes superconducting under slight pressure at
~7-8K due to an increased structural ordering45,48 led to a
series of 6—(BEDT—TTF)2X salts with linear-symmetric anions of
greater length than IBrz—, but shorter than I3— being
synthesised. Table 1.1.3 summarises the superconducting critical

temperatures Tc and critical pressures of the (BEDT-TTF)ZX salts.

-9 -
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A structural-property correlation was developed for these
isostructural sa1t551, vhich suggested that centro symmetric
linear anions with iengths exceeding that of 13— would give salts
with Te’s exceeding ~8K. This resulted in an entirely new
organic material K-(BEDT—TTF)2 Cu (NCS)250 which was
superconducting with a Tc of 10.4K exceeding for the first time
the highest Tc of the elements (9K in Nb). This new phase will
hopefully promise new structural-property relationships resulting

with superconductors with higher critical temperatures.

Since the first successful class of organic conductors based upon
TCNQ, many hundred salts have been’prepared and characterised.
However, only a small percentage have appreciably high
conductivity and metallic properties. The magnetic and
conduction properties are discussed in sections 1.2 and 1.3

respectively.

- 11 -



1.2.1

Magnetic Susceptibilities

Introduction

There are direct and often sensitive relationships between the
magnetic properties of matter in bulk and the number and
distribution of unpaired electrons in its various constituent
atoms or ions.

The characteristic magnetic susceptibilities of diamagnetic and

paramagentic substances are given belovw in figure: 1.2.1.

£ nganneQN

£

b1

7

‘T _

§ _______ - = = ~— = -\anVieck
; - -— — — — - = —=- = — - Pui Paramagnetsm
? Temperature
i

Figure: 1.2.1 The characteristic magnetic susceptibilities

The magnitude and temperature dependence of the spin
susceptibility Xq is a very useful property for characterisihg
different classes of organic,conductorssz. The three major
classes are:

1. Materials whose susceptibility increases linearly with
temperature in the metallic region. However, at low
temperatures there is a sharp fall at the Peierls transition
followed by a small Curie tail. This behaviour is typical of
uniform chain materials such as TTF-TCNO..

- 12 -



2. Materials which exhibit susceptibilities with a very wveak
temperature dependence and large upturn at lowv temperatures.

This is demonstrated by quinolinium (TCNQ)2 (Qn(TCNQ)z).

3. Charge transfer salts whose TCNQ molecules are grouped into
diads, triads or tetrads, which exhibit an activated
susceptibility with a singlet to triplet behaviour. For

example triethylammonium (TCNQ), (TEA(TCNQ),).

In the early 1960's Kepler53 showed that the same electrons
vere involved in both the electrical and magnetic properties,
with a close correlation being found. It was found that the
materials which exhibit high conductivity for example Qn(TCNQ)2
wvere observed to have a nearly temperaturérindependent
paramagentism between 40-300K; vhile at low temperatures the
susceptibility begins to increase rapidly with lowering
temperature553. This was interpreted as Pauli paramagnetism,
vhich is éharacteristic of a system of non-interating spins in
a degenerate electron gas, such as that found in metals.

- However, the large low temperature upturn in susceptibility is
inconsistent with the above hypothesis and would have to be
explained as being extrinsic in orgin. Later Bulaevskii54
ascribed the iﬁcrgase_in susceptibility at low temperature as
aﬁ intrinsic feature where a one dimensional system of
localised spins possessing an antiferromagnetic interaction
decomposes into a system of virtuaily isolated spins at very

low temperatures.

- 13 -



In 1984, Ashwell55 described an organic conductor

(2,2-DHPE Cl)x (2,2—DPE)1_x (TCNQ), which exhibits a
temperature independent susceptibility with no Curie-tail being
observed. In view of the high electrical conductivity the

temperature independence was attributed to Pauli paramagnetism.

Another salt vhich shows temperature independent susceptibility
is potassium chloran1156. However, this material is a
semiconductor and its susceptibility is, therefore, not Pauli

paramagnetism but was assigned to Van Vleck paramagnetism.

The less conductive TCNQ salts, for example, TEA(TCNQ)2 vere
observed to have a temperature dependent magnetic
susceptibility which passes through a maximum at a temperature
wvhich is related to the magnitude of the magnetic gap. The

33 to be activated due to

susceptibility was assigned by Kepler
a pairwise interaction of spins in which the singlet ground

state and a thermally accessible triplet excited state (triplet
exciton) are separated in energy by an interation J. This was

shown53 to be equal to 1.61 (KTc) at the temperature Tc where

the susceptibility passes through a maximum.

The temperature dependent susceptibility of TTF?TCNO above 60K
is not yet fully understood57. However, analysis of the
susceptibility above 60k by a technique developed by Tomkiewicz
et a158, revealed that the contribution from the donor is
nearly temperature independent, whereas the contribution from
the acceptor is strongly temperature dependent, thus the spin

- 14 -



1.2.2

susceptibility is not Pauli-like. Below 60k the susceptibility
becomes an activated singlet-triplet system with a singlet

ground state.

The magnetic susceptibility of the superconducting (TMTSF)2X
series, for example (TﬁTSF)zPF6, shows no sharp drop at the
temperature at vhich the salt undergoes a metal to insulator
transition38; this may be due to this transition not being of
the Peierls-Frohlich type. However, the susceptibility has
confirmed the superconducting transition temperature and the
bulk nature of the superconductivity. The observation of
complete expulsion (Meissner effect) is seenat the
superconductive transition temperature in a number of these

sa1t541’43.

Basic theory of Magnetism

The basic theory of magnetism as it relates to the discussion
of the results and introduction is outlined below:
The magnetic susceptibility (X) per unit volume is defined as:

X = M

B +ooooeeeee... Equation 1.2.2.1

where B is the applied magnetic field intehsity and M is the
magnetic moment per unit volume.
However, there will be a positive contribution from the
unpaired electrons (xs) and a negative contribution from the
electrons in the closed shells (XDIA)' Thus, the total
susceptibility (XTOT) is given by the equation:

Xror = Xs_xDIA‘ «... Equation 1.2.2.2

- 15 -



The diamagnetic susceptibilities (XDIA) have been determined
for most atoms and the molar diamagnetic susceptibility may be
calculated by summing the atomic values. The xS values are
derived by adding Xpra O Xrori Xpra 1S assumed to be

temperature independent.

When a magnetic field is applied, the unpaired electrons
present in the material show a tendency to align themselves in
the magnetic field and magnetization results. Increasing the
temperature, acts to partially cancel the ordering effect of
the applied magnetic field. If there is interaction between

the spins, then X « T_1 and Curie law is obeyed.

X = NE+Dgfu? = ¢ . Equation 1.2.2.3
Ky T T

wvhere J = the total angular momentum quantum number

g = gyromagnetic ratio or magnetogyric ratio
For an electron spin g = 2.0023, usually taken as

2.00.

Mg = Bohr magnetron

N = Number of spins

C = Curie Constant
Curie law behaviour is not commonly found in organic conductors
and in the majority of salts the spins interact with each other
with the interaction possessing some degree of anisotropy.

57,39

However, some TCNQ salts have been observed to show Curie

law behaviour at low temperatures.

- 16 -



It was also observed that the magnetization of some
non-ferromagnetic metals is independent of temperature. This
is known as Pauli paramagnetism. The susceptibility is only

1/100th that of the expected Curie value.

The result from Curie law (equation: 1.2.2.3) tells us that the
energy resisting the spin alignment to the field is KT

However, in Pauli paramagnetism the energy is the Fermi energy
KTF, vhere TF is the Fermi temeprature which is constant.

Hence,

Xp = NuBZ veeetesecsssssssess Equation 1.2.2.4

For a system of non-interacting electrons, in a tight-binding
band, the experimental Xp values may be used to determine the
transfer integral, t and therefore the electron bandwidth 4t.
The Pauli susceptibility may be representedsg.
Xp = NugZ e e ... Equation 1.2.2.5
tASin(*%Ap)
vhere p is the number of electrons per TCNQ site.
It is also noteworthy to mention a weak paramagnetism that ié
independent of temperature known as Van Vleck paramagnetism60
This arises from a coupling of the ground state of the system
with excited states of higher energy under the influence of the
magnetic field. The susceptibility has been shown to vary
according to the equation:
Xpy = 2NES/W/05/% Loiiiiiinnnn . Equation 1.2.2.6
4

- 17 -



where <s/uz/0> is the non diagonal matrix element of the
magnetic moment operator, connecting the ground state O and the

excited state s.

In addition to the simple paramagnetism discussed above, where
Curie law is followed, there are more complex forms of magnetic

behaviour known as ferromagnetism and anti-ferromagnetism.

Figure: 1.2.2 Temperature dependence of magnetic susceptibility

a. antiferromagnetic b. ferromagnetic materials

A ferromagnetic interaction is one which favours the alignment
of spins parallel to one another vhereas antiferromagnetic

materials favour antiparallel alignment of spins.

The susceptibility of a classical ferromagnet and
antiferromagnet both pass through a critical temperature known
respectively as: the Curie temperature Tc and the Neel point
TN. The susceptibility above these critical temperatures vary
according to the Curie-Weiss law;
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X = C/(T+6) ...evv..... Equation 1.2.2.7
where © is the Weiss constant.
The magnitude of © is related to the strength of the
ferromagnetic and antiferromagnetic exchange interactions, thus
in a Curie paramagnet ©=0. The susceptibility of many salts at
lov temperatures increases sharply but the temperature
dependence often exhibits deviations from the Curie law
behaviour due to spin-spin interation557’61, for example,

Qn(TCNQ)262.

The large Curie tail in susceptibility at low temperatures of

33 to be an intrinsic

Qn(TCNQ)2 was first suggested by Kepler
property rather than due to impurities or defects. Later this
vas ascribed to a model where the spins are localised on
alternate TCNQ’s in the stack and experience an
antiferromagnetic interaction between them. At high
temperatures the linear spin system is homogeneous in respect
of the antiferromagnetic interaction. As the temperature is

lowered, the spin system is decomposed into weakly interacting

sub-systems which determine the low temperature susceptibility.

The susceptibility usually varies as x‘==T-ec where =<1. The
model suggests that there is random-variation in site energy
leading to a random spin distribution along the chain63 and the
exchange interaction (Jm) between the neighbouring magnetic
sites decays exponentially with distance between spins. This
magnetic model refers to a Random Exchange Heisenberg
Antiferromagnetic Chain (REHAC).
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Clark et al64 proposed a model in which every alternate Jm in
the linear chain is set to zero, thus splitting up the chain
into a system of interacting pairs. The susceptibility of a

pair is determined by:

X = g_BZgZ ceraens veee... Equation 1.2.2.8
KT[3+exp(J/KT)]

In many other semiconductive TCNQ salts, the susceptibility
passes through a maximum at a temperature which is related to
the magnitude of the magnetic gap. The susceptibility exhibits
a temperature dependence which may be fitted to an activation

63 and static susceptibility measurementss3 have

law. E.S.R.
shown that the susceptibility is activated due to the fact that
the odd electrons with the TCNQ anion radicals are paired in

quasimolecular states consisting of a ground singlet state and

a thermally accessible triplet state, separated in energy by an

interaction J.

In the late 1950’s, Bijl, Kainer and Rose—Innes66 examined the
E.S.R. absorption of a series of charge-transfer complexes of
quinones and p-phenylene diamines. In, all cases, strict
conformity to a Curie law dependence was exhibited. However,
they suggested that in certain salts the radicals could
interact to produce magnetic states of higher multiplicity than
the doublet state of single unpaired spins. The radicals were
proposed to interact in pairs to form a singlet (antiparallel)
state and a triplet state (spin parallel) and gave the
expression. for E.S.R. signal intensities to temperature as:
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-
I « 1/T{exp(J/kT)+3] ...... ... Equation 1.2.2.9

Later Chesnut and Phillips65 established such an interaction for
TEA (TCNQ)Z,MePh315(TCNO)2 and morpholinium (TCNQ) salts and
found that the J values derived from the slopes of 1nIT versus
reciprocal temperatures were 0.034 eV, 0.062 eV and 0.41 eV

respectively.

Later, Kepler53 found that the susceptibility of the materials

could be fitted to the expression:

X = ZNEZuBE teeeeesesssess. Equation 1.2.2.10
[3+exp(J )]KT
(KT)
vhere N is the number of the triplet levels in the sample (both

vacant and occupied).

This model suggests that the spins interact into isolated
pairs. Howvever, there is a possibility of an antiferromagnetic
interaction between the nearest neighbours, which can be

described by the one-dimensional Heisenberg Hamiltonian.

M:%(ZJm Sm Smsl - g uy H Sn°) ..... Equation 1.2.2.11
vhere Jm = the exchange interaction; the precondition for a
homogeneous spin system is that the spins are spaced equally
along the chain.

Sm, Sm+l = the spins of a pair on the magnetic sites m and m+l.
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Bonner and Fisher67, calculated that the susceptibility was
related to the temperature by

X = &EEB%E ....... ceeenes .. Equation 1.2.2.12
Bulaevskii et al54 found that the maxima in the susceptibility
of Qn(TCNQ)2 and Ad(TCNQ)2 may be fitted with the above
expression with n=0.1+/-0.01. These materials must possess a
homogeneous one-dimensional spin systems which may be
attributable to the short, regular inter-site spacing of the
TCNQ stack in homologous columns. However, as stated earlier,
in intermediate conductivity complexes, the TCNQ units are
grouped into diads, triads and tetrads which leads to an

interaction between adjacent spin pairs and thus the alternate

values of J are non zero.

For systems in which there is some interaction between adjacent
pairs, the above Hamiltonian equation 1.2.2.11 has to be
modified68.

}6= £ J(Sm Sm+l +¥Sm Sm-1) .......... Equation 1.2.2.13
wvhere g; Sm-1 describes the interaction between the spins on
site m with spins on neighbouring sites (m-1) where the |
exchange interaction is JX(X}epresents the degree of

alternation between spin pairs and is known as the alternation

parameter).

For the susceptibility for a linear chain of spins with values
for the alternation parameter of O to 0.9 Bulaevskii68

developed the equation:
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X = Z§23252§£13 Ceeesenaennen .. Equation: 1.2.2.14
K're;p(i@_‘ )
KT
vhere a (Y) and A(T) are tabulated functions of the alternation

parameter.
However, when the alternate values of J are zero and a (r) and

A(Y3 are both unity then equation 1.2.2.14 reduces down to

equation 1.2.2.8 where the condition exp(J/KT)>>3 applies.
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1.3 Electrical Conductivity

The charge transfer salts of TCNQ may be classified in a
general way, based on both their stoichiometry and
conductivityl.

I. the simple ionic salts and charge transfer complexes, for
example K TCNQ and NMQn-TCNQ, with a neutral or ionic ground

-3 -1

state have a low conductivity 0300<10 Sem™ ~ and a wide band

gap.

II. the simple salts which have a very high conductivity, and
metallic temperature dependence, for example NMP TCNQ and
TTF-TCNQ.

ITII. the complex salts with intermediate conductivity of 10-4
to 10 S<:m—1 at room temperature, for example TEA(TCNQ)Z.

IV. the complex salts which are ’‘metallic’ near 300K with
0300>50 Scm—l, for example Qn(TCNQ)z.

1.3.1 Design of organic metals

A variety of features appear to be needed for the formation of
a highly conducting 1-D material and can be divided into two
main categories:

1. Requirements for the molecular crystal structure.

2. Requirements for the electronic structure of the component

molecules and complexes.

1. Requirements for the molecular crystal structure

The fundamental requirement of the structure of an organic

conductor is that the molecules are arranged to form a suitable
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conduction pathway. This is usually provided by closely
matching the physical dimensions of the donor and acceptor
vhich facilitates packing in the crystal. Thus planar organic
molecules have the greatest probability of permitting the close
approach necessary for the achievement of strong band
formation, and allowing charge transport along the columns

under the influence of an applied field.

In the case of the charge transfer salts which rely for
conduction on charge transport along the TCNQ stacks only, for
example NMP-TCNQ, the structure consists of segregated stacks
of donor and acceptor moieties with the TCNQ stacks in uniform
columns with an optimum interplanar separation of

3.24/-0.1419,30,31,34,35,24

The two chain conductors, have an analogous arrangement of
molecules. The contribution to the conductivity is from
electron and hole transport along the anion and cation stacks
respectively. The sulphur or selenium donor molecules also
stack in columns with a short interplanar spacing. In
TTF-TcNQ®? the inter TTF and inter TCNQ spacing are 3.74A and
3.17A respectively. Analogous overlaps occur in the

corresponding selenium donor salts with an accompanying

increase in the separation.
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A lower conductivity would result when there is a discontinuity
in the regular short spacing caused by the infinite stacks of

the like species being divided into diads, triads or tetrads.

Steric effects also play an important role in determining the
stacking characteristics of the charge transfer complexes. The

70

TCNQ complexes of.TTF69, tetramethyl-TTF'~ and diethyl

dimethyl-TTF71 have segregated structures vhile the complexes

72 and octamethylene-TTF73 have mixed stack

of tetraethyl-TTF
structures. In these complexes it is assumed that the bulky
alkyl groups hinder close intercolumnar contacts between the

conjugated parts of the donor and acceptor systems and thus

favour the formation of the mixed-stack less conductive phase.

2. Requirements for electronic structure of the component
molecules and complexes.

A major criterion for high conductivity is the presence of
unpaired electrons on the donor and/or acceptor molecules in
the complex74 and incomplete charge transfer from donor to
acceptor75. The degree of charge transfer depends upon the
difference (I-A) between the donor ionization potential (I) and
the acceptor electron affinity (A) as well as the Madelung

energy (Em)ls.
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As a general rule, the ionization potential of the highly
conductive TCNQ complexes usually fall within the range 6.5 to
7.0 eV76_78. If the donor ionization energy is considerably
higher, as for example in anthracene, than 7eV their 1:1
complexes will have a neutral ground state with p=0 whereas for
the donors with a low ionization potential, for example the
alkali metals, their 1:1 complexes will be ionic with p=1.
However, low ionization as obtained for tetrathiatetracene
(I=4.56eV)79 is not necessarily a disadvantage. Donors of this
size readily form 1:2 complexes with TCNQ and the higher
stoichiometry yields a mean charge density of 0.5e on the

lattice sitesso’al.

The conductivity is dependent upon the degree of charge
transfer and is highest when p is not a simple fraction. If p
is incommensurate the electrons can correlate their movement to
avoid both the on site electron-electron coulomb repulsion
energy (Uo) and the neighbouring site repulsion energy (Vl)’
Table 1.3.1 shows the relationship between p and the

conductivity.

The electron-electron Coulombic replusion in organic materials
forces the electrons to stay away from each other and thus
governs the ease with which carriers can migrate along the
conductive chains. In the simple ionic salts it is necessary

to place two electrons on the same TCNQ lattice site during the
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conduction process and the conductivity is limited by the high
on site electron-electron Coulomb replusion energy - the

difference U is given by:

UsU -Vy  eevveenennn Equation 1.3.1
U is thus the difference between the Coulomb repulsion energy
(Uo) vhen two electrons are on the same TCNQ molecule and the
repulsion (Vl) when they are on adjacent.molecules. If the
energy U is large (compared with 4t) the material will be an

insulator (Mott insulator).

Salt p %R.T. Ref.
TEA(TCNQ), 0.5 6.5 82
an(TCNQ) 0.5 100 1,11
TMTSF-TCNQ 0.57 1000 37,84
TTF-TCNQ 0.59 200-600 19,20
TSF-TCNQ . 0.63 1000 83,84
HMTSF-TCNQ 0.74 1500 24,84
NMQn-TCNQ 1 1077 74,15
TEA-TCNQ 1 %1072 74,15
Na TCNQ 1 1076 85,86

*denotes powder conductivity

Table 1.3.1: The relationship between p and the room temper-

ature conductivities of a number of TCNQ salts.
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To overcome this problem it is necessary to reduce the mean
ionic charge on the lattice sites. This can either be achieved
by forming salts with a cation to TCNQ ratio greater than 1:1,
for example the complex TCNQ salts (in this system conduction
may occur without the need to place two electrons on the same
lattice) or in the 1:1 complexes by selecting a suitable
electron donor with an intermediate ionization potential of

6-7eV in order to obtain a partial charge transfer.

Torrance1 proposed that the large conductivity of class II and
IV has been achieved, not by decreasing the Coulomb and other
strong interactions but by avoiding them by having »p

incommensurate.

1.3.2 One dimensional effects

A variety of features for the formation of highly conducting
materials have now been discussed, and it is now sepropriate to
look at the problem of instabilities that limit the metallic
conductivity. However, it is first necessary to discuss the
general nature of 1-D systems.

87 is that a

A definition initially given by Heeger and Garito
system is termed quasi-1-D if the electronic meanfree path Xll
along a specific direction is comparable to or greater than the
lattice constant in that direction, whereas for motion
perpendicular to the chosen direction, XL is much less than the
lattice constant in that direction. There are normally strong

interactions along the chains due to the intermolecular

- 29 _



overlap, but weak transverse interaction. As a result, the
electrical conductivity is highly anisotropic. The
conductivity is often of the order of few hundred times greater
parallel to the chains than perpendicular, for example,

TTF—TCN088’89.

It is found, however, that at some temperature Tm’ most of the
quasi 1-D systems undergo a transition to an insulating state.
The degree of interchain interactions have been shown to have a
direct effect on the critical temperature Tm. The reasons for

this transition will now be examined.

One-dimensional systems can display a wide variety of
instabilities and these influence the temperature dependence of
the electrical conductivity. That a 1-D metal is unstable
against static lattice distortions was first pointed out by
Peierlsgo. He predicted that a one dimensional metallic system
was liable to undergo a periodic lattice distortion leading to

a localisation of charge and an insulating stage.

This can be illustrated by considering a linear array of N
molecules, each of which has one valence electron (Figure
1.3.1a), for a 1-D metal the overlap integral of electron wave
functions (t) on neighbouring sites is large enough to form a
conduction band of width 4t. In a nearest-neighbour tight
binding approximation the band would be half-filled and if the
Coulomb interactions are neglected the system may be metallic.
The conduction band which results is shown in figure (1.3.1.b).
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(a)

(b)

OO0—00—0O—00 (e)

’I’/C

(d)

Figure: 1.3.1 Energy vave vector diagram and stacking models

of a quasi-one dimensional conductor.
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The Fermi wave vector of the electrons within the band is given

by A/ 2c.

However, for a static periodic distortion (Figure 1.3.1c) the
system can be viewed as a linear array of N/2 interacting
dimers. For a given dimer, the low-lying bonding orbital that
arises from the mixing of monomeric molecular orbitals will be
filled. An energy gap of 24 will open at the Fermi level which
separates the occupied orbitals from the unoccupied antibonding
band. The distortion occurs with wavevector ZkF. This is

jllustrated in figure 1.3.1d.

Below the transition temperature the material exhibits an
activated conductivity or, depending on the ratio 24/KT,

becomes insulating.

The temperature at vhich the Peierls transition occurs is
usually dependent upon the strength of the transverse overliap
betveen wave functions on neighbouring chains or to direct
Coulomb interaction between charge density waves. It would be
expected that the greater the coupling the higher the |

transition temperature.

The Peierls instability may be stabilised by the introduction

of disorder into the lattice or by pressure.
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The introduction of disorder by, for example doping TTF-TCNQ
vith tetraselenafulvalene (TSF)91 has been shown to lower the
metal-insulator transition. The inclusion of the TSF into the
donor stack leads to the coupling between the stacks to vary
randomly in strength due to the differences in the interstack
S-N and Se-N contacts. This disrupts the commemurability of
the Peierls modulation and condensation of the charge density
vave and inhibits the periodic ordering. Other examples of
disorder stabilisation include anion ordering in the series

2 and anion disorder in the

tetrathiotetracene (TTT) salts93.

of organic metals (TMTSF)2X9

Modest pressure has been shown to suppress the M-I transition
of the (TMISF),X salts>C *2. The metallic state in

TMTSF-DMTCNQ is stabilised>”.

~In TMTSF-DMTCNQ the enhanced conductivity and suppression of
the metal-insulator transition may arise if the wavelength of
the Peierls Modulation can be varied under the influence of
pressure,-ZKf may become incommensurate with the lattice period
and the charge density wave may vary freely. The experimental
evidence which supports this proposal is the observation of an
increase in the anisotropy at ambient temeprature94 of 25% as
the pressure is increased from O to 13 Kbar. The increase in
the conductivity along the chains reflects the greater

contribution from the depinned charge density waves.
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1.3.3 The temperature dependence of conductivity

The temperature dependence of conductivity (o) is made up of
the temperature dependence of the mobility of the carriers (M)
and number of the carriers (n). This may be expressed:

g = oOT_aexp(-A/T) veveeeo.. Equation 1.3.2
where T™° is the temperature dependence of the mobility and
exp(-4/T) is the temperature dependence of the carrier
concentration. This relationship forms the basis of a mobility
model proposed by Epstein et éll and is found to be a good fit
to the observed conductivity over a wide temperéture range for

many salts.

Most of the mixed valence salts (Class III) and simple ionic
salts (Class I) exhibit a strongly activated conductivity
temperature dependence below room temperature and may be
classed as semiconductors with intermediate and low

conductivities respectively.

There have been attempts to ascribe the activation energy
observed to an intrinsic semiconductor gapgs. The salt
Csz(TCNQ)3 forms a segregated stack in which a trimeric
modulation exists along the TCNQ stack. This introduces a band
gap because the bonding overlap interactions within the trimer
are larger than the interactions between molecules belonging to
different trimers. If no impurities are present, the lower
tight binding band is filled and the middle and upper bands are
empty. In Csz(TCNQ)3, the loss of the Cs s electron leads to a
closed shell configuration and there are.no states available
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for conductivity. Thus Csz(TCNQ)3 has only filled bands and
displays semiconductor properties with a d.c. conductivity:

o = coexp(-Ea/KT) ........ .. Equation 1.3.3
where Ea is an apparent activation energy for the thermal
generation of free electrons or holes: Ea/K is often written as
A. Radical ion salts exhibiting a strong temperature-activated
conductivity of the form given in equation 1.3.3 generally have

6 _10 Sc:m"1 depending on

a room temperature conductivity of 10™
the magnitude of Ea. For the transverse direction, the weak
interactions between TCNQ orbitals suggest transport is apt to

be hopping-like.

Activated hopping has been proposed for several class III
salts. The observation of a temperature independent
thermoelectric power has led to a hopping description for the
conductivity in TEA(TCNQ)296’97 for T>200k. In this salt, the
observed activation energy is thoﬁght to be derived from a gap
due to Coulomb interactions. Above 300k the observation of
curvature in the In o vs reciprocal temperature plot for
TEA(TCNQ)2 has been attributed to the onset of a semiconductor
to a metal transitiongs. This implies a gap in the low
temperature state vhich is renormalized to zero about 300k.
This has been previously proposed for the semiconductor to

metal transition for the class II, NMP-TCNQ salt at 200k99.
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The class II materials can be divided into two categories.

1. Those compounds that have a broad weak maximum in their

conductivity, (ij for example NMP-TCNQ. The maximum variation
1

. . 2 -
in U(Tm)/0(285)<2 and 9300 1S generally about 10™ Scm ~.

9. The salts which generally have conductivities with

3 1 the majority of which upon cooling

2 -
GRT=4X10 to 107 Scm
undergo metal to insulator transitions at Tm, signalling the

onset of a Peierls instability, for example TTF-TCNQ.. In most

cases U(TM)/G(295)>2.

The best fit for the conductivity for class II, salts and also
the class (IV) salts, for examplé Qn(TCNQ)Z, have been made
using the mobility model of Epsteinl. The temperature
dependence of the conductivity for these salts approximately
obeys the relationship:

o1y * AT “exp(-Ea/KT) ..... Equation 1.3.4

where « is a sample dependent constant and A is fixed by

setting 9995°

For NMP-TCNQ, Ea=900k and =~4. Epstein et al1 have interpreted
equation 1.3.4 in terms of the product of an activated carrier
concentration dependence n=exp(-Ea/KT) and a large strongly
temperature-dependent mobility u= T"%. The product of n(T) and
u(T) has a maximum at Tm=Ea/<=. The conductivity of TTF-TCNQ

can also be fitted to the equation where Ea/K=0 and «=2.3.
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In the metallic region the conductivities of the highly
conductive class II (2) salts often give a reasonable fit to
the expression33

-1 n .
g = pR+AT ceeeane ... Equation 1.3.5
wvhere PR is the temperature-independent resistivity, X and n

31 has

are sample independent with X being constant, n~2. Groff
determined « to be between 2.23 to 2.40 with a value of 2.33

representing the majority of samples for TTF-TCNQ.

The difference in the conductivity temperature dependence

between the two categories of class II salts can be explained
if it is assumed that there is an energy gap Ea/k, persistent
at all temperatures for the less conductive class II(1l) and a

zero gap for the highly conductive salts of class II(2).

In summary, if the charge transfer is complete a semiconductive
class I and III radical ion is produced. In this case &/« is
large, since A is large and « is small, implying a weakly
temperature dependent mobility. For the class IV and qlass II

(1) salts, for example NMP-TCNQ vhere 0=0.6700

the materials
are best characterized as band semiconductors with large onsite
Coulombic replusions and carrier mobilities that are strongly
temperature dependent. For the class II (2) salts where p=0.5
they display metallic conductivity since the lower density of
electrons minimizes the effects of the Coulombic repulsive
interactions. At temperatures below Tm there is a metal to
insulator transition as a result of the onset of a Peierls
instability.
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It is more than half a century since Hichaelis1 first reported on
the electrochemical behaviour of a class of compounds which he
christened the ‘violgens’, but which are also known as

1,1’-disubstituted 4,4’-bipyridinium salts (Figure 2.0.1).

e— +

S
R_'N\. /  \ /N—R
-y ‘-

Figure 2.0.1: A 1,1’-disubstituted 4,4’-bipyridinium salt

The viologens were originally investigated as redox indicators in
biological studiesl. Subsequently they were found to have
Pnctical applications as herbicides for example paraquatz. Soon
after their herbicidal properties Qere first recognized, their

ability to form complexes attracted attention.

The dialkyl 4,4’-bipyridinium salts are electron acceptors3 and

can form complexes with many electron donor molecules:

i. Vith neutral organic molecules, for example, amines, phenols

and acetic acidA. This was established by Vhites vhen
spectroscopic_measurememb shoved that the absorptions were
frequently displaced to wavelengths longér than the parent

absorptions. This was attributed to the intermolecular charge

- .transfer with the bipyridinium salt acting as the electron

-acceptor and the neutral molecule as the electron donors.
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Later 1t was suggested thatl the chiarge-iransier transitlolis
resulted from favourable orbital overlap as a consequence of
dipole-dipole interactions. This was supported by the
particularly favourable interaction of the closely matched
molecular geometries of paraquat and 4,4’-dihydroxy biphenyl6.
ii. With non-metal anions, as demonstrated by Nakahara and
Wang7. They observed that crystals of paraquat dichloride
appeared almost white with the absorption maxima at 260nm and
377nm, those of the bromide were light yellow with the absorption
maxima at 265nm and 387nm and those of the iodide were red with
absorptions at 277, 285 and 475nm. Since neither the
bipyridinium dication nor the halide ion in the ordinary ionic
crystals absorb in the visible region, the absorption bands at
the longer wavelengths were attributed to charge-transfer
transitions. Qualitatively, the longest wavelength of the charge
transfer band for the iodide crystal was consistent with the
strongest electron-donor property of the iodide ion.

iii. With metal species addition complexes have been reported
between the bipyridinium salts and various heavy metal salts for
example silver iodide and copper chlorides’g. Charge transfer
complexes with high conductivities have also been reported from
the anions obtained from metal cations and halides, for example,

2- 10

FeCl42- and CuCl6 . E.s.r. measurements indicate that the

complexes contain some reduced paraquat cation and some oxidised

anion.
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iv. With TCNQ. In the early 70’s the paraquat di-cation was
observed to form two types of electrically conducting salts
(Figure 2.0.2).

a) b)

L ¢

&
Me—N \ e Me—N N—Me
\ Y/ \} /

TCNQ™ NG~ TNG TeNGT Tone TeNQ”

Figure 2.0.2 The two types of electrically conducting

salts of paraquat

The dramatic increase in conductivity of complex (b) compared to
complex (a) was attributed to the enhanced electron transport in

the presence of neutral TCNQll.

In the middle 70’s to early 80’s, the versatile chemistry of the
bipyridinium cation made it a popular candidate to investigate
the relationship between the structure and electrical properties
of TCNQ salts. Its size, geometry and rigidity may be varied
simply by changing the quaternary groups and/or the link between
the pyridinium rings. By systematically increasing the cation
length it is possible to influence the stoichiometry. Cation to

TCNQ ratios of 1:2 to 1:6 have been obtained12'16.

The crystal structures of the ordered bipyridinium TCNQ salts

show three common features:
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Figure 2.0.3 Cation arrangement in

(a)[1,2—bis(N-benzyl—4-bipyridinium)ethylene]2+(TCNQ)52-

(b)[N,N’-di(n—propyl)—4,4'-bipyridinium)2+(TCNQ) 2-
4
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(1) the TCNQ’s stack in a plane to plane manner, WwWitfill
the stoichiometric unit, in a direction parallel to the length of

the dication;

(2) the adjacent columns are held together by Van der Waals
forces and so form two dimensional arrays parallel to the

crystallographic axis;

(3) the arrays are interleaved along the third axis by sheets of

the dications.

The properties of the complex bipyridinium TCNQ salts are
dependent upon the stacking characteristics and the salts vary
from small band gap semiconductors to semimetals. The stacking
within the TCNQ arrays depends upon the ability of the cation to
align in columns. Benzyl quaternary groups facilitate column
formation as shown by N,N’-dibenzyl-4,4’-bipyridinium cation17.
The adjacent cations are held together in columns by Van der
Waals forces between the partially overlapping phenyl rings
(Figure 2.0.3). However, with alkyl quaternary groups, for
example N,N’-di(n-propyl)-4, 4’—bipyridinium18 the cations form a

rzig-zag’ pattern (Figure 2.0.3).

The TCNQ molecules stack in stoichiometric groups of three, four,
or five, and compete to make the closest contacts. As a general
rule, the charges localise on the TCNQ's which make the closest

contact with the quaternary cations.
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In the early 80’s the high conductivity observed for the simple

12

salt (4,4'—bipyridinium)2+(TCNQ)22° reneved interest in the

bipyridinium salts.

11,19

Rembaum et al have shown that the H-quaternised bipyridinium

salts are unstable and have suggested that they react with TCNQ™
to give the unquaternised base, HZTCNQ and neutral TCNng. The

mechanism has been adapted for the pyridinium salts and is shown

in Figure 2.0.4.

+ "

H- A\ NH o+ 2TCNQ

+ TONQ 3 TCNQLH,TCNG

.+ TCNG®+ H,TONQ

Figure 2.0.4: Proton transfer mechanism in acetonitrile

solution
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Anomalous properties of the (4,4'-bipyridinium)2+(TCNQ)22— have
therefore been attributed to a small but significant filling of
the dication sites by either neutral 4,4’-bipyridyl or the
4-pyridyl-4'-pyridinium monocation which are formed during the

reaction 19’20.

This causes the average charge on the TCNQ sites
to become non-integral and removes the need for double occupancy

during conduction.

Other hydro-quaternised cations have been shown to give
conductive salts. They include the 1:3 complex sélt
1,2-bis(4-pyridinium)ethane’! vhich is a small band gap
semiconductor with a room temperature conductivity of 10 Scm_1
and the 1,2-bis-(2-pyridinium)ethylene chloride)0.7 (1,2-bis(2
pyridyl)ethylene)o.3 TCNQ salt which was shown to be a Pauli

1 ¢ 300k22.

paramagnet with a conductivity of 10 to 70 Scm™

However, not all the hydro quaternised cations give conductive

salts the 1,2-bis(4-pyridinium)ethane simple salt being a

diamagnetic insulator21, with the charge on the TCNQ moiety

estimated to be le. The crystal structure reveals that between

the TCNQ diads there is no direct plane to plane overlap and the
1

molecules are arranged in sheets2 . In this salt, the molecular

parameters result in its low conductivity.

More recently the effect of solvent inclusion on the behaviour of
the bis-pyridinium TCNQ salts has been studied23'24.
Differential scanning calorimetry was used to investigate the
solvent inclusion. Many of the samples recrystallised from

acetonitrile showed the distinctive double transition close to
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229 and 214 K, whereas the samples recrystallised from acetone,

ethanol and ethyl acetate showed no transition.

The electrical behaviour of the solvated TCNQ salts
1,4-bis(N-pyridinium methyl)benzene-TCNQ4 and
N,N’-bis(p-cyanophenyl)-4,4’-bipyridinium exhibit a slight change
in slope centred at 229 K and a pronounced transition
respectively. Hysteresis was observed for the latter salt. The
transitions were attributed to the localised structural
distortions as the trapped solvent contracts upon freezing. The
different behaviour of the two salts at the melting point may be

explained by the differing TCNQ stacking characteristic324.

In the mid 60’s attempts to incorporate TCNQ or its anion into

25,26

polymeric structures were reported It was found that

soluble, high molecular weight, electrically conducting polymers

38<:m_1 could be obtained by combining polycations with TCNQ

of 10~
anions and adding neutral TCNQ to such system527. The
polycations employed vere derived from the quaternization of a
polymeric amine with an alkyl halide or sulphate27.

This discovery prompted the synthesis of new polyelectrolytes
vith ammonium groups in the backbone termed ionenes 28,29

(Figure:2.0.5).
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Figure 2.0.5: An ionene

The early studies dealt mainly with the ionenes composed of
flexible polymethylene chains with different distribution of

donor centres in the main chain i.e. bromides of x,y

28’29’30f Their complexes were shown to have an

m—l 28,29,30.

ionenes
electrical conductivity of the order of 10"3 Sc

31. The

Tonenes containing aromatic rings have also been studied
rigidity of the chains from the presence of the aromatic systems
has been shown to be an important factor in their electrical
properties31. Comparihg an analogous-class of TCNQ complexes
containing bromides e.g. x,y ionenes, and the complexes with the

aromatic rings, shows the latter to have considerably lawer

values of resistivitygl.
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In 1971, Factor and Heinsohn reported, the preparation of a novel
class of ionene termed polyviologens32 (figure 2.0.6) formed by
the Menschutkin reaction between 4,4’-bipyridine and

dihaloalkanes and dihaloarylalkanes.

- - — ‘¢
N« nBr-R-Br— N 2\ )R
Br Br

Figure 2.0.6: The formation of a polyviologen via the

Menschutkin reaction
Their conducting polymers containing neutral TCNQ were shown to
have conductivities analogous to those prepared by Kopple,

Lupurskil and Hertzz7

The 4,4’-bipyridinium in the polyviologens maintain the interval
betwveen N* atoms in the main chain to 6-8 A by their rigid ring
structure. This allows the complex formation of
[TCNQ°/TCNQ']=1.033’34. This brings about the simultaneous
lovering of the Coulomb repulsion between the carrier electrons
and an increase in the overlap of A of the TCNQ molecules34

This has contributed to the polyviologens havihg the highest

conductivities among the polycation-TCNQ complex salts35’36.
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2.1

However, their films made by casting techniques are brittle and
lack mechanical strength as polymeric materials. To overcome
this problem polyamides containing bipyridiniums37 and
polymerisation of a prepolymer with 4,4’-bipyridyl or

1,2-bis(4-pyridyl)ethylene have been studied38.

AIM

The design of highly conductive TCNQ salts of quaternary organic
cations is inhibited by the requirement that the conduction
electrons localise on those TCNQ molecules closest to the
positive charges and the electrostatic interactions lead to the
formation of a periodically distorted TCNQ lattice. To stabilise
a uniform lattice it is necessary to delocalise the positive
charge. However, the charge is localised on the quaternary
nitrogen, therefore stabilisation may only be achieved by
introducing some lattice disorder. This can be seen in
NMP—TCNQ39 and acridinium-TCNQzao; these planar cations may take
one of two orientations within the stack. This disorder

effectively cancels out the periodic potential of the cation

lattice and. stabilises the TCNQ stack in these salts.

Attempts have been made to introduce disorder in bis-pyridinium
cations by using an alkane or alkene bridge between the two
rings. This will allow some, although restricted, freedom of
rotation. Many of these salts have disordered cation lattices

and show favourable TCNQ stacking.
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Ve thought it might be possible to introduce disorder by using
the unsymmetrical bipyridinium, N-methyl-N’-(p-methyl phenyl)-

4,4’ -bipyridinium (2.1.1) (Figure 2.1.1).

X" X"

Figure 2.1.1 The unsymmetrical, N-methyl-N’-(p-methylphenyl)

-4,4'-bipyridinium

It vas thought that this planar molecule might be able to take at
random one of two alternative orientations (Figure 2.1.2) and

therefore smear out the periodic potential and stabilise the TCNQ

column.
riie Me
*-
NS PN
*§ﬁ,l
e
7 2N
&
\N... N
~ l 7
N
Me Me

Figure: 2.1.2: The possible orientations of N-methyl-N’-
(p-methylphenyl)-4,4’-bipyridinium in the
crystal lattice
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An attempt was also made to affect the stoichiometry and
introduce disorder by synthesising the bipyridinium derivative

(2.1.2) (Figure 2.1.3)

- \+ ¥ — —\+
- N -Me
"N /N~ /W)
X" X~ X X7
Figure: 2.1.3: The target bipyridinium derivati?e (2.1.2)

The stoichiometry should be increased due to the length of the
cation and the phenyl bridge unit between the two bipyridinium

portions should allov some degree of rotation.

The conductivities of the ionene and polyviologen salts of TCNQ
have been found to be high (see introduction). It was therefore
proposed to investigate the synthesis and conductivity of a novel

cationic redox polymer, polyviologen (2.1.3) (Figure: 2.1.4)

—é‘i\ /H\ )‘7
X~ X~

Figure: 2.1.4: The proposed polyviologen
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2.2 SYNTHESIS
The proposed synthetic pathway for the preparation of the

bipyridinium target molecules (2.1.1) and (2.1.2) is given below:

| Ml \
,-

r (2.2.1)
NO, :

N0z NO,

" Br”

NH, NH,
P NH,

OO OO0

L e ) )~ e
X X X- X" x-

(2.1.1) - (2.1.2)

An increase in the yield for the quaternisation of the bipyridyl

was found using a short reflux in ethanol. The colour change

between yellow monoquaternised iodide (2.2.1) and the red

diquaternised iodide enabled monitoring of the reaction and the

isolation of the monoquaternised product (2.2.1) in good yields.
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The quaternisation of the N-methyl bipyridinium (2.2.1) with
2,4-dinitrobromobenzene produced two precipitates, a red one
which was the diiodide and a yellow one which could be either a
mixed counterion species of bromide and iodide or the dibromide.
To remove the possibility of the differ ing counterions and
hopefully reduce the reaction times and increase the yield, it

was proposed to synthesise 2,4 dinitroiodobenzene.

The diazotization of the primary aromatic amine
2,4-dinitroaniline was carried out by adding an aqueous solution
of sodium nitrite to a suspension of the amine hydrosulphate in
an excess of sulphuric acid which was cooled in an ice bath
(Equation 2.2.1).

2-

2(C6H3(N02)ZNH2+2NaN02+2H2804->(C6H3(N02)2+N§N)ZSO4

+NaZSO4+4H20
Equation 2.2.1
The aromatic iodide was prepared by treating a solution of

potassium iodide with a solution of the diazonium salt. The

jodide was formed in good yields.

The quaternisation with 2,4 dinitroiodobenzene in methanol was
attempted, but with the desired product only being produced with
long reflux times and poor yields.. Efforts were directed towards
reducing the time taken and increasing the yields by using higher
boiling solvents for example ethanol 78°C and ethylene glycol

194°C.
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The diquaternised salt was produced with an improved yield and
shorter reflux time, 49% and 4 days compared with 24% and 8 days,
using ethanol. The reaction with ethylene glycol failed. Allen

et al41

found that similar reactions could be conveniently
carried out at a temperature at which the reflux of the solvent
occurs, but preferably not higher than about 160°C. The boiling

point of ethylene glycol is 194°C.

The preparations of the bipyridinium target molecules
(2.1.1;2.1.2) were investigated on a small scale with the
reactions being monitored for the production of the by product

2,4-dinitroaniline (Figure 2.2.1) by thin layer chromatography.

2
7 \

| /ﬂAr 02 -_éi}UlP 02
- 0 —_— \\ /’ rqoz EE—
H'i'

N,

~>< 221 : — 4, Ar * am@«z

Figure 2.2.1: Mechanism for the production of the byproduct

N

2,4-dinitroaniline
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The N-methyl-N’-2,4 dinitrobenzene bipyridinium was refluxed with
either p-toludine or p-phenylene diamine in ethanol. However,
under these conditions the desired three ring product (2.1.1) was
only produced in very low yields and the isolation of the five

ringed target molecule (2.1.2) proved to be unsuccessful.

The low yields of the former reaction prompted the use of longer
reflux times, but this only resulted in a slight improvement.

The reaction was repeated using higher boiling solvents for
example wvater and ethylene glycol. The reaction using water
produced comparable yields, but with shorter reflux times.
However, the reaction in ethylene glycol failed, with no
observation of the byproduct 2,4 dinitroaniline on t.l.c. The
failure of the reaction could be due to the high boiling point of

the ethylene glycol 41.

Efforts to repeat the reaction with p-phenylene diamine using
vater as the solvent also proved to be unsuccessful. The failure
and low yields of the above reactions could be explained by the
autoxidation of the aromatic amines to be a relatively stable

cation (Figure 2.2.2).

Ry:R R_«R
+ 0, — v 0]
RR “\p

Figure: 2.2.2: The autoxidation of aromatic diamines
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The effect could be catalysed by the iodide ions associated with
the diquaternised bipyridinium. TIodide ions have been shown to
cause oxygen activation42, which is probably related to the good
electron donor ability of I-ion42 observed even towards oxygen.

The complexation accelerates the autoxidation of the diamines42

The p-phenylene diamine may also undergo polymerisation to form

an aromatic azo polymer by oxygenation43 (Figure 2.2.3).

---------- -+ [Ar-N=N]
Figure: 2.2.3: Oxidative coupling of primary diamines to prepare

an aromatic azo polymer.

To remove the possibility of polymerisation a control reaction
vas tried. The diamine was refluxed in water for 4 days. The
product isolated was a mixture of starting material and a highly
polar solid, presumably from the oxidation of the aromatic

diamine.

To reduce the problem of autoxidation the aromatic amines were
recrystallised and sublimed and the synthesis was carried out
under an inert atmosphere. A substantial increase in the yield
vas observed for the three ringed target molecule (2.1.1).
However, all attempts to isolate the five ringed targed molecule

(2.1.2) failed.
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The presence of the byproduct 2,4-dinitroaniline, observed by
thin layer chromatography, indicated the desired reaction was
taking place. The ﬁicroanalytical data suggested that the
producf isolated was a 1:1 complex of p-phenylene diamine and the
bipyridinium target molecule (see table 2.2.1). Complex
formation was confirmed from the observation of an NH2 absorption
in the infra-red spectra of the isolated products, which t.1l.c.
evidence suggested was not associated with the p-phenylene

diamine starting material.

The p-phenylene diamine molecule is an electron donor with it
being the best donor among the thrée isomers of phenylene
diamine44. The phenylene diamines have been shown to form charge
transfer complexes with electron acceptors for example, iodine,

chloral, tetracyano ethylene, and TCN044’45.

The quaternary salts of 4,4’-bipyridine are electron acceptors
and have been found to form complexes with many electron donor
moleculesée. They ﬁave been shown to form addition products with
amines (see introduction). In the mid 70’'s the x-ray diffraction
analysis of the 1:1 complex between paraquat and hydroquinone
indicated that charge transfer existed between both the
hydroquinone and the iodide anions as-donors and the bipyridinium

. 47
ion as an acceptor .
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It is proposed that the bipyridinium target molecule (2.1.2) vas
produced but then reacted further to form a 1:1 charge transfer
complex with the remaining p-phenylene diamine. This is

supported by t.l.c, infra-red and microanalytical data.

The charge transfer complex of the three ringed target molecule
(2.1.1) with TCNQ was prepared. A solution of the bipyridinium
salt in acetonitrile was added to a refluxing solution of neutral
TCNQ in acetonitrile. After cooling black hairs of the charge

transfer complex were recovered.
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The proposed synthetic pathway for the preparation of the

polyviologen target molecule (2.1.3) was as follows:
NO,

><<\_=‘>-~02 |
7 mz 02
4 \ \/ .
N e T
X" X"

(2.2.3)

H2N<©NH2

The problems for the diquaternisation were again the length of
reflux and poor yields. Efforts were immediately directed to
optimizing the reaction, wvith a significant improvement in the
yield being afforded by reference to an I.C.I. patent41. It
stated that further refluxing of the filtrate produced a further

crop of the desired product.

The initial low yield for the formation of the polymer (2.1.3)
can again be attributed to the problems assoc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>