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ABSTRACT

This work concerns mainly the characterization of oxonol dyes,
cyanine dyes and their conplexes:, especially with tetrathiafulvalene
(TTF). Some work has also been done on titanium (IV) doped iron (III)
oxide. Cyclic voltammetry shows that TTF and its derivative dibenzo
TTF can be reversibly oxidized to its radical cation and dication in
non-aqueous solution. The equilibrium potentials for two one-electron
oxidation steps in acetonitrile/tetrabutylammonium perchlorate (TBAP)
were measured and found to be E(0,+.) = 0.302V and E(+.,++) = 0.770V
for TTF and E(0,+.) = 0.540V and E(+.,++) = 0.900V for dibenzo TTF.
Unlike cyanine dyes, oxonols are irreversibly oxidized and equilibrium
potentials were measured by extrapolation of potential-sweep rate curves.
Also using cyclic voltammetry, the rates of electron-transfer were
calculated for TTF and dibenzo TIF as well as an electrochemical
reduction series for some charge-transfer compounds relative to
hydrogen reduction potential.

The complex TTF/oxonol dye was prepared electrochemically at the
optimum conditions. Its solubility and sensitivity towards pH changes
were measured. Cyclic voltammetry shows that the complex is
irreversibly oxidized and at lower voltages coimared to its constituents
TTF and oxonol dye. Electrical measurements show that the complex is
a semiconductor (a - 9.8 x cn“?) and the energy gap is
0.516 eV.

First ionization potentials measured by photoelectron spectroscopy
for TTF, dibenzo TIF and TTF-oxonol dye complex give approximately the
same value which suggests that, the solution chemistry of these

conpounds is different from their gaseous state behaviour. NMK)



calculations were used for geometry optijnization, charge-density
distribution, heats of formation and ionization potentials. Coupling
constants and g-factors were calculated for TTF, its dibenzo derivative
and its dye complexes using esr spectroscopy.

Charge-transfer complexes, particularly TTF/TCNQ show some degree
of response towards polluting gases such as sulphur dioxide and carbon
monoxide as determined by their conductivity changes when the gases
were passed over the surface. They may therefore be used as gas
sensors if certain modifications in structure or electrode design could
be made.

Titanium (IV) Iron (III) oxide mixture shows a reasonable
conductivity of 1.4 x 10 ~Mi"cm ~ but unfortunately a compressed pellet
electrode is not mechanically stable. This problem can be solved by
sintering the oxides with glass powder which resulted in a high
resistance electrode in which some pH/voltage measurements haie been

done.
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CHAPTER 1

General Introduction
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1.1  Historical Background of Organic Metals.

Organic solids are usually thought of as electrical insulators.
Recent discoveries of molecular crystals and polymers that exhibit
metallic levels of conductivity have drastically altered the
situation. Such materials have been termed ’'molecular metals’

(a 10-100  * cm They have provided new insights into the
solid state properties of organic systems and offer prospects of
many technological applications inthe future.

Although metallic in nature, they have low conductivity
compared to a metal such as copper. However, while some organic
metals become superconducting (absence of electrical resistance) at
low temperature, copper never does. The first organic metal, reported
in 19542, was a perylene-bromine complex.

Most of the studies are now concerned mainly with charge-transfer
complexes”, which have been studied extensively since the beginning
of the century”*”. Familiar donors include alkali metals, amines,
or aromatic molecules; among familiar acceptors are halogen atoms,
quinones, or electron deficient alkenes, heterocycles or aromatic
molecules.

The first evidence that crystalline charge-transfer complexes
could be electrically conducting dates back to the early 196O’s6’7.
Then Littleo proposed a model for high temperature organic super-
conductors involving conduction along linear hydrocarbon chains
surrounded by polarizable dye molecules.

The preparation of a new donor, tetrathiafulvalene (TTF) in
1970 led, two years later , to discovery of some derivatives which
are metallic at room temperature” Many were surprised to leai

that TTF/TCNQ (Tetrathiafulvalene/Tetracyanoquinodimethane) had



25

metallic conductivity, rising to 10" cm”’” around 60K, at which
point a metal-semiconductor transition occurredll*g. This discovery
caused many chemists, physicists, and theoreticians to enter the

field of organic metals. Unitl 1979, when the first organic super-
conductor was discovered™"”, research focused onthe synthesis of new
TTF and TONQ derivatives and other novel donor and acceptor systems.

During this period, there has been equal interest in polymeric
hydrocarbons with extensive - electron delocalization, where there
is the possibility of a narrow conduction band, derived from the m-
orbitals. Polyacetylene has received most attention; in the pure
state the material is an insulator 10 ~ A cm”™) with a
relatively large band gap, but Heeger, MacDiarmid and co-workers" " "/""A
showed in 1977 that doping with strong oxidizing and reducing agents
increase the conductivity of polyacetylene to 500 cm~",
Since then there has been much work on polyacetylene and its
derivatives™”.

Two other related classes of one-dimensional conductors include
polymers of the main group elements, for example, (SN)A19 and
linear-chain chelated transition metal conpounds where intrachain
overlap involves the ligand - system as well as metal-metal
interactionszo. For more information on such materials see references
21-23.

The electron wave-function overlap for 3- types of conducting
materials are shown in Figure (1)*t Some examples of molecular
metals are shown in Table (1) and the necessary conditions to

design an organic conductor were also summarized.
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(@ ©

Figure (1) 1.1.1 Electron wave function overlap for
carbon atom T electrons in:
a) a molecular stack
b) a polymer chain and
c¢) metal ion d-orbitals in a metal
organic compound.
Only some functions are shown in (a) for

clarity.
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1.2

Table (1):

27

Examples of Molecular Metals,

TYPE

chain compounds

conjugated

polymers

charge-transfer

complexes

SIRUCTURE
FORMATION

metal chains
"metal ions of
the chain are

surrounded by

n

organic ligands

polymerization

complexes fomed
from donors and

acceptors.

EXAMPLES

[PtCCzHgNHz),| -
[PtCC*HgNHp~(1"] Cl4

(i) poly-sulphur nitride

CSN\Y)

(ii) polya

Donors:

Acceptors :

cetylene

TTF and its derivatives

TCNQ and its

derivatives
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1.1.3 The necessary conditions to design organic conductor

composed of donor (D) and acceptor (A) are25

1. Enforce a segregated mode of stacking (... .DD------ 11... .AA....)

in the solid state, which can be shown clearly as:

D A 0

D Ara D

and the crystal lattice of organic metals consist of segregated
stacks of planar donors and planar acceptors.

2. Control the A:D stoichiometry.

3. Partial degree of electron-transfer.

4. Symmetry of donor and acceptor must be considered.

5. Stabilized the delocalized state (D*"D**..11..A "A below
the localized one (D"D..11..A"NA).

6. Permit and control the degree of interchain coupling.

1.2 Definition of Insulators, Semiconductors and Metals in terms
of energy gap and range of conductivity.

When a set of N- atoms or ions is condensed from the gas phase
to form a crystalline solid, the discrete electronic energy levels
of the individual atoms interact and spread into bands of allowed
energy separated by forbidden energy gaps26. For pure accurately
stoichiometric compounds three limiting cases arise:

(a) Some solids are electrical insulatros (e.g. pure MO for

these, each occupied band is exactly filled with its quota of
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electrons and there is a large forbidden energy gap AE° to the next
allowed level which is thus conpletely empty (Fig. 2d). The energy
gap in this case is more than 1.2 eV.
(b) The second case for pure compounds is Wien the forbidden
energy gap is within an order of magnitude of thermally accessible
energies (0.1 to 1.5 eV). Such conpounds are insulators at low
temperatures but, as the temperature is raised, increasing numbers
of electrons are promoted to the conduction band and the conpound
becomes a semiconductor, with a conductivity which increases
exponentially with temperature. Both the electrons in the conduction
band and the positive holes in the almost filled band contribute to
this conductivity. Fig. (2c¢). Semiconductivity will either be
intrinsic or extrinsic and this will be discussed later.
(¢) The third limiting case describes the situation in metals:
here either the highest occupied band is only partly filled with
electrons (e.g. Na) or two bands overlap, allowing electrons from an
otherwise full band to leak over into the next higher band (e.g. Mg).
In both cases there are levels to which electrons can move under the
influence of an applied potential and the metal is a good electronic
conductor (Fig. (2a) and (2b)).

The range of electrical conductivity for the above 3- mentioned
cases are as follows27

metals : lo"~ - 10" n"" cm
semiconductors : 10-9 - 100 R

insulators: 10-22 . 10-10 " "
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(a) Monovalent Metal (b) Divalent Métal

I conductance band 1

overlap band

valence band valence band

(c) Semiconductor (d) Insulator

conductance band

AE 0.1-1.5 eV AE > 1.5 eV

valence band

valence band

Figure (2) 1.2.1 Energy gap diagrams in metals, semiconductors

and insulators.
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1.2.2 Intrinsic and Extrinsic Semiconduction.

A semiconductor may be either intrinsic or extrinsic
Conductivity shown by the intrinsic semiconductor is due to electrons
acquiring sufficient energy in some way, to cross the band. This
energy may be thermal, photons, or electrical field.

Extrinsic conductivity is due to some kind of lattice defect
such as:

(a) Lattice imperfection: which may be caused by some atoms
leaving their lattice sites and squeezing into positions which

are between lattice points called interstitial sites, giving a
Frenkel defect. Altemativley, lattice imperfections may be caused
by an excess or a defect of constituent atoms from the stoichiometric
formula.

(b) Impurities: which occur because some of the lattice atoms have
been replaced by atoms of a different element. If the valence of the
impurity atom is higher than that of the lattice atoms of the parent
crystal, then one of the bonding electrons of the impurity atoms will
have no partner and thus will be only very weakly bonded to its atom.
Little energy - in fact an energy of the order of kT - will be
required to detach this excess electron completely to create a free
electron. This impurity is an n-type semiconductor i.e. a negative
charge carrier. A p-type semiconductor is a type where the inpurity
atoms have a valence below that of the host lattice atoms. This is

shown diagramatically in Fig. (3a) and (3b).
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1.3 Some Applications of Organic Semiconductors.

TTF-TCNQ and its derivatives have not found extensive
applications partly because of frailty of the crystals whereas
conducting polymers, such as polyacetylene, are industrially more
adaptable. However, the uses of conducting single crystals in
microcircuity of electronic devices have been widely studied.
Photo-induced switching between two stable resistance states has been
observed in semiconducting films of Cu-TCNQ and Cu-TNAPzg, and in some
TCNQF" salts. Proposals have been made for organic metals as
components of solar cells. Their photoelectric and rectifying behaviour
resembles that of a conventional Schottky barrier or MIS (metal-
insulator-semiconductor) devices, and research in this area is now
concentrated on optimising the nature and distribution of dopants
in the organic films to give maximum efficiency29

Solid state electrochemical cells based on conducting complexes
have been studied since the early TONQ work. Surface modification
of conventional electrodes with TTF/TCNQ has resulted in the first
observation of electron-transfer from an organic solute to a compacted
organic electrode30

The electron-acceptor properties of TONQ have found many diverse
applications: study of polar head transitions in some phospholipidsBl,
for characterising electron donor properties of metal oxides used in
catalysts 32, and for determining the critical micelle concentration
of surfactants 33. If superconductivity can be achieved at higher
tenperatures than those required to date then the technological
potential is enormous; more efficient electronic motors, very
powerful electromagnets and superconputers that exploit the small heat

output of superconducting circuit elements have all been considered"”.
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1.4  The Physics of Transitions among Insulators, Semiconductors,

Metals and Superconductors.

The most exciting advances of the past few years have come from
studies of tetramethyltetraselenafulvalene (TMISF) salts®. In 1978,
the complex TMISF-2,5-dimethyl TONQ was found to be the first organic
compound in which a truly conducting state is stabilized under pressure
down to IK; at ambient pressure a sharp-metal-to-insulator transition
occurs at 42KM*AA,

Two theories were advanced to explain the low temperature
conductivity of TMISF-DMICNQ. The Fermi surface may be semimetallic
due to interchain hydridization making a quazi-two-dimentional solid37
or, on the other hand, there may be gradual growth at low temperatures
of a superconducting pairing between electron states36

According to the crystal structure and segregated mode of stacking,
conducting organic charge-transfer complexes may be linked to arrays
of one-dimensional molecules with more than the conplement of electrons
required for valence bonding. In principle, the extra electrons will
partially fill a conduction band whose width is determined by the
interactions between neighbours.

The behaviour of such a system was discussed inthe mid-1950's
when Peierls38 pointed out that, at a low temperature, a quazi-one-
dimensional metal could not sustain long range order but would be
unstable with respect to lattice distortions. In the simplest terms,
the conducting chain would be stretched in one region and contracted
in another, so that the conducting electrons become localized, with
a filled electron band at a lower energy and an empty band at a
higher energy. A variation of charge density in phase with the lattice

distortion, such as this, is known as a charge density wave, and the
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associated energy gap results in aninsulating, or at best, a
semiconducting solid.

As part of the explanation of superconductivity, however,
Frohlich39 pointed out in 1954 that if charge density waves were
coupled to the vibration of the underlying lattice, a charge density
wave could travel freely through the crystal, affording a super-
conductivity rather than an insulating state.

When the number of electrons in a chain is commensurate with
the number of lattice sites, a metal-to-insulator transition can be
expected to occur readily as the electron charge density wave becomes
static because of the high potential energy which must be overcome
in order for electrons to move to new equilibrium positions along the
chain.

On the other hand, a charge density wave incommensurate with the
lattice will not be locked to the lattice and will be free to
translate to new positions, so acting as a charge carrier, without
adversely affecting the energetics of its relationship to the lattice.
Thus a mechanism for high conductivity is available and for a truly
incommensurate system a superconducting state will exist**. A spin
modulation, without a lattice modulation, provides another possible
instability for one-dimensional conductors. Here, the electron spin
density distorts along the chain, in the extreme case giving an
antiferromagnetic arrangement of spins.

Lattice defects and impurities can also lead to random electro-
static potentials that will tend to spin the charge density wave to

the underlying lattice and favour Peierls distortions.
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1.5 Studies of Organic Conductors

In recent years there have been extensive research activities
focussed on macromolecules with extended m-electron systems. Semi-
conductivity, as a property of crystalline organic substances
containing m-electrons, was established in the first instance for
phthalocyanine and isodibenzanthrone and pyranthrone. It was
supposed in each case that the current carriers were mobile Trelectrons,
and support for this view came from the observation of Inokuchi"* that
the thermal energy gap decreases with increase in the number of
TT-electrons in the molecule.

In the early 1960's Masahtro®" studied the paramagnetic and
electronic properties of polyacetylene. In 1963, R.G. Kepler*”
carried out magnetic susceptibility measurements for a wide variety
or organic salts based on the anion radical of TCNQ.

A correlation between the magnetic and electrical properties
has been observed. It was found that, salts which exhibit the
higher conductivities also exhibit a temperature independent para-
magnetic contribution to their susceptibility, but in the less
conducting materials, the odd electron associated withthe TCNQ anion
radicals are paired in quazimolecular states consisting of a singlet
ground state and a triplet state lying slightly above the ground state.

In 1971 Sharp and Johansson'*" prepared ion-selective solid
state electrodes from ion-radical salts of TCNQ. The technique used
was a compressed pellet of the ground salts and attached to a bright
platinum base with graphite paste as adhesive and as electrical
contact.

They found that, copper-selective and the silver selective
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electrodes showed only a few interferences and behaved according to
Nemst's equation over 5 and 6 decades of activities, respectively.

John™ (1973), prepared the new conpound TTF/TCNQ in 1:1 ratio.
They concluded that, the electron transport properties of TTE/TCNQ
are of interest for several reasons: a) TIF is highly symmetric
(point group D) and thus random potentials due to asymmetric
orientation are less likely than for other cations previously
investigated, b) TIF is highly polarizable because of the presence
of sulphur and thus coulomb repulsion between electrons on
neighbouring TCNQ sites should be considerably less than suggested
for other TCNQ complexes prepared with nitrogen-containing heterocyclic
cations of similar size to TIF44.

The first ionization potential of TTF as measured by electron
impact ionization was found to be 6.95 £0.1 eV'". At the same time
the energy required to remove a second electron from TTF was suggested
to be low by R.N. Compton and Co-workers™ (1974). This suggestion
was due to an observation of stable TTF2+ in a medium-resolution
magnetic mass spectrometer. They also studied the electron affinity
of TONQ using cesium collisional ionization technique described
in reference 47.

In 1975 EM. Engler at the Watson Research Centre in New York
studied the ionization potentials and donor properties of selenium
analoges of tetrathiafulvalence. Using cyclic-voltammetry they found
that diselenadithiafulvalene (DSeDTF) and tetraselenafulvalene were
more difficult to oxidize, that is they are weaker donors, than TTF.
Their results were also confiimed by the energy of charge-transfer

absorption upon conplex formation with an acceptor and calculated



38

association constants.

Since selenium possess a lower ionization energy than sulphur
10.4 vs. 9.8 eV)49, it also forms much weaker m-bonds to carbon
(e.g. C=S Tband strength, 3.00 eV vs. C=SC, 2.15 eV)*. It is the
balance between these two opposing factors which may be responsible
for the different trends in ionizaiton energy observed on replacing
sulphur with selenium in these heteroaromatic systems.

The low ionization energy in the TTF system probably derives
from its ability to distribute charge on all four sulphurs by
TT-bonding to carbon as illustrated by resonance structures below.
Some molecular orbital calculations have been done to illustrate

this point.

L-S s/ \sJ1

In 1977, Robert C.W. showed the effect of electron-transfer on
TTF/TCNQ complexes. His study concluded that, the percent electron
transfer in such complexes could have considerable influence on
final electrical conductivity since electron-transfer in turn may
influence the ease of a Peierls transition to an insulating state,
the ability to form closely packed homogeneous stacks of cations and
anions, and electronic interactions in homogeneous cation and anion
stacks once formed. There are two ways to affect electron-transfer:

to vary electron acceptor or donor strengths 32 and alter the stoichiometry
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In 1979 Allen J. Bard et al studied some properties of compact
pellets of TIF/TCNQ in aqueous media as an electrode53. They found
that the electrode was stable over a potential range of about 0.9 V,
within this region the electrode exhibits residual Faradaic currents
of less than 1-2 pA/cm2 and the oxidation and reduction of soluble
redox couples at this electrode could be carried out.

Another technique was used by F.B. Kaufman and co-workers™*,
in which a linear phenoxytetrathiafulvalene polymer is physically
adsorbed onto a metallic substrate by spin-coating to produce a
polymer-modified electrode whose electrochemical and optical properties
are distinctly different from those of the metallic substrate.

The electrochemistry of TTF in various aqueous media by using
carbon paste electrode, was studied by Marian in 1982”*. In metal-
acetate, the oxidation of solid TTF procédés, as in solution, in two
one electron steps, through the successive foimation of TTF *and TTE'
species. He also found that, in chlorine and bromine media, the

formation of several mixed valence salts (TTF)Cl, (TTF)Br is
0.7 0.05

detected on the current-voltage curves.

At the same time Henning and co-workers*” prepared some electrodes
by covering the conductive substrate (pt. Ta, Si, Sn02) with 10 yL of
2% by weight Na/ion/EtOH solution and allowing the Et(E to evaporate.
The TTF was incoiporated into the film by immersing the electrode in
an aqueous solution of 1 mM TTFCl for 10 minutes. Their study suggests
that these films might be useful as protective layers on semiconductor
electrodes to incorporate catalysts onto electrode surfaces.

Recently cyanine dyes have been examined as possible candidates

for solar energy conversion in the form of monolayers and thin films
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on glass substrates™”. Absorption and emission characteristics of
cyanine dyes were studied at the same time. They found that the
efficiency of the cyanine dyes depends upon their emission properties
and also on their photostability.

Unfortunately, it is commonly observed that the cyanine dyes with
polymethine chains in the molecular framework degrade in light.

Williamssg, studied selenium - and sulphur - based organic
superconductors. They were especially concerned with the novel
structural features that characterized these systems and allow the
development of structure-property correlations. Other studies59
involve the range of electrical conductivity of TCNQ, which is started
as an insulator (pyrene-TCNQ), a semiconductor (morphulinium-TCNQ),
TTF/TCNQ the first organic metal, to HNfISFF-TCNQ (Hexamethylenetetra -

selenafulvalene), the first organic compound to remain metallic as

the temperature approaches zero.

1.6 Aim of the Research

The major aim of this work is to characterize some novel conducting
materials. The materials used include organic dyes, both anionic
(oxonols) and cationic (cyanines), donors (tetrathiafulvalenes) and
acceptors (tetracyanoquinodimethanes).

Cyclic voltammetry, conduction measurements, electron spin
resonance, photoelectron spectroscopy and chemical analysis techniques
were used to characterise these organic dyes and their complexes. In
addition the novel materials were tested to make a sensor for

polluting gases (e.g. sulphur dioxide, carbon monoxide).
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Titanium-doped iron oxide glassy discs were treated under
different conditions. Their electrical conductivity, response to pH

changes were measured.
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CHAPTER 2
Electrochemical Studies of Ti-doped

Iron (I11) Oxide Glassy Discs.
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Electrochemical Studies of Ti-doped Iron (IIl) Oxide Glass Mixture

2. Introduction

Inorganic semiconductors play an important role in many industrial
devices. Electrolysis of water to give hydrogen and oxygen is an
obvious example, but chlorine production, fuel cells and even certain
corrosion reactions involving gas electrodes are of particular interest.
The materials presently used as inert electrodes at noble potentials
in acid media include graphite, lead alloys, lead dioxide and
platinum or ruthenium based coating on titanium60

Glass coating techniques have been used successfully for many
years to provide a protective coating for mild steel vessels used in
handling of acidic media™”".

In general a glass mixed with semiconductor oxides will be
supposed to conduct if it has two continuous phases - a conducting
oxide phase and a non-conducting glassy phase Wiich fill up all pores.
This condition will be satisfied if the oxide has some solubility in
the glassy phase to enable liquid phase sintering to take place.

Very few of the known semiconducting oxides possess adequate conductivity
and corrosion resistance in acidic media®¥ANEAN,

Work on iron oxide was initiated by Borom of the University of
California in 1967*. He and his group studied the reactions between
metallic iron and cobalt oxide bearing sodium disilicate glass. Their
research was aimed to confirm the theory that chemical bonding occurs
between a glass and metal when thermodynamic equilibrium relative to
the low-valent oxide of the metal is present at the interface”

They also reported quantitative and definitive studies of the
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electrochemistry of a model glass-metal system, i.e. iron and sodium
disilicate glass containing cobalt oxide.

It has been shown that reactions may occur in glass containing
reducible oxide-metal systems that are not at equilibrium, which are
galvanic or electrochemical in nature and thus require both electronic
and ionic transport mechanisms. Thus saturation of the glass at the
glass-metal substrate interface with the oxide of the metal can be
achieved only by solution of an oxide foimed by preoxidation of the
metal.

Recently NiCd20" has been developed as an electrode material to
produce pure O2 on a small scale, particularly for use in developing
countries for medical purposes™* »70,71* Tseung and his group of the
City University72 studied the role of lower metal oxide/higher metal
oxide couples in deteimining the minimum voltage required for the
evolution of oxygen, together with other essential requirements such
as electrical resistivity, electrode microstructure, corrosion
resistance and catalytic properties. Their survey of various metal
oxides based on the above criterion suggested that NiCo20" is of
particular interest and teflon bonded electrodes based on this
material gave over 1300 A/m™ at 1.63 V vs. dhe, 70°C, 5N KCH

They also studied hydrogen evolution on teflon bonded Pt black,
platinized Pt and Pt foil electrodes in 5N H2SO4, 25°C. Their study
showed that teflon bonded electrodes gave a higher perfoimance than
the other electrodes. Tafel plots on such electrodes are complicated
by the formation of higher oxides, gas bubbles, and emptying of the
electrocatalyst pores, and it is suggested that potentiostatic pulse

techniques can give more reliable results, provided the electrodes
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are fully preanodized to form the higher metal oxide.
Preliminary attempts to develop inexpensive, protective conducting
coatings on mild steel for use as insoluble anodes were studied by
the same group. They managed to show that 3% Ti-Fe20”" plus 20°% glass
pellets fired at 1250°C have low resistivity and low porosity at
which chlorine could be evolved in HCl. Their results showed that a
Ti-doped glass coating did not give 100% protection to the mild steel.
They suggest that improvement in the coating technique or the use of
a more acid resistant metal could provide inexpensive, stable electro-
chemical anodes for a whole range of aqueous electrosynthesis processes.
To investigate further, we studied in this report titanium doped
iron (IIl) oxide glass mixture at different compositons and heated
in different conditions. An electrode of a conpressed pellet was
constructed and examined to be used as ion-selective electrode,
especially towards hydrogen ion-concentration. lon-selective electrodes
can be defined as an electrochemical sensors that allow potentiometric
determination of the activity of certain ions in the presence of other
ions, and the suitable solid state materials should have the following
properties :
a) Ion-exchange should be rapid and reversible for at least oneion.
b) Ion-exchange should attain local thermodynamic equilibrium.
c)  They should be ionic conductors with resistance small compared

to the imput inpedence of the measuring device.

2.1  Preparation of discs.
All the staring materials were of Analar Grade. Iron (III) oxide

is 99.9% pure from Ventron (Alfa division), titanium dioxide (BDH
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Chemicals Ltd.) and 120 mesh glass powder. The mixed oxides were
prepared by direct mixing of the three oxides and by co—precipitation60
of the hydroxides from solution acidified with HCI, using excess
ammonia. The precipitates were washed and heated to 1000°C for 2 hrs.
in air. Different discs were prepared by pressing about 0.75-1.5
grams of the mixture into a 1 cm steel die at 10-15 tons cm

These discs were fired in air at 1200°C for different intervals.
The composition of the mixture was changed and the conditions of
heating were also changed each time. The resistivity of the oxide
pellets (Table (4))was measured by using 8020A model Digital Multimeter
(John Fluke HFG. Co., Inc.). Using aluminium foils attached at both

sides of the disc for an easy electrical contact.

2.2 Electrical Measurements Results.

Table (2) shows the range of electrical conductivity for pellets
of different composition with constant 20%by weight of glass powder
conpared to that of pure iron (III) oxide. Table (3) represents
oxides with constant composition, but different heating conditions.
The effect of increasing titanium percent on conductivity of titanium

doped iron (III) oxide disc was also shown in Fig. (4).
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Table (2)
2.3  The Effect of Increasing Ti %in Conductivity of Ti-doped

Iron (III) Oxide Discs Heated in Air (1200°C.)

Composition Conductivity

(0-1 cm"l)

1 25 X0 ¢
2. 1.96% Ti-FerO” 20%glass 5.1 X10'6
3. 291% Ti-FerO" 20%glass 8.1 X 10"
4. 3.84% Ti-Fe”Oj 20%glass 1.5 X 10-4
5. 4.76% Ti-Fe*O, 20%glass 4.3 X 10'G
6. 7.68% Ti-FezO, 2d% glass 1.0 X 10"4

7. 3.84% Ti-FezO, (no glass) 1.4 X 10-3
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Table (3)

Iron (III) Oxide Disc.

Composition Heating Conductivity
Conditions (O'1 cm'b

1.  3.84% Ti-Fe2(3

2.5 hrs. (Air) 9.3 x 101
20% glass
2. 3.84% Ti-FezO*
overnight (Air) 1.5 x 104
20%glass
3. 3.84% Ti-FezOg
overnight (vacuum) 7.8 X 10"4
20% glass
4. 3.84% Ti-Fe"Oj
overnight (Argon) 6.4 x 10"3

20% glass

2.5 Electrochemical Studies

Some of the pressed discs were mounted: one side of the disc was
coated with silver paste-epoxy adhesive (RS Components Limited). A
nickel mesh screen was pressed onto the silver-epoxy coating and
copper wire was fixed to the nickel screen using the same material.
Using a plastic cover as a mould, the electrode was then encapsulated
in epoxy resin (Araldite). Side and front views were shown in
Fig. (5). The whole assembly was used as a working electrode in
a 3-electrode cell, together with Calomel electrode reference and

a sheet of platinum auxiliary electrode - dipped in 0.1 Mhydrochloric
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(a)
copper wire
plastic cover
isolated araldite
Ti-Fe2(2 disc

(b)

copper wire

I plastic cover

isolated araldite
1 Ti-Fe203 disc
silver epoxy resin

Figure (5) Front view (a) and side view (b) for

Ti-Fe22 electrode.
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acid. A current passed with the corresponding voltage was recorded,

and graphs of current versus voltage was plotted, Fig. (6) and (7).

2.6 PH/Voltage Measurements

In a separate experiment a two electrode cell was constructed.
The working electrode was an oxide mixture prepared as described
before, together with a Calomel reference electrode. Using a solution
of dilute hydrochloric acid in the cell and dilute sodium hydroxide
in a burette fixed just above the cell, the pH of the tested solution
was controlled. The pH change was measured using a pH-Meter Model
E512. The voltage corresponding to each pH was recorded for
different composition of the working electrode (Table 4). Plots of

voltage versus pH for the same electrode materials are also shown

in Fig. (8) and (9).

Table (4) Values of Voltage vs. pH for Different Oxides Discs.

Fe Og only, 3.84% Ti-F~203
pH Voltage (V) pH Voltage (\f)
3.8 0.133, 3.1 0.499
4.6 0.153 4.1 0.433
5.5 0.144 6.0 0.400
6.8 0.122 8.5 0.379
8.8 0.104 10.2 0.362
10.0 0.088 11.2 0.352

14.0 0.053 14.0 0.299
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Table 4. (Continued)

3.84% Ti-Fe’Og + 3.84% Ti-FezOg +

20% glass (vacuum)

pH Voltage (V) pH Voltage (V)
3.5 0.430 3.2 0.490
5.0 0.400 4.2 0.516
6.9 0.340 5.5 0.518
8.0 0.320 7.4 0.514
9.8 0.295 9.0 0.100
11.6 0.274 12.2 0.080
14.0 0.130 14.0 0.106

2.7 Electron Microscopic Surface Study.

Due to the high resistance of the oxide disc, the surface of
the disc under investigation was coated with a very thin metallic layer
of palladiumor gold (23 nm) to allow easy passage of the electrons
from the electronic microscope to the surface of the electrode for
better resolution. All discs examined appeared to have relatively
homogeneous surfaces with some holes and irregularities of about 200 yM.
The disc that was formed with a direct mixing of oxides and heated
under vacuum, appeared to have a very smooth surface, while that formed
by.,a co-precipitation of the oxides has a rough surface with particles
having a lens-shaped appearance. The disc that has no glass seem to
be cracked with different shapes, Wiich indicates the fragility of

the mixture and the importance of glass to make a mechanically stable
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Figure (10): An electron-microscope surface analysis

of glassy Ti-Fo202 electrode
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electrode. The homogenity of the mixture was supported by the electron
emission experiment run by Dr. D.B. Hibbert of the Chemistry Department,
Royal Holloway and Bedford New College, under whom this research was
conducted. In his experiment no separate emission from glass powder
appeared on the screen. A photograph of an electrode surface is

shown in Figure (10).

2.8 Discussion

The iron (III) oxide discs had very low conductivity of about
2.5 x 1077 O#r crn%. When doped with a certain percentage of
titanium-oxide (3.84% Ti-Fe202), the conductivity remarkably
increased (1.4 x lO"* cm") owing to the effect of titanium
dioxide \diich acts as an inpurity in the iron (III) oxide matrix.
Introduction of Ti** to Fe™ host lattice is a typical n-type semi-
conductor. Titanium (IV) has one more valence electron than iron (III),
hence when it is incorporated substitutionally, one electron per
titanium is introduced into the bonding structure of the host lattice.
At low temperature the excess electrons remain in the vicinity of the

titanium impurities, but as the temperature raised, these electrons are

free to move and as a result, the iron host lattice can conduct current.
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Although the mixed oxides discs have a reasonable conductivity,
unfortunately they were so fragile that they can easily be broken
during handling. Addition of glass powder of about 20% by weight,
brings about a mechanically stable electrode, but it decreases the
conductivity by about ten fold (1.5 x 10 » cm’™).

Heating conditions will affect the properties and surface
structure of the mixed oxide discs. Discs that were heated overnight
under vacuum seem to have the highest conductivity (7.8 x 10"* cm”?)
The decrease in conductivity for glassy electrodes may be explained
by the fact that, a discontinuity of the two phases (glass phase and
metal oxide phase) might exist within the bulk of the electrode or
disc despite the fact that electron microscopy shows a homogenecous
surface distribution. This discontinuity could lead to contact
resistance.

Discs that were heated in air have a lower conductivity (1.4 x 10 »

~ cm~"), possibly due to interferences of some molecules in air such
as oxygen or hydrogen in form of water vapour. Heating under vacuum
may cause more vacancies and inperfection which could lead to a higher
conductivity. The same explanation will be expected for discs which
were heated under argon, but in a lesser extent. That might explain
why discs heated under argon have lower conductivity than those
which were heated under vacuum.

Increasing the percentage of titanium in titanium doped iron (III)
oxide discs leads to an observable increase in disc conductivity.

The highest %of titanium (7.68%) expected to give the highest
conductivity, but this is not the case, the highest conductivity

was found around the region 3.84% which indicates that, there may
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be an optimum amount of the ijnpurity oxide to give a reasonable
conductivity.

From the current-voltage curve it was observed that, the current
started to flow around 1.7 V versus SCE which is the voltage at
which chlorine gas is expected to evolve. This value is compatible
with that found by Tseun”"Wiich was 1.6 V versus RHE The linearity
of the curve in the region (1.7 - 2.6 V) is due to the high
resistance of the electrode.

The possibility of glassy oxide discs to be used as hydrogen
ion-selective electrodes is limited. This was observed from the
pH versus voltage curves in Wiich there were no reasonable change
of voltage with increasing pH of the tested solution. The very
limited response found is not Nemstian in nature, since the slopes
of all graphs were very different from the value calculated from
Nerust equation (60 mV). The slopes for the four tested electrodes
(FerO”, 3.84% Ti-FeO” with and without glass, heated in vacuum)
were as follows: -1.07 x 10 -1.25 x 10 -2.0 x 10 » and
44 X 10 ~ V » respectively.

The oxide disc heated under vacuum has very little response
in acidic media, but there was an observable sharp change in
voltage in changing the pH of the solution from acidic to basic.
This can be explained by the fact that, there is a specific surface
structure which was only affected by OH groups and it will not
react with any excess hydrogen in acidic media. The possible
mechanism suggested is that the surface acquires OH groups which are
thermodynamically favourable to react with (H to generate water

rather than react with hydrogen to give the same product. This can
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be represented as follows:

Fe- H Fe-—
0 0
Fe OH Fe -0 HO

Thennodynamic equilibrium can be attained after generation of
water molecules in basic media.

In general, it was shown clearly that, using glass powder as
well as the right amount of impurity (doped oxide) with semiconducting
oxides were important for sintering at high temperature and for

reasonable electrical conductivity.

Some D ifficulties Involved

In This Work.

1.  The major difficulty is the high resistance of the electrodes

which prevent any reasonable currents being passed.

2. Mixing the oxides homogeneouslyis a very sensitive process and

it needs much care.
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CHAPTER 3
Investigation by Cyclic Voltainmetry of
the Electrochemical Properties of TTF, Some

Organic Dyes and Their Derivatives.
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3.  Cyclic VoltaimiK)grajn Instnjmeiitatiori and Cell Design

In the last fifteen years, cyclic voltainmetry has become a
popular tool for studying electrochemical reactions. The method
was applied to study the organic dyes and their derivatives.
Voltammetry may be defined generally 73 as the measurement of current-
voltage relationships at an electrode immersed in a solution containing
an electroactive species. More specifically, it is the determination
of the potential of a single electrode during the course of a
sustained electron-transfer reaction at the electrode surface. This
technique requires:

1. Waveform generator to produce the excitation signal.

2. ApotentLostat to apply this signal to an electrochemical cell.

3. A current to a voltage converter to measure the resulting current.
4.  An X-Y recorder or oscilloscope to display the voltammogram.

The first three items are normally incoiporated into a single
electronic device although modular instruments are also used. Figure
(11) shows a circuit diagram for cyclic voltammetry. Data were
typically obtained via an X-Y Recorder at slow scans i.e. 1.0 VS_I
or less and storage oscilloscope at faster rates. Scan rates up to

-1 -1
20,000 Vs have been used, however rates faster than 100 Vs were

rarely practical because of iR drop and charging current.



waveform generator

Potentiostat
RE WE AE
(x-axis)
SR
(y-axis)

wg = Working Electrode
rsg = Reference Electrode
Ak = Auxiliary

= Voltage Controlled
S.R ~ Standard Resistance.

Figure (11) Circuit for cyclic-voltairanetry.
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3.1 The C.V. Experiment

The voltage applied to the "working" electrode is scanned
linearly from an initial value E”, to a predetermined lim it,
(known as the switching potential) where the direction of the scan
is reversed (Figure 12a). The operator can halt the scan anywhere
or let the instrument cycle between E™ and some other preselected
value E”2' The current response is plotted as a function of the

applied potential. Figure 12b shows a typical current-voltage curve
for Fe(CN)g""

@) ©®

TIME

- 03

APPLIED VOLTS

Figure (12)

3.2  Electrochemical Cell

Modem potentiostats utilize a three-electrode configuration as
it is shown in Fig. (13). The potentiostat applies the desired
potential between a working and a reference electrode. The working
electrode is the one at which the reactions (s) of interest takes
place. The current required to sustain the reactions at the working
electrode is provided by the auxiliary electrode. The arrangement

prevents large currents from passing throughthe reference electrode
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that could change its potential. The reference electrode is typically
a SCE place near the working electrode or connected to it using a
fine tube called a Luggin tube to decrease iR drop in the solution.
The working and auxiliary electrodes are platinum sheets placed
in the solution and usually separated by a fine porous membrane to
decrease the diffusion of reacted species between working and auxiliary
electrodes.

5-Compartment Electrochemical Cell

RE = Reference Electrode

LP Luggin Probe
WE = Working Electrode
GF ~ Glass Frit

A*E = Auxiliary Electrode

Figure (13)

Generally, variables affecting the rate of an electrode

reaction were summarized below:

Extsmal variables

Temperature 1D

Pressure i P)
Time U)
Material
Surface area L4|
Georretry

Electrical variables

Potential /E)
Current (t)
Quantity of electricity (Q)

Surface condition

Mode (diffusion,
convection)

Surface concentrations

Adsorption

Bulk concentration of electroactive
species ICp. Cm)

Concentrations of other species
(electrolyte, pH,...)

Solvent

Figure (14)
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3.3 Materials

Tetrathiafulvalene (TTF) was purchased from Aldrich Chemical
Company (97%) and used without further purification. Acetonitrile
was spectroscopic grade quality which had been distilled over
phosphorus pentaoxide. Dibenzo TTF, oxonol dyes and cyanine dyes
were supplied by Dr. M Grossel's group at Royal Holloway and Bedford
New College (Co-operative work) and they were prepared by methods

(77) and (78).

5.4  Experimental

A certain amount of eachdye (about 0.3 gram) was dissolved in
50 ml acetonitrile. Cyclic-voltammograms were recorded at platinum
working electrode (Johnson Matthey 99.99%) in a three-electrode cell
against an aqueous saturated calomel electrode and platinum foil
counter electrode. The supporting electrolyte was tetrabutylammonium
perchlorate (TBAP). The voltammogram was run for different dyes with
the same skeleton (Figure 15), but different numbers of bridge carbon
atoms and different side chain length. The experiment was also run
for TTF and its dibenzo derivative (Figure 15). This was compared
with blank experiment. No allowance has been made for the liquid
junction potential, but for the arrangement described the results
were reproducible and formal electrode potentials were comparable

with published values.
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S-Ty TIR
2 DIBENZO TTF
3 TONQ
Ne N
N
0 OXOJIOL DYE
R R and R are alkyl groups
X =Br, I
CYANINE DYE

Figure (15) Structure of compounds studied.
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3.5 Cyclic VoltaiTimograjn Results

The cyclic voltammogram of the solvent [acetonitrile) plus the
supporting electrolyte (TBAP), N-Et oxonol dye, TTF and a mixture
of TIF with the dye are shown in Figure (16). Since the commonly
used electrode materials were platinum and nickel, cyclic voltammograms
were run for both of them in the same solution (O.OIM TBAP in MsCN),
Figure (17).

The effect of increasing side chain length in oxidation potentials
and in the stability of the resulting species is shown in Figure (18).
At the same time the effect of changing the counter ion i.e.
tetrabutyl ammonium perchlorate replaced by tetraethyl ammonium
perchlorate and the number of bridge carbon atoms ;are. also shown
in Figure (19).

Cyclic voltammograms of TTF compared with that of dibenzo TIF
are shown in Figure (20). To calculate an accurate standard reduction
potential for each compound the cyclic voltammogram was run at
different sweep rates (Table (5) and Figure (21). The average values
found for TTF and dibenzo TTIF are shown below:

-0 ,
TTF TTE* Er = 0.302V

+e
- J
TTF™ +Ae TTF*» w = 0.770V
DIBTTF A+e DIBTTF*' '¢e = 0.540V
DIBTTF» ~ DIBTTFAA = 0.900V

+e
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Since all oxonols under study show only an oxidation peak with
small or non-existing corresponding reduction peak, the formal
reduction potentials were determined by extrapolating a graph of
peak potential versus square root of the sweep rate to zero sweep
rate. Table (6) shows the values obtained for oxonol dyes with
different side chain length, Wiile Table (7) shows the values
obtained for dyes of different numbers of bridge carbon atoms.

Unlike oxonol dyes, cyanines show distinct oxidation reduction
peaks (Figure (22)). Their formal reduction potentials were
calculated from the average peak potentials and these are summarized

in Table (8).
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) N-Et (b) N-Hex"
0{
- 2-0
(c) N-Bu" (d) N-Me
240 00 .

3.5.3. Figure (18} c.v. for oxonol dyes of different
side chain length, all in O.OIM TBAP in MeCN at

sweep rate of 1.0 mVs’".
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(a) Benzo TTF

15V

(b)  TIF

20V

Figure (20) 3.5.5 c.v. for TTF and Dibenzo TTF in 0.01 M TRAP

in MeCN at sweep rate of 80 mVs"
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3.5.6 Change of Peak Potential with Sweep Rate for TIF in

O.OIH TBAP in MeCN.

Table (S)
Sweep Rate E(V)
(mVs'l)
0.484
100 0.574
250 0.646
500 0.753
1000 0.843

Average E

E(V)

0.143
0.043
-0.054
-0.143

-0.251

0.302 + 0.006

0.313
0.303
0.296
0.304

0.295
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3.5.7 E Values for Qxonol Dyes with Différent Side Chain Length

Table 6

DYE

N-Me

Oxonols

N-Et

Oxonols

N-BuP

Oxonols

N-Hex”

Oxonols

SWEEP RATE

30

60

100

150

200

60

80

100

200

250

60

80

120

200

40

80

120

200

5.48
7.75
10.00
12.25

14.14

7.75
8.94
10.00
14.14

15.81

7.75
8.94
10.95

14.14

6.32
8.94
10.95

14.14

V(V)

0.56
0.60
0.64
0.68

0.71

0.64
0.68
0.69
0.74

0.77

0.67
0.70
0.72

0.76

0.70
0.75
0.78

0.80

EA VALUE(V)

0.465+0.05V

0.539+0.05V

0.573+0.03V

0.628+0.04V
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3.5.8 E Values for Qxoriol Dyés of Different Number of Bridge

Carbon Atoms.

Table (7)

MDnomethine
(1-carbon

atom)

Trimethine
(3-carbon

atoms)

Pentamethine
(5-carbon

atoms)

SWEEP RATE
(mVs"")(v)

40
80
150

200

40
60
100
150

200

40

80
120
150

200

6.32
8.94
12.25

14.14

6.32
7.75
10.00
12.25

14.14

6.32
8.94
10.95
12.25

14.14

V(v)

0.805
0.859
0.899

0.966

0.630
0.678
0.684
0.725

0.765

0.571
0.617
0.698
0.752

0.778

EVALUE(V)

0.682+0.05V

0.54+0.04V

0.38+0.07V
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3.5.10 E Values for Cyanine Dyes of Five Different Side Chain

Length.
Table (8)
Cyanine Dye Value (V) £0.01
N-Me Cyanines
. (%22
(0j) ’
N-Et. Cyanines 0.32
N-propl. Cyanines )
) 0.6
N-Bu”.  Cyanines 0.62
)
N-Pent. Cyanines 0.62

(05)
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3.6 Diagnostic Tests for Reaction Control Using Cyclic

Voltammétry.

Using diagnostic tests reported by Fletcher it is possible to
obtain some further infoimation about the reaction which is taking
place79. Fletcher first states that if one wishes to determine if
a reaction is diffusion limited, kinetically controlled, or mixed,
the relation of 1”(peak-current) and V (peak-voltage) must be
considered. This gives various test results which are listed in
Table (9).

Thus if Ip is plotted against V and JT one can deduce how the
reaction is controlled. These are shown in Figures (23) and (24).
Fletcher further states that with peaks caused by adsorption steps
(or reactions of an existing adsorbed layer) for which the surface
reaction and not mass-transfer is rate determining can be recognised
by the fact that Ip is directly proportional to V.

Also for adsorption-desorption steps or oxidation and
reductions of the adsorbed layer AFp is zero. All figures show
that Ip is not directly proportional to V, and at the same time AE

was not found to be equal to zero.
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Table (9)

Diagnostic Tests for Réaction Control Using Cyclic

Voltammetry Results.

Kinetically
Diffusion Limited
Mixed Control Controlled
Electrode Process Current
Ip versus y\T Ip depends on Ip independ-
is linear and V but Ip ent of V.
passes through versus JSf

the origin. is non linear.
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10.00

2.00 -

0.00
0.00

Figure (23)

10.00

8.00

4.00

2.00

0.00

2.00

00 10.00

Figure (24)

N-Et OXONOL DYE

OIBENZOTTF
4.00 6.00 8.00
Sueep Rate (mVs) x10 )

TTF

OIBENZOTTF

15.00 20.00 30.00
fr
Variation of peak height with square

root of sweep rates.

10.00

Variation of peak height with sweep rate.

35.00
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5.7 Calculation of the Electrdri-Transfer Raté Constant

Using Cyclic Voltammétry.

The theory of cyclic voltammetry has been extended to include
electron-transfer reactions Wiich are described by the electrochemical
absolute rate equationSO. Results of theoretical calculations made
it possible to use cyclic voltammetry to measure standard rate constants
for electron-transfer. Thus, a system which appears reversible at
one frequency may be made to exhibit kinetic behaviour at higher
frequencies, as indicated by increased separation of cathodic and
anodic peak potentials. The standard rate constant for electron-
transfer is determined from this peak potential separation and
frequency. The method provides an extremely rapid and simple way
to evaluate electrode kinetics.

By an applicaiton of absolute rate theory to the electrode
process and numerical solution of an integral equation Nicholsongo
provides a correlation between the separation of anodic and

cathodic peak potentials (AEp) and a function Y given by

iri D,,mF/RT)* vs

vdiere 'y 7 The square root of the ratio of diffusion coefficients
CQ and
a = The transfer coefficient.
v = Sweep rate

kg = The standard rate constant at E = E

The other terms have their usual significance.
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Since the difference in Dvalues is ordinarily small, is
unity for many practical situations. Nicholson has also shown that
in many situations Y is independent of a, as AE" is unchanged due
to equal changes to the anodic and cathodic peaks.

Adams simplified the above equation with the following approx-
imations™*. If =1

, =1x 10" cm”/sec and F/RT - 39.2 v"

then if vis in volts sec

Ks
Y = 288 —

V2

so using the values of Y for various AE"* quoted by Nicholson, standard
curve can be drawn (Figure 25). Using this curve, the first and
second electron-transfer rate constants were calculated for TTF and
dibenzoTTF. The results are shown in Table (10) and (11) respectively.
The equilibrium potentials for most of the conpounds studied are
shown in Table (12) and an electrochemical reduction series relative

to hydrogen reduction potential is also shown in Table (13).
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3.7.1 The Measurements of Electron-Trarisfér Raté Constant at

Various Voltage Scan Ratés for TTF.

Table (10a)

Sweep Rate AE (mV)
V/S Pi

Average 1.86 x 10 £

Table (10b)

Sweep Rate AE  (mV)
V/S Pii
0.125 223
0.100 203
0.080 171
0.050 198

Average 1.47 x 10 ~ £

217 x 10 »

0.119
0.125
0.188

0.156

238 x 10

Kg(cm”*sec™”)

2.09 X 10"3
1.98 X 10"3

1.87 X 10"3

1.51 X 10'3

Kg(cm”*sec’ ™

1.46 x 10"3
1.37 x 10"*
1.85 x 10"3

1.20 x 10"3
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3.7.2 The Measurements of the Electron-Transfer Rate Constant

Calculated at Various Voltage Scan Rate for Dibenzo TTF.

Table (11a)

Sweep Rate AE  (mV) ke(om ' sec™")
V/S P

0.500 113 0.370 9.08 X 10

0.250 96 0.750 1.30 X 10"2
0.100 96 0.750 $§.24 X 10"3
0.080 80 1.30 1.28 X 10"2
0.050 64.8 6.00 4.66 X 10'z
0.040 64 7.00 4.86 X 10'z

Average 2.30 x 10" = 1.7 x 10°"

Table (11b)

Sweep Rate AE* (mV) Kg(cm~"sec~""
V/S Pii
0.500 103 0.570 1.40 x 10""
0.250 80 1.300 2.26 x 10"2
0.100 110 0.410 4.50 x 10"3
0.080 90 0.800 7.86 x 10"3
0.050 77.8 1.800 1.34 x 10"2
0.040 90 0.800 5.55 x 10"3

Average 1.13 x 10 * £ 6.19 x 10
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3.8 Equilibrium Potentials for some Compounds Studied

Table (12)
Electrochemical Reaction
T™Q +e = TONQ'
TIF~+ e = TIF
.(N-Et cyanine/I)» +e = (N-Et cyamine/ I)
(pent, oxonols) +e = (pent, oxonols)"
(N-Et oxonols) + e = (N-Et oxonols)
Dibenzo TTF* + e = (Dibenzo TTF)
(N-Hex"-Cyanine/Br)» + e = (Cyanine/Br)
(N-Hex”-oxonols) + e = (N-Hex"-oxonols)
TIF"* + e = T
Dibenzo TTF + e = Dibenzo TTF*

E°(V)
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3.9 Electrochemical Reduction Series for some Electroactive

Organic Compounds.

Table (13)

1.OOV

Dibenzo TTF** + e = Dibenzo TTF*

TTF** + ¢ = TIF*

N-Hex oxonols +e =
(N-Hex-oxonols)

(N-He/~ cyanin/Br) * + e

(cyanin/Br)
Dibenzo TTF +e =
Dibenzo TIF

(N-Et oxonols) +e = (N-Et
oxonols)

0.500

(Pent, oxonols) + e = (pent

Oxonols)

(N-Et cyanine/l) +e =
(cyanine/l)

TIF '+ e = TIF

T™Q e = Tang 0
I HggCI* + e = Hg + Cl
lo.242
0.00— HJjO +e = H20 + 5H2
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3.10 Discussion

Platinum wire, sheet or mesh proved to be the suitable electrode
material for the oxidation of these dyes, since it is stable within
a very large range of voltage (-1.5 to 1.8 V) vs. SCE. There are
two peaks shown within a region of -2.0 to +2.0 V. The peak which
occurs around -1.8 V is most probably due to reduction of the solvent
and or the supporting electrolyte while the peak formed at +0.2 V
is due to desorption of the solvent. The corresponding oxidation
peak is likely to be formed around 2.0 V. On the other hand nickel
shows distinct peaks at -1.3 Vand +1.3 V (smaller range compared to
platinum) which are most probably due to nickel dissolution rather
than the expected oxygen evolution process. This is concluded
because the same peaks did not occur when platinum was used as
working electrode within the same solution.

Oxonol dyes started to oxidize around +0.5 V, but there was no
reduction peak shown in the lower homologues of the series. This
suggests that the oxidation products were not stable and the stability
increases with increasing side chain length. This is shown by the
appearance of the reduction peak in N- Bu” and N- Hex" oxonols and its
absence in N- Et dye.

The formal reduction potentials of oxonol dyes with different
side chain lengths increase slightly with increasing side chain length.
It does seem that an aliphatic side chain has little effect on the
reduction potentials. The high reduction potential (0.682 V) of the
monomethine conpound compared to that of pentamethine (0.380 V) shows
the high stability of the former relative to the latter. The other
thing Wiich must be taken into account is that, although the

monomethine conpound is oxidized at high voltage, it has a stable
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products relative to the rest of the series. The trend towards
easier oxidation of the oxonol dyes with increasing number of methine
groups and decreasing length of alkyl chain at nitrogen reflects
an increase in the energy of the HOMD It is knownCH that increasing
the number of methine units in polymethine dyes causes a shift of
absorption to longer wavelengths, indicating a narrowing of the gap
between H(M) and IUMO. The counter ion as well as the side chain
length in cyanine dyes seems to have an effect on the reduction
potentials. Generally, cyanine dyes are more easily oxidized with
decreasing length of alkyl chain attached to nitrogen. These dyes
are known to aggregate in solution82 even at low concentrations with
resulting shifts in bands to higher (H-band aggregation) and lower
wavelength (J-band aggregation). The aggregation is sensitive to
substituents and it may be this phenomenon that is responsible for
the observed changes in

Two benzene rings attached to the sides of the symmetrical
molecule TTF have an observable effect on the oxidation reduction
potential. The reduction potential increases from 0.302 V for TIF
to 0.540 V for dibenzo TTF, with a difference of 0.140 V. The same
difference was observed from the oxidation reduction process to form
the dication radical. A reversible transition between the neutral

molecules, mono and dications is clearly seen. The formal electrode

? A

potentials agrees with published values (0.32) . (0.30) . (0.33 V)
but E* (TTFAVTTF**) is somewhat greater (0.66 V)", 0.70

The values of electron-transfer rate constants obtained from
the data provided compare well to the range of electron-transfer

. . . . 76 85
rate constants noimally associated with these types of reactions *
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Although the values obtained are not absolute due to the assumptions
made, the consistency of the results suggests that the reaction is
totally electrochemical and therefore no side chemical reactions
of any consequence are occuring at that voltage. This observation
is supported by the repeatability of subsequent cycles after the
initial sweep. If any chemical reaction had occurred, the shape
of subsequent curves would be different to the initial sweep. At
large values of the parameter Y mentioned before (K" large, or v
small), current-voltage curves are independent of kinetic parameters
Y and aSO. For this case results are identical to ones obtained
previously where the electron-transfer was assumed to be Nemstian™”.
This is in a good agreement of the results obtained for dibenzo TTF
at low sweep rate of 40 mVs ~ at which Y value is 7.0 and the peak
separation is 64.0 mV which is nearly a typical Nemstian behaviour.
When Y < 7, the current-voltage curves are dependent on both the
values of Y and a. For sufficiently small Y (K* very small or v very
large), the back reaction for electron-transfer is uninportant, and
the process for oxidation and reduction can be treated separately
as the totally irreversible case. For intermediate values of Y (a
region sometimes referred to as quazi-reversible), the form of the
current-voltage curves depends markedly on the exact values of Y and
a.

The results obtained from TTF and dibenzo TTF may be classified
to the last group, since most values of Y are between 0.1 and 7.0.
The first electron-transfer reaction rates for TIF and dibenzo TTF
are faster than the corresponding second rates, but in general, both
rates in dibenzo TTF were found to be faster than that of TIF (ten

fold increase).
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Plots of peak current and peak voltage as suggested by Pletcher™”
showed that, the reaction of the electroactive material on electrode
surface is controlled by a mixture of diffusion and kinetics. Since
the peak current (Ip) is not directly proportional to the peak
voltage, the ratedelernining step is likely to be the mass-transfer
process and not surface reaction. As it was mentioned before AEP is
not equal to zero, the reaction is not associated with a simple
adsorption-desorption process or a reaction of an adsorbed species.

It is known that TTF/TCNQ is a typical conducting charge-transfer
complex. The potential difference (0.175 V) from the electrochemical
series can be taken as an optimum value around which the right
stoichiometry of charge-transfer occurs. If this potential is taken
as reference, then selection of donors and acceptors which form
conducting complexes might be possible. Having this idea, N-Et oxonol/TTF
with a potential difference of 0.237 V should form a better conducting
complex than the higher homologues N- hexyl and pentamethine in which
the potential differences are 0.326 and 0.068 V respectively. The
same idea can be applied to dibenzo TIF which is expected to form a
better complex with the higher homologues rather than lower ones.

N-Et cyanine/l, dyes are expected to form charge-transfer complexes
with TCNQ, better than N- Hex” cyanine/Br. The potential difference
in the former is 0.193 V, while it is 0.493 V in the latter from the

standard TONQ (0.127 V).
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CHAPTER 4
Preparation and Some Properties of

TTF/N-Et Oxonol Dye Complex.



97

4.  Electrochemical Préparation of TTF/DYE Complex.

A platinum sheet electrode of approximately 1 cm® area was
cleaned by dipping into a solution of aquaregia (a mixture of 1:3 nitric
acid and hydrochloric acid respectively) for about five minutes, then
washing with distilled water, acetone and then distilled water. To
complete the removal of any imputities the electrode was used to
electrolyse 1.O Msulphuric acid alternately anodic and cathodic for
30 minutes at 1 mA

The complex between oxonol dye and TIF or its derivative
dibenzo TTF was formed electrochemically by the in situ oxidation of
neutral TTF in a solution (acetonitrile-tetrabutyl-ammonium perchlorate)
containing the dissolved dye. The complex was foimed on the anode
surface at a current of 2 mA, preferentially at the edges. The
coated electrode was then removed from the solution and washed from
an excess of the dye or TIF using fresh acetonitrile. The complex
was then allowed to dry in air for three hours or in an oven (80°C)
for an hour. The dry black crystalline material was then scraped from
the electrode surface and collected.

The experiment was repeated at different run times and potentio-
statically instead of galoanostatically.The optimum conditions for
the conplex formation were chosen (Table 14) and a microanalysis of

the powder was recorded (Table 15).
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4.1 Optimum Conditions for Preparation of Qxo6nol-Dye/TTF Complex

Electrochemically.

Table (14)
. Current or Conductivity

Complex Time (hrs.) Voltage Applied a1 cm'l)
TTF/DYE 1.0 2.0 mA 1013 X 1004
TTF/DYE 1.0 1.0V 4.6 X 108
XITF/DYE 1.0 2.0 mA 5.9 X 10'S
TTE/DTE 3.0 1.0 mA $.7 X 107+
TTF/DYE 3.0 1.0V very low
TTE/DYE 6.0 2.0 mA 7.4 X 10"

TTF/DYE 12.0 2.0 mA very low
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4.2  Microarialysis of TTF/DYE Complex,

Table (15).

Reaction time

Expected % % Found
(hrs.)
1.0 C54.45 % 54.01 %
H 556 % 3u98 %
N 9 .41 % 9.70 Yo
12.0 C58.77 % 51.06 Y%
H 4.28 Yo 4.05 %

Nll.42 % 10.07 %
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4.3 Electron Microscope Analysis of the Crystal Growth of
TTF/DYE Complex on Platinimi Mesh Electrode Surface.

TTF/DYE crystals fomied on the platinum mesh electrode surface
were examined under the electronmicroscope. It was observed that,
using a current of 1 mA for one hour gave long crystals radiating
outwards from a central point and distributed regularly all over
the surface as shown in Figure (26). On the other hand using a current
of 1 mA for a longer period (2.0 to 3.0 hours) crystals started to
build up in three different shapes which are radial, rod and leaf-like.
This is shown clearly in Figure (27). Analysis of the emitted X-rays
from sulphur in the Electronmicroscope gave no difference in the
composition of the different crystallites but this technique would

. .. 2
not discriminate between salts of TIF+ and TTF +.

44 Solubility of TTF/DYE Complex.

To run any electrochemical experiment on TTF/DYE a solvent must
be chosen which will dissolve the supporting electrolyte and not the
complex itself. A series of solvents have been tested and their

solubility is summarized in Table (16).
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25 jj

Figure (26): Crystal growth of TIF/DYE complex on
platinum mesh electrode as shown by

electron microscopy (ImA for 1-0 hour)
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o pm

Figure (27): Crystal growth of TTF/DYE complex on
platinum mesh electrode as shown by

electron-microscope (ImA for 2 to 3 hours)
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Table (16) Solubility of TTF/DYE complex and TBAP in some chosen

SOLVENTS. i
Solvent SOIT‘%%“Y of Solubility of TTE/DYE

Distilled water not soluble slightly soluble

n-Heptane not soluble not soluble

Toluene not soluble slightly soluble

Benzene not soluble

1,4-dioxan not soluble complex is readily
dissolved in all

Methanol not soluble four solvents

Ketones not soluble

Acetonitrile soluble Although TTF/DYE is

formed in this solvent,
it dissolved slowly in
it and hence work in
acetonitrile must be
carried out over a

short period of time.
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4.5 pH Dependence of thé OCV of the TTF/oxondl DYE Complex.

A fresh platinum mesh/TTF-DYE electrode was prepared. The open
circuit potential of the electrode was measured against a S(E as a
function of pH. Dilute hydrochloric acid (O.IM) and sodium hydroxide
(O.IM) were used to control the pH throughout. The pH changes were
measured using a PTI-6 Universal Digital pH Meter. The potential
was measured for the electrode after preparation, after reduction
(1 mA for sufficient time to effect a one electron reduction of the
complex), and after an oxidation of a similar electrode. Knowing
the weight of the complex on the electrode surface, the time required

to oxidize or reduce the whole amount was calculated using the equation;

T = (—xnF) x 1000 sec.
M
where
T = time require for the whole compound to oxidize or
reduce.

W =Weight of the conplex
M =Molecular weight of the complex

h =number of electrons involved and it assumed as n = 1.

F =Faraday constant.

The results are shown is Figure (28). Intercepts and slopes
calculated from pH-voltage curves are also given in Table (17). When
the pH was kept constant in the acidic region (pH 1), the voltage
was observed to increase initially with time and then level off.

This was reversed Wien a freshly prepared electrode was used into a

solution of pH 13>7 (Figure (29)).
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Slope and Intercept Values Calciilatéd froiii pH/Voltagé Curves for three

Forms of TTF/DYE COnplexes.

Table (17)

Complex form Slope (mV) Intercept (mV)
TTF/DYE -16.16 156.7
Oxidized form of
TTF/DYE -32.0 444.5
Reduced form of 65 46.6

TTF/DYE
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4.7  Cyclic-Voltaironagrain of pt mesh/TTF-DYE Complex.

The cyclic-voltainmograjii of the electron-donor TTF and the
anionic oxonol dye were discussed in Chapter 3. It would be of
interest in this section to show the voltammograms of the complex
coated on the surface of platinum mesh electrode. The experiment was
run in an aqueous medium (0.1 MH2S0") and non-aqueous medium (dry
actonitrile) at sweep rate of 100 rnVs_[. The voltage ranges were
chosen according to the calculations shown. Plots of emf versus pH
for an aqueous solution shows that, the difference in voltage between
oxygen and hydrogen evolution in platinum electrode surface is almost
constant and it is about 1.23 at the corresponding pH value as
it is shown in Figure (30).

of H
1.23

emf
[Vl

Figure (30).
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Following the Nemst equation for a simple hydrogen reduction

process (2H" + 2¢e = H2), the voltage can be calculated as:

E = E° +~1In |H+H]2

o + 2303 & log H*
. + RT
Since pH = -log H and 2.303 N 0.059V

E = -0.059 pHV at 298 K

vaich shows that, the emf is linearly dependent on the pH.

For 0.1 MH2SO4, pH =1

Ew.r.t SHE = - 0-059 V

Wt = -0.242 - 0.059 = - 0.301 V, so the lower limit
should be taken as -0.301 V or below this value. The choice of the
upper limit should be below 1.7 Vi.e. the voltage at which oxygen
expected to evolve from surface.

The cyclic-voltammograms of a clean platinum mesh together with
that of the conplex prepared on a platinum mesh electrode are shown
in Figures (31) and (32). Two reversible peaks are found overlaid
with peaks due to the formation and reduction of surface oxides of
platinum. The latter appear to be shifted by the presence of the
conplex to higher and lower potentials respectively. This could
be sinply a result of the greatly hindered diffusion of electrolyte
through the layer of complex. Averages of the oxidation and
reduction peaks of the conplex give formal electrode potentials of

0.218 V and 0.548 V respectively. The behaviour of the complex
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is seen more clearly in the non-aqueous media of acetonitrile
(Figure 33) in which the complex is sparingly soluble. The values
of the formal potentials are now 0.266V and 0.675 V. The cyclic-
voltammogram of the complex is different from that of a mixed
solution of TTF and oxonol dye, the latter being a simple sum of

Figures (16b) and (16¢) (see also reference no. 88).
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Figure (31) Cyclic-Voltammogram of pt mesh electrode

(vs. SCE in 0.1 MH2S0" at sweep rate of 100 mVs"").



Figure (32)
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Cyclic-Voltammogram of pt mesh
electrode covered with TTF/DYE
(vs. SCE in 0.1 MH'SO" at sweep

rate of 100 mVs ).
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0-0 12V

Figure (33) Cyclic-Voltammogram of pt mesh
covered with TTF/DYE (in 0.05M TBAP/MeCN

at sweep rate of 100 mvs ™).
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4.8 Discussion

The mechanism of formation of TTF/DYE complex on the surface
of platinum mesh or sheet can be explained as follows. The neutral
TTF molecules are oxidized to the radical cations TTF* by applying
a current or voltage in the reaction mixture. The radical then
adsorbed on the surface and the dye anions react to form the complex
on the surface. This will suggest that the adsorption and reaction
processes are faster than the diffusion of the radical into the bulk
of the solution. It was observed that the complex was built up at
the edges of the electrode after a complete coverage of the surface.
This might be due to greater field strength between the solution and
the edges. The electrochemical preparation of complexes of TIF
described above was sensitive to the exact conditions of the
experiment, particularly the duration and magnitude of the current
or voltage applied. The coulomb efficiency was low and the purity
of the product variable. The problem may be explained by reference
to the cyclic voltammograms of the reactants. The only electrochemical
reaction that is required to take place is TIF TIF™* +e (E =0.302 V
versus SCE). However TTFN is oxidized to the inactive (in terms of
the foimation of molecular conductors) TTF™ (E =0.77) and the oxonol
anions are irreversibly oxidized. The application of indiscriminate
anodic currents results in unwanted side reactions. Time is also an
important factor. For longer deposition times at a constant current
the conductivity of the complex fell from 1.13 x 10 &~ ocm * after
one hour (1 mA constant current) to 7.4 x 10 7 (:rn“1 after 6 hours
and < 10" cm“” after 12 hours. Microanalysis also suggested

that after 12 hours preparation time the stoichiometry of the product
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had moved away from that expected for the 1:1 conplex (calculated
C 54.45%, H 3.86%, N 9.41%, found after 1 hour C 54.01%, H 3.98%,
N 9.70%, after 12 hours C 51.06%, H 4.05%, N 10.07%). The change
does not sinply reflect a move to 2:1 conplex containing TTF™ but
probably indicates the incorporation of oxidation products into the
material deposited on the anode.

The oxonol anion is a base and through this property the equilibrium
potential of TTF-oxonol conplex electrode may be expected to show some

dependence on pH. A possible reaction may be written:

TIFD* + H* +e = TIF + DH

where D is the oxonol dye. If all the species that interact with H"

are immobilized in the surface and thus have constant activity

E = E° + RT/F In(s) + RT/F InCaH™)

where s is the ratio of ionized conplex to the neutral protonated
foim. The equation predicts a linear fall in E with pH with a slope
of -59 mVper pH unit. Reduction in acid medium will favour the
neutral protonated form, decreasing s and hence the value of the
intercept of the E versus pH graph. Conversely oxidation should
lead to a greater value of s and intercept. Qualitatively these
features are shown in Figure (28). The slopes of the graphs (a) and
(b) are near 30 mV towards higher values of pH and the reduced form
shows only a small pH dependence. The above equation only holds if
equilibrium can be established and if s is indeed a constant. If

a local corrosion cell were established with the equation representing
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one half cell then would essentially titrate the basic form of the
complex. No pH dependence would then be seen since changes in s
would compensate for the effect of the changing pH. A contribution
of this type of mechanism would decrease the slopes of the curves in
the manner observed.

The formal electrode potentials calculated for the complex were
comparable to the values obtained by Lamanche et al.*”. They analysed
the cyclic voltammograms of TTF-carbon paste electrodes in different
electrolytes and concluded that E~A(TTF**,TTF) = 0.25 V versus SCE in

aqueous media and that TIFZJr was unstable in water.
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CHAPTER 5
Electrical and Electronic Properties

of some Molecular Conductors
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5.1 Electrical Conductivities of Oxonol Dyes/TTF Complexes

A TTF/Dye complex prepared as described before was placed in
a glass tube of internal diameter 0.34 cm and pressed between two
steel rods. The amount of pressure applied ('v 20 kgf) was measured
using a Salter Pocket Balance connected to the system as shown in
Figure (34). The electrical conductivity of the pressed disc was
measured by connecting a conductance bridge to the steel rods
temiinals. The electrical conductivity of the four compounds
measured is shown in Table (18). Dielectric loss measurements have
been made on the precursor oxonol dyes89, showing them to be insulators
or semi-insulators. The effect of the applied pressure on these
measurements is also shown in Figure (35) using the better conducting

TTF/TCNQ complex.

Table (18) Electrical Conductivity of Oxonol Dyes/TTF Complexes.

Conductivity

DYE Complex em-1)
N-Et oxonol DYE/TTF 9.8 X10"4
N-Et oxonol DYE/Benzo TTF 4.1 X 10"4
N-Bu" oxonol DYE/TTF 4.4 X 107"
M”nomethine oxonol DYE/TTF 7.6 X 10'S

Pentamethine oxonol DYE/TTF 4.3 X 10"4
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Figure (34): A pressure apparatus for measuring the

conductivity of an organic solid powder
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5.1.2 Change of Conductivity with Temperature for TTF/DYE
Complexes
From the electrical measurements, it is believed that TTF/DYE
and its derivatives are semiconductors. Since it is known that for
all semiconductorsz7, the conductivity increases exponentially with

temperature i.e. obey the usual equation for an intrinsic semiconductor:
P = PQ exp|AE/2KT]

an experiment was run to show this dependency. The first trial to
design the apparatus is shown in Figure (36) in which a disc of the
sample was connected to copper wires using silver adhesive resin while
it is in the pressing tube. The whole assembly was placed in a glass
tube. A thermocouple was fixed to the small tube to detect temperature
changes. This method did not work, since the electrical conductivity
of the disc is very low compared to the value Wien it was pressed
between the two steel rods. This suggested that the pressure to bring
the powder particles together in addition to the electrical contact are
very inportant factors.

A successful method is the one in which a modelling plasticine
material was used to build a cavity around the glass tube containing
the disc (Figure (34)). The cavity was filled with liquid nitrogen.
The temperature increases from 77K to room temperature (™ 298K) by
allowing liquid nitrogen to evaporate slowly. The temperature changes
were detected by a thermocouple fixed to the glass tube. A blank
experiment was run to show the validity of the system. The change of

conductivity with temperature was recorded for different dye complexes.
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The data recorded for TTF/N-Et oxonol dye, Juonomethine/TTF and

dibenzo TTF/N-Et oxonol dye are shown in Tables (19), (20) and (21).

A plot of conductivity change with temperature in addition to logarithm
of conductivity versus 1/T for the TIF/DYE complex are also shown in
Figures (37) and (38). The activation energy Ea in the semiconductor
equation mentioned was calculated from the slope of Figure (38) and it
is recorded for some dye complexes. It is observed that the change in
conductivity is very small in the range of temperature between 77 to
173 K, but it is remarkable in the range 173 to 298 K. This is

shown in Figure (39).
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5.1.5 Construction of TTF/DYE Electrode for Measuring Conductance

Change with Temperature

Plastic cover

Isolated araldite

TTF/DYE disc

Figure (36)

Thermocouple

Copper wire

Glass tube

Silver epoxy resin
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Table (19) Data Obtained from Changé of Conductance with

Temperature for TTF/DYE Complex.

T(K°) /T (K"Dx10"3 Conductance (ys) log”
163 6.13 0.107 -2.26
173 5.77 0.173 -1.75
183 5.46 0.0444 -0.81
193 5.18 0.840 -0.17
203 4.92 1.33 0.29
213 4.69 3.15 1.15
223 4.48 6.80 1.92
233 4.29 13.47 2.60
243 4.11 22.22 3.10
253 3.95 33.60 3.50
258 3.87 40.89 3.71
263 3.80 49.17 3.90
268 3.73 59.29 4.08
273 3.66 70.69 4.26
276 3.62 . 78.60 4.36
278 3.60 83.98 4.43
283 3.53 100.87 4.61
288 3.47 119.70 4.78
298 3.35 176.40 5.17

AE = 0.516 eV
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Table (20) Data Obtained from Changé of Gondiictailce with

Téiiipérature for TIF/moénoitiethirié Qxoriol Dye Complex.

T(K®) /T (K*M)xlo"» Conductance (ns) log*
133 7.51 26.2 3.27
143 6.99 26.7 3.28
153 6.53 27.5 3.31
163 6.13 28.8 3.36
173 5.77 30.6 3.42
183 5.46 34.8 3.55
193 5.18 442 3.79
203 4.92 61.9 4.13
213 4.69 94.0 4.54
223 4.48 154.5 5.04
233 4.29 260.0 5.56
243 4.11 4443 6.10
248 4.03 572.4 6.35
253 3.95 737.7 6.60
258 3.87 948.1 6.85
263 3.80 1196.0 7.09
268 3.73 1466.0 7.29
273 3.66 1845.0 7.52
278 3.60 2297.0 7.74
283 3.53 278.0 7.93
288 3.47 3474.0 8.15
298 3.35 5880.0 8.68

AE = 0.397 eV
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Table (21) Data Obtained from Changé of Conductance with

Température for Dibenzd TTF/DYE.

T(K°®) /T (K 1)xlO"3 Conductance (a) log*
93 10.0 17.6 ns 2.86
103 9.69 19.3 ns 2.96
113 8.84 25.0 ns 3.22
123 8.13 33.0 ns 3.50
133 7.50 41.9 ns 3.74
153 6.53 59.0 ns 4.08
163 6.13 91.4 ns 4.52
173 5.77 170.0 ns 5.14
183 5.46 331.0 ns 5.80
193 5.18 699.0 ns 6.55
203 4.92 1.26 ys 7.14
213 4.69 2.20 ys 7.70
223 4.48 3.71 ys 8.22
233 4.29 6.10 ys 8.72
243 4.11 9.09 ys 9.11
253 3.95 12.93 ys 9.47
258 3.87 15.40 ys 9.64
268 3.73 21.62 ys 9.98
273 3.66 25.51 ys 10.15
278 3.60 29.96 ys 10.31
283 3.53 35.20 ys 10.47
288 3.47 41.00 ys 10.62
298 3.35 57.93 ys 10.97

AE = 0413
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5.2  ESR Studies of TTF, Diberizo TIF arid their Conplexes with

Oxohol Dyes.

5.2.1  Method

Since the discovery of high electrical conductivity in the charge-
transfer complex of TTF/TCNQ, a large number of such organic metals
have become known™*. Most of these conducting materials are complexes
or salts of electron donors structurally related to TITF. The spin
distribution in the radical cations of TTF-based donors as well as
some kinetic parameters are therefore of interest for understanding
the properties of the pertinent ’organic metals’. The esr spectra for
TTF, dibenzo TIF and their complexes with oxonol dyes were measured.
Cation radicals were prepared by dissolving these compounds in
dichloromethane in an esr sample tube fitted with a greaseless tap. A
few drops of trifluoroacetic acid (TEA) was added and the mixture was
thmsubjected to five freeze-pump-thaw cycles on a vacuum line. Isotropic
esr spectra were obtained with these solutions. To minimize proton
dipole interactions, toluene-dg was substituted for the dichloromethane
for the powder spectra measurements. In the case of the dye complexes
adequate solubility could only be obtained with acetonitrile, hence

this solvent was used for both solution and powder esr measurements.

5.2.2  Measurements

Esr spectra were obtained with a Varian E-4 spectrometer: g-factors
were measured with the aid of a Bruker ER035M 1000 gaussmeter used in
conjunction with a Marconi type 2440 microwave frequency counter.
Sanple tenperatures were measured with a Comark type 5215 digital

thermometer.
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5.2.3 Results and Discussion

The esr spectrum of the TIF radical (E2CI2, -35°C) is a quintet
(Figure (40)) indicating four equivalent protons; a® = 0.1262 + 0.0023 ml.
The hyperfine splitting agrees with that measured recently by Gerson
(0.125 mT)90. The isotropic g-factor is large indicating that a
substantial proportion of the unpaired spin density resides on the
sulphur atoms. The large amount of an isotropy in the system is
reflected in the wide spread values of g, g™ and g™. The difference
between the average of these values <g> and g™ may be attributable
to the large widths of the lines in the powder spectra. Figure (41)
shows the powder spectrum of TIF radical along with that of dibenzo TIF
at the freezing conditions, while Figure (42) shows the sulphur33
satellite in dibenzo TIF at -30°C.

Table (22) shows the data obtained for TTF, dibenzo TIF and their
oxonol dye conplexes. The esr spectrum of the TTF/oxonol dye complex
in acetonitrile showed the expected five lines arising from the four
equivalent protons, a hyperfine splitting constant of 0.1190 £+ 0.0005 nil
was evaluated from the second derivative spectrum (Figure 43). This
value is very close to that found for TTF"* in dichloromethane. However,
from the sulphur -satellites there is some difference in the a" values.
The sulphur~”-satellites spectrum for TTF/DYE complex is shown in
Figure (44), while a powder spectrum of the complex at a freezing
condition is shown in Figure (45). The solution spectrum of the
cation radical of the dibenzo TTF/DYE complex in acetonitrile could not
be resolved but a single narrow line of half-height width of 0.105 nil
was observed. The narrowness of the line suggests that the two a”

values are smaller than those observed for dibenzo TIF * in dichloro-
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methane. Generally, the powder spectra for the dye conplexes in
acetonitrile are rather different from those of TIF** and dibenzo TTF
in toluene-dg. However, this is to be expected since the proton and
nitrogen nuclei in acetonitirle will cause problems. Tentative values
of g-factors obtained from the cation radical of the TTF/DYE complex

in acetonitrile at -146°C are shown in Table (22).
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Table (22) ESR Hyperfine Coiiplirig Constants (mI) and g-Factors
for the Cation Radicals of TTF, Dibénz6 TIF and their

Oxonol Dye Complexes.

TTF Dibenzo TTF TTF/DYE Dibenzo TTF/DYE

o 0.1262+ 0.049+0.001 0.1190+ —

0.0023 0.01S+0.001 0.0005 —

0.439+ 0.418+ 0.564+ 0.408+

0.003 0.002 0.002 0.003
Axx 1.9984 1.9990 2.00072 2.00072
ayy 2.00397 2.00402 2.00822 2.00303
r77 2.01175 2.01175 2.01178 2.01175
<g> 2.00470 2.00491 2.00690 2.00517
Aiso 2.00704+ 2.00683+ 2.00705+ -

0.00001 0.00003 0.00001
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5.2.4 Calculation of Electron Density for TTF Complé:Kés using
Standard DPPH.

An appreciable concentration of unpaired electrons has been
found in all of the TTF/DYE complexes through the application of
electron spin resonance spectroscopy. In this section the number
of spin per gram and some other parameters for these compounds were
calculated and they are summarized in Table (23). The quantitative
spin assay was obtained from the area beneath the integrated absorption
peaks through a direct comparison with that of a solid polycrystalline
1,1-diphenylpicrylhydrazyl radical (DPPH) of known concentration.
Calculation of electron-density for N-Et oxonol dye/TTF complex gave
a value of 2.0 foimila units per spin (see Table (23)). This may
result from partial charge-transfer giving TTFM  DYEM* or the
incorporation of neutral molecules into the complex. Complexes of
TTF/TCNQ have been shown™ to have stoichiometry XTFA*TCNQY M .
Other complexes for which this determination have been made require
many more molecules of complex for one spin. Smaller amounts of
these compounds were prepared and the possibility of dilution by
the presence of impurities, particularly starting material, may account

for these observations.
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Table (25) Data Calculated from ESR Spectra of TTF/DYE Complexes.

Compound Spin/g A’:q/e/rsge No. ggrl\/ls(l))liicules
DPPH 1053 X 1onans 4.5 X 1o~ o
N-Me DYE/TFF 130 X 1040 4.6 X 10- 1.3
N-Et DYE/TTF 475 X 10ne 1.2 X 10s 2.0
N-Bu" DYE/TTF 20710 X 10 2.2 X 10" 341
N-Et DYE/Benz TTF 2.37 X 104w 2.5 X 10- 36.7

Monomethine /TTF 1.94 X 10°@ 3.1 X 10« 57.3
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5.2.5 Thennal Stability of TTF/DYE Complex as >feasiired by ESR.

Bulk powder spectra of TTF/DYE complex was measured as a function
of temperature. The decay of the esr signal was used to monitor the
stability of the complex. No decay was observed below about 150°C
and the reaction was irreversible. A sample held at 170°C for 1.0
minute had its esr signal reduced to zero which remained so on taking
the temperature back to room tenperature. 150°C is considerably
lower than the temperature at which the conplex decomposes (25670).
Figures 46a and 46b show the decay at different temperatures as well
as the reactions are irreversible. Wudl discusses the metal-to-
insulator transition for molecular crystals. In conpounds with many
equivalent positions in the unit cell reorientation of anions leads
to an insulator. Other mechanisms arise from electron-phonon
interactions (charge density waves) and magnetic interactions (spin
density waves). The size of the dye anion may rule out easy reorien-
tation although without knowledge of the crystal structure a conclusive
statement cannot be made. The integrated absoiption signal was used
as a measure of the active amount of conplex remaining. Figure (47)
shows a first order plot of the decay at 1637°0. The peak height and
peak area at specific times are tabulated in Table (24) and they are
plotted in Figures (48a) and 48b). The rate at which the conpound
loses its esr signal is calculated from tiie slope of Figure (48b)
and it was found to be -3.54 x 1029 + 0.0025 sﬁ. Since the esr signal
decreases gradually, change of crystal form is less probable while
decomposition or other processes had mostly occurred. An infra red
spectra showed the same peaks for the complex after and before heating
with a lesser intensity for the heated form. It may be concluded that

decomposition process has occurred.
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Table (24) Data Calculated from the Rate of Unpaired Electron Loss

Using esr for TIF/DYE Complex.

Peak Height (cm) Peak Area (a) (cm2) log (a) Time (min)
8.75 7.09 1.96 0.0
8.20 6.64 1.89 2.0
7.60 6.16 1.81 4.0
7.25 5.87 1.77 6.0
7.00 5.67 1.74 8.0
6.50 5.26 1.66 10.0
5.70 4.61 1.53 12.0

5.20 4.21 1.44 14.0
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5.2.6 Interconversion of the Mono- and Dication Radicals of TIF
as Followed by esr.

The reversibility of fonnation of TIF mono- and dication
radicals in the form of a simple chloride was examined using the esr
technique. The salt was prepared by the action of chlorine gas on
a carbon tetrachloride solution of the neutral TlI% A stoichiometric
amount of chlorine must be employed to avoid further oxidation to
the dication. In this experiment the chlorine gas was passed
through the carbon tetrachloride solution of TIF while it was in
the esr machine cell. After TTFCl salt was foimed (deep purple),
an esr spectrum was run (Figure 49(i)a). An additional amount of
chlorine was added to convert the salt to the dication (yellow
precipitate). The spectrum was run again. It was reduced in
intensity (Figure 49(i)b). The solution was left in the cell
overnight and the esr spectra was run again. It was found that the
esr spectra increases in intensity, but it did not reach the starting
intensity (Figure 49(i)c). This result suggests that the dication
can equilibriate with the monocation i.e. certain degree of

reversibility exists. The possible mechanism is shown in Figure (49) (ii)
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5.5 Quantum Mechanical Calculations

The semi-empirical method MM (Modified neglect of diatomic
overlap) was used to determine the equilibrium molecular geometries,
enthalpies of foimation at these geometries, ionization potentials
and molecular charge distribution for TTF, dibenzo TIF and their
mono- cation radicals. Geometries were defined in teims of bond
lengths, angles and dihedral angles”The experimental reported
data for TIF neutral molecule94 and the optimized geometry using
MMD are shown in Figures (50a) and (50c). To make sure that the
data given are from the correct structure of each molecule, an
optimized geometry of dibenzo TIF was plotted. The atoms position,
which are in a correct order are shown in Figure (51). Enthalpies
of formation, ionization potentials and charge distribution are

shown in Tables (25) and (26).
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Figure (50a) FEixperimental Geometries Taken from Reference 95
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Figure (50c) Optimized Geometries as Predicted by >WDO Method.
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Table (25)

TTF*

AAHY)

DBTTF

DBTTF*

AAHY

151

Calculated Enthalpies of Formation and Ionization
Potentials for TTF, Dibenzo TIF and their Mono-

Radical Cation Using MNDO Method.

AHVKJ mol'l (n euIt'rPa/lKgn ﬁeocll'llles)
171.54 779.21
901.04
729.50
241.41 774.39
950.18
708.77
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Table (26) Chargé Distribiitiori for TTF Neutral Molecule as

Predicted by MNDO Method.

Nﬁfﬁtrﬁer Atoms Charge Distribution
1 C 20.2290
2 C -0.2291
3 S 0.2935
4 S 0.2929
3 C -0.3470
6 C -0.3468
7 S 0.2936
8 S 0.2937
9 C -0.2291

10 c -0.2291
11 H 0.1092
12 H 0.1092
13 H 0.1090

14 H 0.1090
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It was observed that >NDO reproduces the experimental condition
that the C-C bond-length between the outer ring carbon atoms (C2-C2
and Cg-C"Q, see Figure 50b) of TTF are comparatively less than that
of the carbons between the rings (C”-C”), without recourse to the
use of d-orbitals, a requirement suggested by Cooper et al.~”~. This
trend mirrors the results obtained for heptafulvalene96 where the
bridging double bond (1.373A) was shown to be longer than the ring
double bond (1.332-1.343A). The inportance of empty sulphur
d-orbitals in organosulphur compounds is one of continuing controversy.

Coffen 84

and Mcloer97 found independently that unless d-orbitals are
included in the molecular orbital calculations of TTF, neither
spectroscopic™”, nor molecular structure®” could be correlated with
theory* This might be the reason for some of the differences between
the calculated and experimental values.

All values of ionization potentials are greater than experimental
following a trend reported by Dewar and McKee98 who note that
calculated ionization potentials of sulphur to be about 1 eV (96.5
KJ mol””*) too high.

The small differences between the calculated ionization potentials
of the neutral molecules and the enthalpy difference of formation
(AH"M*) = AH\(M)) is reflected in the similar geometries of neutral
molecules and cations. MDO put most of the positive charge on
sulphur and hydrogen with the carbons of the fulvalene rings acquiring
negative charge. The charge distribution for TIF is shown in Table (26)
This result is different from that obtained by MINDO/399 in which the

positive charge is largely located on the central carbon atoms with a

small positive or even negative charge on sulphur.
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5.4 Photoelectron Spectroscopy Studies.
5.4.1 Introduction
A photoelectron spectrum is a distribution curve of the kinetic
energies of electrons emitted from a substance whilst under the inpact
of monochromatic radiation”””~. The first such spectra to be
obtained from the vapours of atoms and molecules were recorded late
in 1961 by Al-Joboury and Tumer**" and by Vilesov et al."""L
Adsorption of certain frequencies of far ultra violet light
brings about transitions of electrons between orbitals. The analysis
of the resulting spectra gives a picture of the relative spacing of
the orbitals. This information can also be obtained by measuring
how much energy is needed to remove an electron from an orbital. This
energy is one of the ionization potentials of the molecule. Measuring
the ionization potentials of electrons in various orbitals of the
molecule gives a picture of the orbital energies. Radiation in the
far ultra violet region (X < 1700 S) can cause electronic excitation,
ionization or even bond rupture in a molecule. If a photon of
frequency (v) collides with a single molecule, the kinetic energy of

the ejected electron is given by:

hv = l—m\/2+l—
2 e

where (I") is the ionization potential of the ejected electron. The
index (i) labels the orbital occupied by the electron and hence the
electrons ejected have various kinetic energies depending on the
orbital they occupy. The ejected electrons are called photoelectrons,

and the determination of their spectrum of energies gives rise to the
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naine photoelectron spectroscopy (p.e.s.). If a molecular photoelectron
experiment is carried out at room temperature, we can safely assume
that the molecule is in its ground electronic and vibrational state.
When the molecule is converted into the positive ion it may end up in

an excited vibrational state. This is given by:

where denotes the ionization potential without vibrational
changes i.e. the ionization potential. The electromagnetic radiation

is essentially in the U.V region of the spectrum. A great deal of

work has been done with light generated by a discharge through helium:
this gives a strong line at 58.4 nm E 21.22 eV, i.e. this only ejects
electrons with ionization potentials less than 21.22 eV. Much higher
photon energies are used for electrons deeper in the molecule and hence
X-rays are used giving rise to a technique called X-ray p”~otoelectron -
spectroscopy which is used for qualitative chemical analysis.

Both U.V and X-ray have proved to be a useful analytical
techniques, U.V being used to detect molecules on the basis of spectral
"finger prints"*"*, and X-ray being used to detect atoms on the basis
of characteristic binding energiele4. Thus by combining core and
valence ionization potentials data one can quantify the bonding or
anti-bonding character of molecular orbitals. This is the kind of
information that chemists have always hoped to obtain from photoelectron
spectroscopy but which until recently has generally only been obtained

from theoretical calculations.
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5.4.2 Results and Discussion.

This work has been done at Sussex University using Perkin
Elmer PS16. The valence ionization potentials of TTF, Dibenzo TIF
and TTF/DYE compounds are recorded using helium resonance line (584&)
as the excitation source. Lower and upper limits of ionization
potential are marked by helium and argon (ionization potential of
498 and 15.75 eV respectively). The photoelectron spectra of the
three compounds as well as the first two ionization potentials are

shown in Figures (52), (53), (54) and Table (27).

Table (27) First and Second Ionization Potentials and the Binding

Energy for TTF, Dibenzo TTF and TTF/DYE Using P.E.S.

Ist I.P£0.05 2nd I.P£0.05 Binding Energy

Compound (V) V) (Ist-2nd orbitals)
TTF 6.80 8.90 2.1
Dibenzo TTF 6.90 8.60 1.7

TTF/DYE 6.80 8.60 1.8
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It is shown clearly that TTF, Dibenzo TIF and TTF/DYE photoionized
at approximately the same value. Two benzene rings attached to the
sides of the symmetrical molecule TTF have little effect on the
ionization potential. The first and second orbitals are strongly
bound in TTF (binding energy of 2.1 eV) compared to the other two
compounds. The relative orderings of the Tk, a and n-orbitals in
such types of compounds have never been firmly established. Two
main reasons may be cited. Firstly, there has been some question
as to whether the highest occupied a- orbital of aromatic conpounds
has an energy exceeding that of the lowest . orbital, and secondly,
for molecules in which the hetero-atom 2p lone- pair’ electrons
are independent of the .- system, there has been no sure way of
finding out whether the .- orbital ionization potentials are lower
than the lone-pair ionization potentialsIOS

It is generally known that to assign the various observed bands
to a certain molecular orbital is a very difficult matter. _ This is
because ionization potentials are markedly affected by electronic
relaxation energy and potential as well as by chemical bonding. That
is Wiy photoelectron spectroscopy has often merely served as a testing
ground for theoretical calculations”*”. From the above discussion it
is difficult to assign each ionization potential value calculated to
a particular type of orbital, but generally speaking, electrons are
easier to remove from a TI-bond than a a-bond, hence, the first
ionization potential could be from the TI-bond. This is supported

by the fine structure appearing in each of the three spectra.
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CHAPTER 6
Preliminary Investigation of the use

of Charge-Transfer Compounds as Gas Sensors.
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6. Introduction

It has long been known that adsorbed gases can have a marked
effect on the electrical conductivity of semiconductors. The effect
has been reported in transition metal oxides®”*”, anionic dyes""",
phthalocyanine films 109 and a range of organic solids27

It has been shown that the electrical conductivity of
3-carotene varies with oxygen pressure” ", while studies by Labes"
and Labes and Rudyi112 on the iodine-anthracene and chloranil-amine
systems and by Misra®*" on 3-carotene show the potential of these
materials as the basis of gas detecting systems. The conductivity
of organic semiconductors can change by many orders of magnitude
when a gas adsorbs on their surfaces, which makes them ideal for
detecting very low concentrations of pollutants. When a gas molecule
chemisorbs on the surface of a semiconductor, an electron or electrons
may be transferred from one to the other, the direction of this transfer
depending upon the electronegativity of the gas and the work function
of the solid*"".

Very recently an ionomer-film modified electrode was introduced
into the sensing process™””. An ionomer is a linear or branched
organic polymer which contains covalently attached ionizable groups”.
Ion-exchange selectivity coefficients for a series of alkyl-substituted
pyridinium cations in Na/ion have been measured. The large value of
these coefficients are attributed to the hydrophobic effects; a free-
energy relationship relating the coefficients to the size of the ion
has been described.

A semiconductor for use as the basis of a gas sensor must have

the following propertiesll4
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1. Its conductivity must vary with the concentration, in ambient
air, of the gas to be measured. This effect must be reversible, i.e.
in the absence of the gas the conductivity must return to its original
value, as well as reproducible if the sensor is to be used in
instruments.

2. The material must be stable viien heated to temperatures high
enough for the reaction of interest to take place quickly and
reversibly, and to tenperatures > 100°C in order to minimize water
condensation effects.

Although not essential it is desirable, from the point of view
of providing cheap instrumentation, that the fabrication of sensors
using the material is easy and cheap. It would also be an advantage
to be able to modify the structure of the semiconductor in order to
vary its sensitivity to different gases.

The phthalocyanines satisfy most of these conditions. Various
gases have been shown to affect the electrical conductivity of
these materia1527. Although the reversibility of these effects have
not been fully investigated, at least a degree of reversibility has
been reported117. In this section sensors are described in Wiich the
conductivity changes in some charge-transfer compounds (TTF/TCNQ, TTFCI,
LITCNQ and TTF/DYE) thin discs and films are used as a possible means

of detecting some pollutant gases (SO*, H"S, NO2, CO, 02, (H").
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6.1 Preparation of Electrodes for Gas Sensors
Phthalocyanines and their derivatives are the major organic
materials used as gas sensors as mentioned before. In this section,
the use of some charge-transfer conpounds as gas sensors were tested.
Different methods were used to construct the electrodes of which the
printed circuit comb-shaped electrode is the most successful. These
methods can be summarized:
a. Impregnating the electroactive material into the silica gel
coated plastic electrode.
b. A microscopic slide glass with a rough surface on which a thin
layer of the electroactive material was coated.
C. A pressed disc of the conducting powder.
d. PolytetrafLucroethylene/alumina porous mixture as substrate
for conducting powder.
e. A comb-shaped copper electrode foimed from a printed circuit
board.
All methods (a-d) give an electrode of high resistance, which
are not suitable to be used as detectors. The last method (e) seems
to work if certain parameters, such as the coated layer thickness could

be controlled.

6.1.1 Printed Circuit Copper Electrode

A single side epoxy glass copper-clad board of thickness 1.6 mm
was used in constructing this electrode. The comb-shape of copper
layer on the surface (thickness ~ 30 ym) was formed using an etch
resist ink pen. The Wiole assembly was dipped in concentrated
solution of ferric chloride (2.0 M for about 2.0 hours and then

removed from the solution, and rinsed with distilled water. The ink
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was washed out using ethyl alcohol. The two terminals were welded to
tinned-copper wires for connection. This is shown is Figure 55a. The
organic substance under test was pressed in a form of a thin disc on

the surface of the copper electrode. Figure 55b.

6.2 Change of Surface Conductivity for Different Electrode Materials
on Passing Set of Different Gases.

The electrode prepared was encapsulated in a glass tube with the
thin layer surface of the electroactive material facing an air inlet
(Figure 55c). The two terminals were connected to an Automatic
Precision Bridge B905 to measure change of surface conductivity

during gas flow. The gas was allowed to flow over the electrode

surface with a flow rate of 24 cm /min. Change of conductivity
with time was recorded during gas flow and after gas stopped flowing.
The first compound tested was TTF/TCNQ. SO2, H”S, CI2, CH®, NO2 and
02 pure gases were tested. Figure (56) showed that on passing SO2
gas, the conductance decreased with time, but it increased when the
gas stopped flowing which indicates that the response is reversible.
On the other hand oxygen decreased the conductivity and no recovery
was observed even when the gas stopped. Figure (57) showed oxygen
gas compared to methane which has the same effect. On diluting SO2
and (O gases, the effect is very small as it was shown in Figure (58).
To show that which conponent of the conplex TTF/TCNQ has the
largest effect on gas adsorption, an experiment was run with TIF and

TONQ simple salts using dilute gases. Figures (59) and (60) show the
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copper

(a)
silver epoxy
ILk— adhesive
Li J u
[— tinned-copper
wire
epoxy glassy substrate
) sanple disc
to conductance bridge
(c) :
gas inlet
glass tube

> gas outlet

m m /A

to conductance bridge

Figure (55) Assembly for electrical contact (a) and (b) and

for gas sensor (c).
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results. The effect of these dilute gases was also tested against the
conplex TTF/N-Et oxonol dye and the result is shown in Figure (61).
The percentage of increased or decreased conductivity of TTFTCNQ
electrode when gas flow was on and off at different intervals are
shown in Table (28). The same calculations were done for different
electrode materials using 56 SO" and 8% gases. The results are

shown in Table (29).
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6.2.1 Effect of different gases on thé surface conductivity of

TTF/TCNQ electrode.

Table (28)
%decrease at % decrease in net effect
gas the moment of 10 minutes overnight
passing gas (no gas flow)
SO2 9.8 16.0 +7.0
H2S 31.7 91.1 +23.1
Cl2 99.9 99.9 -99.9
(057 50.8 74.1 -94.3
NO2 324 99.2 -99.9
6.4 314 -66.1

°2
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6.2.2 Effect of 81 (O gas and 5% SO2 gas (in N7) on different

electrode material conductivity.

Table (29)
electrode at the moment after 10 minutes I;f/terfliffiit
material of gas flow of gas flow (no g%ls)
@ gas
TTF/TCNQ -8.7 -7.3 -51.6
TTE/DYE +11.5 -28.5 -76.2
TTECl -32.1 -46.2 59.2
LITCNQ -87.7 -92.1 -10.3
SO7 gas
TTE/TCNQ -11.9 -6.8 -1.3
TTF/DYE -14.4 -15.8
TTFCl +11.8 -26.4 -70.3

LITCNQ -40.3 -64.7 -30.7
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6.3  Vacuum Sublimation Thin Film Electrode.

A thin film of TTF/TCNQ was coated on the surface of a comb-
shaped copper electrode by the vacuum sublimation process. The
sample sublimed under vacuum 60 mmHg) and heating 110-120°C)
on to a surface of the electrode already fixed above the sample and
connected to a Conductance Bridge via tungsten pinch-seated copper
wires (Figure (62)), The thickness of the layer evaporated was
followed by the drop on resistivity. IVhen a reasonable reading was
reached (\ 600 "), the electrode was disconnected from the sublimation
chamber. This electrode was used for detection of SO2 at different
concentrations. The change of conductivity with gas percentage is

shown in Figure (63).
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to conductance bridge

Tungsten pinch-sealed
to copper wire.

to vacuum line

ice

copper comb-shaped
electrode

sanple

Figure (62) 6.3.1 Apparatus used for vacuum sublimation of TTF/TCNQ.
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a set of Different Gases.

Microanalysis of TTF/TCNQ Electrode Material after Passing

After passing a certain type of gas over the electrode surface,

the electrode material was scrapped off and taken for elementary

analysis.

should differ from that in a pure compound.

in Table (30).

Table (30)

Compound

TTFCI

TTF/TCNQ
TTF/TCNQ
TTF/TCNQ
TTF/TCNQ
TTF/TCNQ
TTF/TCNQ
TTF/TCNQ

Calculated %before passing the gas

% found after passing the gas.

Gas
Adsorbed

CI2

CI2

(&)

23.72
53.23
53.29
53.10
52.90
52.28
49.80

27.34

Found*

1.62
2.04

2.01

2.20
2.13
1.92

1.35

NI

14.02
14.08
13.60
14.08
13.25
14.76

7.08

Calculated
Cl HI
30.02 1.66
52.74 1.95
It I
I I
I I
I I
I I
28.25 1.04

If chemical reaction has occurred, the elemental ratio

The results are shown

NI

13.67

= =

7.32
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6.4  Adsorption of SO9 Gas on the Surface of TTF/TCNQ Electrode

Under Vacuum.

The adsorption measurements were done in a vacuum line already
constructed by a colleague. Figure (64) showed the parts of the vacuum
line used. The sample was weighed using a vacuum electronic micro-
balance (C.I. Electronics Limited). The pressure of the gas entering
the system was measured by a manometer connected to the right of the
assembly and the pressure which acted on the sanple was measured with
the one connected at the left. The high vacuum was maintained using
a Diffusion and a Rotary pump. The low pressure of the gas measured
by a Vacuum Gauge, Pirani Type, Model 8/2.

To get rid of any moisture on the sanple, it was heated to around
100°C using an Electronic Furnace Type LMF4 and then cooled before
the gas passed over. The change in weight of the sanple was measured
against the gas pressure and the results were tabulated in Table (31),

and plotted in Figure (65).
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vacuum gauge
microforce balance

gas chamber

-gas
inlet

manometer  sample manometer

cooling system

heating or cooling device

mercury ;
heating device—°

high
vacuum
pump

Figure (64) 6.4.1 Vacuum Line used for adsoiption

measurements.
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6.4.2 Calculated Parameters from BET Equation, for SQ2 Gas

Adsorbed on TTF/TCNQ Electrode”"".

Table (31)

p AW W [(P/po)-1](mg-1
(mmHg) (mg) 'V ( [(P/po)-1](mg-I)
14 0.18 0.02 0.104

24 0.20 0.03 0.163

39 0.30 0.05 0.180

53 0.32 0.07 0.234

70 0.36 0.09 0.282

81 0.37 0.106 0.322

104 0.40 0.137 0.396
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6.4.3 Calculation of Specific Surface Area of TIF/TCNQ from
the BET Equation”™"”.
The determination of surface area from Brunauer, Emmett and
Teller (BET) Theory is a straight forward application of the final

form of the BET equation:

Wpo/ -1] whc whc P°

where:
W = weight adsorbed
= monolayer weight
C = BET constant
P = applied pressure
po = initial pressure
Aplot o f--—emmem - versus yields a straight line as
WI(P°/p)-I]
shown in Fig. (65). The slope (s) and the intercept (i) of BET plot
C-1
are § = --—-
v
" V
Solving the preceding equations for and C gives:
1
Mi = - (2)
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The total surface area can be calculated from the Langmuir

equation:

St =

M

where: a is the cross-sectional area,
M' is the molecular weight of an adsorbate molecule and

N" is Avogadro's number.

The specific surface area can be determined by dividing by the
sanple weight. To do so, the area for one molecule of the adsorbate
must be known. This was calculated from sulphur dioxide molecules in
which the area occupied by one molecule was calculated from sulphur-
oxygen radius i.e. assuming the sulphur atom at the centre of the

circle occupied by one molecule as shown below:

The area occipied by one SO2 molecule was found to be equal
25.2 X 10" m*. The monolayer weight =0.1604 x 10 ~ gram
substitution in equation (4) yield a total surface area of 0.380 m .
Dividing by the weight of the complex used (0.0995 gr) gives the

specific surface area of 3.82 ng 1.

(C))
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6.5 Discussion
The observation of the increase in surface and bulk conductivity
of either doner or acceptor crystals \dien exposed to acceptor or
doner vapours, respectively 108, appear to be the case in most organic
confounds used as gas detectors, such as phthalocyanines. In the
case studied the conductance decreased vdien SO®, H2S, NO2, CI2, CH»
and O2 gases passed over the surface of TTF/TCNQ. The same trend
was also followed when dilute SO2 and (O gases adsorbed on the
surface of LITCNQ, TTFCI, TTF/TCNQ and TTF/DYE.
Several possible explanations of such a decrease must be considered.
One such explanation is that most of the compounds studied are weak
conductors (a - 10~"f2cm*”,hence an adsorption of a gas will increase
the conductivity by either injection of electrons (n - type semicond-
uctors)*™” or by hole creation (p-type semiconductors). In this
case, all compounds used are relatively good conductors (TTFCl,a - 4.6
X 10°*n“*cm'”, LITCNQ, o = 2.1 x TTE/TCNQ, o = 7.0 x 10"
fl ~em ”), hence injection of electrons or creation of holes might disturb
the electronic or stoichiometric structure of the parent compounds and
the result is a decrease in conductivity. Another possible explanation
is that diffusion of gases occurs into the bulk of the crystal.
However, this seems unlikely since the diffusion process is slow107
Exposure to moist air, oxygen etc., is known to affect surface
currentslls, but in this case, the electrode material was already in
a stable condition, possibly an equilibrium condition, before passing
the gas which is done in a closed tube.
SO2 gas can act as a reducing agent by donating a lone-pair of

electrons from oxygen or sulphur atoms, hence it can act in a process
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of electron injection as well as hole creation by accepting electrons
into its sulphur d-orbital. NO® CH" O2, CI2 and H2S gases reduce
the conductivity of TTF/TCNQ irreversibly, while the only possible
reversible process is adsorption of SO

Microanalysis of TTF/TCNQ as electrode material before and
after passing most of the gases, give almost the same atomic percentage
which might indicate that there are no chemical reactions taken place.
In case of chlorine gas passed on the surface of TTFCl or TTF/TCNQ
electrodes, a change in the element analysis (Table (30)) was
observed. This is what was expected to happen, since chlorine can
form dication of TTF. Ten chlorine atoms seems to interact with
TTF/TCNQ as shown by the microanalysis results.

From the S(2%versus conductance curve, it seems that the amount
of gas for monolayer coverage is very small, since there is not much
increase or decrease in conductivity in increasing gas %from 0.5 to 5.
This is supported by the small specific surface area calculated from
BET Theory. The small increase in conductance using a thin film of
TTF/TCNQ by sublimation on passing SO2 gas of different concentrations
indicates that thin films have different structures from thin discs
used before, or the effect of moisture is more pronounced in thin
films, since moisture on the surface can interact with SO2 gas to form

an acidic medium which leads to an increase in conductance.
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CHAPIER 7

General Conclusion and Discussion
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7. Général Concliision and Discussion

The electrochemistry of foimation of TTF/DYE complex was
investigated by cyclic-voltammetry to determine the optimum conditions
for its preparation. A narrow range of potential is available to the
reaction foiming the TIF radical cation (0.30 - 0.77 V versus SCE).
Each of these latter reactions will reduce the yield or give unwanted
products as a result of indiscriminate anodic currents. The only
reaction required to take place is TTF TTFM +e (E* =0.302 V
versus SCE). The electrochemical preparation of TTF/DYE complexes
were sensitive to the conditions of the experiment, particularly the
duration and magnitude of the current and voltage applied. Formai
electrode potentials obtained for TITF/DYE complex in aqueous and
non-aqueous media were lower than the values obtained for the two
separate precursors.

The first two ionization potentials of TIF and dibenzo TTF,
measured from the photoelectron-spectroscopy are close in value, and
the formation of a complex with an oxonol dye equally leads to little
change. The similarity between the spectra of neutral and conplexed
TTF suggests that in each case the species observed is the same,
namely neutral TTF. Chemical analysis ofthe salts did not reveal
neutral TIF as an inpurity in the complexand therefore it is
concluded that the TIF vapour arises fromthe complex itself. It is
of interest to note that electrochemical potentials from cyclic-
voltammetry measurements are more sensitive to changes in the
molecules than either esr or pes although in all techniques it is
possible to detect separate features due to TIF and its ions when

conplexed with the oxonol dye.
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TTF/DYE conplexes are semiconductors and the trend towards lower
conductivity appear to follow the smaller numbers of unpaired
electrons. If the number of spins could be increased greater
conductivities may be expected. The complex started to lose its
unpaired electron at a temperature lower than its decomposition
temperature and the loss is irreversible. The isotropic g-factor
calculated from esr measurements is large for TIF indicating that
a substantial proportion of the unpaired spin density resides on the
sulphur atoms, but NNDO calculations for charge-density distribution
gives sulphur atoms large positive charge. This might be a defect of
MED which does not include d-orbitals in its basis set. The same
reason may be applied to the observation that ionization potentials
predicted by FNDO method are higher than the experimental values by
approximately 1 eV.

Charge-transfer complexes show different degrees of response
towards some pollutant gases. The response is low for dilute gases
which is not desirable for a compound to be used as a gas sensor. The
result may be improved if better electrical contact and certain
modifications in structure could be made, in addition to control of

material thickness.
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