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SUMMARY

This thesis describes a study of partial oxidation or
protonation of the compound poly(fluoroaluminium-phthalo-
cyanine), [Al(Pc)F],, by different types of oxidising agents
and strong protonic acids. Oxidation reactions were carried
out in the presence of acetonitrile, im the absence of a
solvent and by exposing thin films of the [Al(Pc)F], polymer
deposited on KCI and silica substrates, to the vapours of the

oxidants.

Chapter one summarises previous studies made of the
hexafluorides, UF6, M0F6, WF6 or NOPF6, the halogens, Cl2,
Br2 or 12 and the pentafluorides, PFS, AsF5 or IFS which were
all used in the present work. It is concerned with the
preparations, structures and redox chemical behaviour under
different conditions and in different solvents. Previously
reported studies involving several metal-phthalocyanine
complexes and analogous organic compounds are also described

in this chapter.

Chapter two describes the methods used to prepare and
purify the reagents used in the reactions and the main
experimental techniques, vibrational and electronic
spectroscopy and transmission electron microscopy, which were

used in the investigation of reaction products.

In chapter three, investigations of the solubility of
the [Al(Pc)F], polymer in several organic solvents and its
interactions with the strong protonic acids CF3SO3H, H,SOy4
and CF;COOH are reported. On the basis of the observations

made, it has been concluded that the [Al(Pc)F]n polymer



- ii -

behaves as a base and dissolves in the strong protonic acids
through the protonation of the outer nitrogen atoms of its
phthalocyanine (Pc) rings. However, the degree of
protonation and, hence, the solubility of this polymer
depends on the strength of the acid used as determined by its
Hammett acidity value (Ho). In some cases evidence for
depolymerization of [Al(Pc)F],, was obtained from the
electronic spectra of the products formed, indicating that

protonation and depolymerization are related.

In chapter four, the reactions between [Al(Pc)F], and
binary hexafluorides MF6 (where M = U, Mo and W) or the NO*t
cation in the presence of MeCN, in the absence of a solvent,
or by using thin films of the polymer on silica and KCIl
substrates are described and discussed. The products
isolated from these reactions were characterised by infrared
and u.v./visible spectroscopy and in some cases by
transmission electron microscopy. In all cases the products
had different colours and different vibrational and
electronic spectra than those of [Al(Pc)F],. Unlike
pristine [Al(Pc)F]n, the oxidised products were very soluble
in acetonitrile. The anions MF6' (M = U, Mo and W) and PF6'

were identified by vibrational spectroscopy.

In chapter five the reactions between thin films of
[Al(Pc)F]n deposited on silica substrates and non-metal
pentafluorides or halogen vapours, AF5 (where A = P, As or I)
and X2 (where X = CIl, Br or I) are described and discussed.
The films after the reactions were examined by electronic
spectroscopy; several spectral changes involving
phthalocyanine electronic transitions in the region 1000-200

nm were observed.



Chapter six deals with a study of the lattice structure
of the epitaxial thin films of [Al(Pc)F], on KCl1 substrates
using transmission electron microscopy. A comparison is
made between the present study and previous work reported in
the literature. Results from the examination of selected
samples from the reactions described in chapters 3-5
indicated that in all cases the oxidation or protonation of
[AL(Pc)F], introduced distortion into the structure of the
polymer. It appeared likely that the polymeric chains were

broken during the reactions.

In chapter seven, comparisons among the spectroscopic
results obtained from the reactions described in chapters 3-6
are made. The conclusions from all the reactions carried
out in the present study and future work were also described

in this chapter.



CHAPTER ONE

INTRODUCTION



11 Aims of the present work.

Conjugated polymers can become viable electronic
conductors only in the presence of certain additives, which
remove or add electrons from the polymer system. The
quantities of additives should be in chemical proportion to
the monomer units which are oxidised or reduced. It has
been found that the conductivity of the oxo- or halo-bridging
metal=phthalocyanine polymers can be increased when they are
partially oxidised by oxidants such as the NO* cation or
diiodine. When the doping is successful, a charge transfer
occurs between the polymer and the dopant causing an increase
in the number of delocalised charges on the polymer chains
and therefore an increase in the electronic conductivity of

the polymer.

In this work, the compound poly|p-fluoro(phthalo-
cyaninato)aluminium(IlI}], [Al(Pc)F]n which can be also named
poly(fluoroaluminium-phthalocyanine) has been studied. It
can be prepared using the method described in the literature
[1]. The information reported about its structure, physical
and chemical properties and particularly its behaviour as a
semiconductor make the compound an attractive candidate for
oxidative doping. The NOV cation [2] and diiodine [3] have
been used most often, but the use of binary high oxidation
state fluorides has also been briefly reported [4]. The
ready availability, intense colour and apparent thermal and
hydrolytic stability of this polymer, enable its reactions
with oxidising agents to be carried out both in solution and
in the solid state. From earlier work using transmission

and scanning electron microscopy [5], it has been shown that



epitaxial thin films of the polymer can be grown on KCI
single crystal substrates. It has also been shown that the
polymer chains lie vertically on the KCIl substrate, while on
the mica substrate they lie horizontally. In the present
work this approach has been extended to prepare thin films of
the polymer on substrates such as silica, LiNbO4 and mica,
and in selected cases to expose the films to the vapour of
volatile oxidising agents. 1t is also possible to protonate
the [Al(Pc)F], polymer using strong protonic acids such as
H2SO4, CF3SO3H, FSO3H and CF3COOH, and these reactions have
been studied. In all cases the reactions have been
investigated by vibrational and electronic spectroscopy or by

transmission electron microscopy.

The remainder of this chapter deals with some of the
properties of the elements and compounds, for example, the
halogens and high oxidation state fluorides that were used in
this work and some of the concepts that underlie the work.
The chapter concludes with an account of polymeric conducting

materials and metal-phthalocyanines.



1!2 The Halogens :

The members of the halogen family of elements are
fluorine, chlorine, bromine, iodine and astatine. They
occupy group 17 of the Periodic Table and are characterized
by their high electronegativities. Since the halogen atoms
are only one electron short of the noble gas configuration,
the elements readily form the anion X~ or a single covalent
bond. The molecules of all the halogens are diatomic at
room temperature and thus differ from the elements of groups
15 and 16 in which the first elements, nitrogen and oxygen
alone are diatomic under these conditions. The ¢chemistry of
the halogens is non-metallic and in general, the properties
of the elements and their compounds change progressively with
increasing size. Table 1:1 shows the more common physical
properties of the halogens. It can be seen that most of
their properties change regularly when the elements are

arranged in the order of their atomic numbers.

Their ionisation energies are generally high, but fall
markedly when the atomic number increases. The electron
affinities show a maximum at chlorine and then decreases as
the atomic number increases, in accord with the increasing
number of inner orbitals and the size of the atoms. The
small size and high electronegativity of the F atom account
for many of the differences between fluorine and other

halogens.



Table(1:1).Some physical properties of the halogens[6-9].

Properties Fluorine Chlorinc Bromine lodine | Astaune
D (Cl2) (Bra) Iy | “o
Atomic number 9 17 35 53 85
Meldng point, K|| 40 170 265.8 3%6| -
Boiling point, k|| 155 2384 331.7 | 4ys53| —
Electron affinity -340 -356 -342 -303 -298

of X atom, kJ mol ™

Ionisation energy 1514.7 1107.5 1016.8 8953 -—--

of X atom, kJ mol ™

Electronegativity 41 2385 2.75 22 1.95

Tonic radius X~ , A 1.19 1.70 1.87 212| 062

Colour of vapour |} Pale-Yellow Greenish-Yellow | Reddish-Brown | Violet -

Energy of dissociation 155 243 163 151 ~116
of X, , kJ mol ™!
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The last member of the halogen group is astatine, which
exists only as very short-lived radioactive isotopes. The
longest lived of the 21 isotopes of astatine which have been
defined are 210At (t;,, = 8.3 h) and 2MAt (17, = 7.21 )
[61]. Work has been carried out using either 210At or 211At,
and the very high activity necessitates working in 10°14 mol
dm-3 solutions, and following reactions by coprecipitation

with iodine compounds [6].



1:2:1 Occurrence.

Because of their high reactivity, none of the halogens
occur in the elemental state in nature. Fluorine occurs
widely in nature as fluorspar (Can), Cryolite (Na3AlF6), and
fluorapatite [3Ca3(PO4)2Ca(F C1)2] [71. Fluorine in the
combined state constitutes 0.078% of the earth‘s crust and is
more abundant than chlorine (0.055%) [8]. Most natural
water contains traces of fluorides and in some cases the
amounts are comparatively large. The element was first
isolated in 1886 by Moissan, who pioneered the chemistry of

fluorine and its compounds [9].

Chlorine occurs in nature mainly as sodium chloride in
seawater and in various inland salt lakes. Isolated bodies
of water in arid regions are frequently found to be high in
chlorine content. Industrially unimportant with regard to
chlorine content or as a source of chlorine, are the ores of
certain heavy metals which occur as chlorides, for example
AgCl, CuCl, and PbCl,. Chlorine was first prepared by
Scheele [10] in 1774 from the reaction between hydrogen

chloride and manganese dioxide.

Bromine is found in brines, bitterns, seawater and
saline deposits as bromides derived originally from the
dissolution of alkali, alkaline earth and magnesium salts.
The bromide content is much smaller than the chloride content
in all of these sources. Average seawater contains about
0.015% bromine [11]. The discovery of bromine was made by
Balard in 1824 [12]. He obtained it from the mother liquor
of the Montpellier bitterns, which are high in magnesium

bromide.



Iodine occurs naturally in oil-well brines and in some
types of marine life, such as oysters, seaweeds and certain
fishes. The greatest concentration of iodine in the human
body is found in the thyroid gland. The element was first
isolated in 1812 by the French chemist Courtois [13]. After
seaweed had been ashed and the soda removed, Courtois
discovered that sulphuric acid reacted with the hot mother
liquor to liberate the new element in the form of its violet

vapour.

The discovery of astatine in nature was claimed by many
chemists, for example Allison in 1931 [6] and Carson in 1940
[13]. Later information [6] about the short half-life of
all the isotopes of this radioactive element make doubtful
any claims that this element might exist in nature. In
spite of the studies which were carried out on the isotopes
of astatine using tracer methods, the chemistry of this
element and its properties are not well known compared to the

other members of the halogen family.

1:2:2 Preparation.

Although free fluorine was first isolated by Moissan as
a product of the electrolysis of anhydrous liquid hydrogen
fluoride containing some potassium hydrogen fluoride (KHF,),
significant improvements have been made in the development of
cells, electrodes, and electrolytes [9]. Developments in
the small-scale preparation of the element which followed led
to large-scale operations and the production of fluorine in

commercial quantities [14]. Because of the volatility of



hydrogen fluoride, it 1is difficult to avoid the contamination
of the product. This problem is reduced materially by the
use of fused potassium hydrogen fluorides over which the
vapour pressure of hydrogen fluoride is comparatively low
[15]. As a consequence, only operations at medium and high
temperatures have proved to be effective. Corrosion
problems are reduced by use of metals such as nickel, copper
or Monel, which are covered with protective fluoride
coatings, graphite and unreactive plastics such as Teflon

[(CFy), polymer]. Preparation of fluorine by purely
chemical means is not particularly successful because of the
difficulty of oxidising the fluoride ion. Numerous claims
have been advanced for the liberation of fluorine as a result
of thermal decomposition of high-valence metal fluorides for
example Pb(IV), Agl) and Mn(III) [10]. Compounds such as
AgF,, MnFg, PbF, and CeF, are effective fluorinating agents,
and they may release fluorine under appropriate conditions.
Many other claims have been made that fluorine can be formed
from the thermal decomposition of fluorides of the other
halogens (the interhalogens). For example, fluorine may be
prepared from chlorine trifluoride, since this dissociates
completely into fluorine and chlorine monofluoride at a

temperature of about 973 K [15] (equation 1-1)
CIF;q===ACIF + Fy ..o (1-1)

Chlorine monofluoride (b.p. 169.2K), and any undissociated
chlorine trifluoride (b.p. 285 K), can be separated from
fluorine (b.p. 85 K) by cooling the mixture gases in liquid
oxygen (b.p. 90 K). All the above mentioned fluorinating
agents which have been used in the preparation of fluorine

are usually prepared by reactions involving elemental
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fluorine so that their utilities as inexpensive sources
would be limited. The f{irst purely chemical generation of
clemental fluorine in significant vyield and concentration has
been reported by Christe [16]. In this method, fluorine has
been formed by a simple displacement reaction between
starting materials that can be prepared in high yields
without the use of elemental fluorine as in the following
equations (equations 1-2, 1-3 and 1-4).
2KMnO, + 2KF + 10HF + 3H202M
2K,MnFg + 8H,0 + 30,..... (1-2)
SbClg + SHF— SbFg5 + 5HCl  .............. (1-3)

1
K2MﬂF6 + 28bF5“‘""“+2KSbF6 + MnF3 + /2F2 ....... .(‘]__u)

On a laboratory scale, chlorine is normally prepared by
the chemical oxidation of chloride ion employing hydrochloric
acid or a metal chloride and sulphuric acid with a suitable
oxidant such as manganese(IV)oxide. The direct oxidation
of HCl by concentrated nitric acid results in the formation
of chlorine and nitrosyl chloride (equation 1-5Y17].

3HCl1 + HNO;——»Cl, + NOC! + 2H50 ............... (1-5)

The HCl and HNO3 may be generated by the addition of
concentrated sulphuric acid to an alkali or alkaline earth
chloride and nitrate. The addition of nitric acid to a
mixture of MnO, and HCIl increases the efficiency of chlorine
production (equation 1-6)

MnO, + 2HNOj + 2HCl—Mn(NO3),; + 2H,0 + Cly..ooeenn. (1-6)

All methods of bromine production depend on the
oxidation of the bromide ion. There are no naturally

occurring oxygen salts of bromine which act as a source of
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the element. Bromine can be formed by the oxidation of
bromide ion by manganese dioxide in the presence of sulphuric

acid (equation 1-7) [12].

MnO, + 4H" + 2BF——p=Br, + Mn?* + 2H,0 ..., (1-7)

Concentrated sulphuric acid, however is a sufficiently good
oxidising agent itself to oxidise the bromide ion to bromine.
For this reason the usual displacement of the more volatile
hydrohalide from its salt by sulphuric acid cannot be used
for the preparation of anhydrous hydrogen bromide (equation

1-8)

2HY + H,SO,4 + 2Br"—=Br,y + SO, + 2H,0 .o, (1-8)

Bromine and iodine are normally prepared on a laboratory
scale by methods comparable with those used for chlorine as
well as by oxidation of the halide ion with chlorine.
Oxidation of halide ions is used commercially for the
production of both halogens. Bromine is recovered
technically from seawater [13] by chlorination at pH 3.5 and
removal with air. The bromine is then stripped from the air
by absorption in sodium carbonate to give bromide and
bromate. Acidification then yields bromine which can be

purified by distillation.

Iodine is liberated from iodides in salt well brines by

oxidation with nitrite and is removed by adsorption on

charcoal. Iodine 1is also displaced from solutions of
iodides by chlorine. This process is essentially the same
as that employed for the preparation of bromine. The

quantity of chlorine used is critical since, if insufficient
chlorine is used, there is not only a loss of available

chlorine but some of the iodine dissolves in the brine
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through the reaction, (equation 1-9)

12 + I_ﬂ I3 ....................... (1_9)

If too much chlorine is used, iodine is lost through the

reaction, (equation 1-10)

12 + CIZ—QZICI ...................... (1_10)
or through the formation of 105" [13].

1:2:3 Reactivity and Chemical Properties of the Halogens.

Chemical reactivity of the halogen elements decreases
from fluorine to iodine. Fluorine has the greatest
electronegativity of any of the elements and therefore it is
considered to be a good oxidising agent. It forms compounds
with all elements except helium, neon and argon; and it will

usually replace chlorine from its compounds [18].

Chlorine and bromine also combine directly, though less
vigorously with most elements, while iodine is less reactive

and does not react with some elements such as sulphur [19].

The great reactivity of fluorine is in part
attributable to the low dissociation energy (155 kJ mol’l) of
the F-F bond, and the fact that reactions of atomic fluorine
are strongly exothermic [18]. The weakness of the bend in
F,5 is generally due to the repulsion between the pairs of
unshared electrons on each F atom, while the X-X bond in C12,
Br, and I, is stronger possibly because of the hybridisation
of p and d orbitals in these molecules. In spite of their
lower dissociation energies (see Table 1:1)bromine and iodine

are weaker oxidising agents than chlorine; this is due to
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their smaller electron affinities and smaller hydration
energies. Fluorine, particularly, and chlorine to a lesser
extent, often oxidise both metals and non-metals to higher
oxidation states than do bromine and iodine. Thus both
fluorine and chlorine oxidise phosphorus and arsenic to the
+5 oxidation state compounds such as PC15 and AsF5 [19].

Sulphur can be converted to SFg by fluorine, to SCly by

chlorine and to S,Br, by bromine [19].

Many reactions of elementary fluorine with most other
elements are exothermic because of the formation of a short
and strong bonds between its atoms and those elements. When
ionic crystalline fluorides are formed their lattice energies

are high because the F~ ion is comparatively small.

Halogens with a formally positive oxidation state occur
in complexes in which the coordination numbers range from 2
to 7 and the other element present is either oxygen, or
another halogen which is more electronegative than the first.
These complexes are usually ions, but in some cases, for
example 1205 or C1207, they are neutral molecules. In
complexes with oxygen, the halogen atom is surrounded by
oxygen atoms; in interhalogen compounds the larger halogen is
surrounded by the smaller halogen atoms. The number of bond
pairs around the central atom can be increased by either the
use of some of its electrons to form 1 bonds with surrounding
atoms or by the promotion of some of its electrons to nd
levels followed by the formation of 8 bonds with the
surrounding atoms. All the molecules and ions employing
four electron pairs are basically tetrahedral, those
employing five pairs are trigonal bipyramidal and those with

six pairs are octahedral.
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When a halogen atom forms a bond to another atom or
group more clectroncgative than itsclf, the bond will be
polar with a partial positive charge on the halogen {7].
Examples are the Cl atoms in SF5OCl1, CF30Cl1 and FSO,O0CI, the
Br atoms in O3CIOBr and FSOZOBr, and the iodine atom in
I(ONO,)3.

1:3The Interhalogens.

The differences in electronegativity among members of
the halogen family make possible the combination of one
halogen with another to form an interesting series of
compounds known as the interhalogens. In these compounds
the halogens combine exothermally with one another and the
product depends on the combination conditions. For instance
equi-molar quantities of F, and Cl, react to give the CIF
compound, while if excess quantity of F5 is used in this

reaction, the product is C1F3 compound [18] (equations 1-11
1-12).

470K

F, + Cl, - 2CIF . (1-11)
550K

3F, + Cly =—————p 2CIF3 ... (1-12)

Bromine vapour diluted with nitrogen reacts with a limited
quantity of fluorine to give mainly BrF;. If an excess of
F, was used, the main product will be BrFgs. Except for
BrCl, ICl, IC13 and IBr, the interhalogens compounds are all
halogen fluorides. Chemically, the interhalogens are all
rather reactive. They are even more reactive than the

elements (except F,) because the bond energy of two different
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halogens (A-X) is less than the bond energy of two similar
halogens (X-X), (X being the more electronegative element
involved) [7]. For example, BrCl (D of Br-Cl = 218 kJ mol'l)
is more reactive than C12 (D of CI1-Cl = 243 kJ mol'l).
Iodine trichloride, ICl;, is formed by treatment of liquid
chlorine with the stoichiometric quantity of iodine, or with
a deficiency of iodine followed by evaporation of the excess
of chlorine [20]. Of the AX3 compounds, C1F3 is the most
reactive, but BrF; is more useful in preparative work and it
is a valuable fluorinating agent. It converts many metals,
metal oxides and many metal chlorides, bromides and iodides
to fluorides [20]. Bromine pentafluoride is the most
reactive among the AXs5 compounds, and it is too violent to be
used undiluted for the preparation of fluorides. Liquid
IF5, on the other hand, is a good conductor (equation 1-13)

21Fg == I1F,* + IFg" ... (1-13)

and it reacts with KI at its boiling point to give KIFg [21].
The only example of AX- type is iodine heptafluoride, which
can be made by heating IF5 with F, at 520-540 K.

A characteristic property of most halogen fluorides is
their amphoteric character, that is, with strong bases, such
as alkali metal fluorides they can form anions, and with

strong Lewis acids such as SbFs they can form cations [22].
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Slede
1.4 High Oxidation/\Binarv Fluorides.

High oxidation binary fluorides find a great use as
oxidising agents in non-aqueous media for metals and non-
metals to generate solvated cations. The main advantage in
their use is that they can be obtained and used in rigorously
anhydrous conditions. The chemistry of the high oxidation
binary fluorides of the second and third series of the
transition metals has been dominated over the past years by

the study of their oxidising properties.

The hexafluorides of uranium, molybdenum and tungsten
which have been used in the present work, are members of the
5f, 4d and 5d series respectively. Uranium and molybdenum
have four binary fluorides, the hexafluoride, pentafluoride,
tetrafluoride and trifluoride, while tungsten has three well

characterised binary fluorides, the hexafluoride,

pentafluoride and tetrafluoride [23].

1:5 Preparation and Physical Properties of Uranium,

Molybdenum and Tungsten Hexafluorides.

The hexafluorides of uranium, molybdenum and tungsten
can be prepared by various methods [24,25]. However, the
reaction between metals and elemental f(luorine in flow
systems at high temperature is the most satisfactory method.
In this method, active NaF which absorbs HF, enables Pyrex
glass apparatus to be used to collect the product [26 ].
Uranium hexafluoride has great technological importance in

235y

the separation of the fissile isotope from natural
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uranium by gas diffusion | 25]. Because of this, UF6 has
been the subject of extensive research compared with MoF¢ or
WF6 and numerous methods for the synthesis have been
developed [27 ]. Summaries of the preparative methods
leading to UFg, MoF¢ and WF¢ are presented in figures

1:1, 1:2 and 1:3 respectively.

The physical properties of the transition metal
fluorides change regularly when the oxidation states change.
In general, the volatilities of the fluorides of an element
increase when the oxidation state of the element increases.
Some of the hexafluorides are very reactive and corrosive
substances and they must be handled in Nickel or Monel
apparatus. The stability of the transition metal
hexafluorides decreases with respect to dissociation into Fy
and lower fluorides varies in the order WF6>ReF6>OsF6>IrF6>
PtFg, and RuF6>RhF6 [7] and the volatility of the compounds

also decreases as the mass increases.

Uranium, molybdenum and tungsten hexafluorides have
relatively high vapour pressures at room temperature. The
boiling points for UF6, M0F6 and WF6 are 329, 308 and 290 K
respectively [7]. These properties make their use and

manipulation in a vacuum system possible.

1:6 Structure and Electron Affinities of the Hexafluorides of

Molybdenum, Tungsten and Uranium.

1:6:1 The Structure.

There has been a great deal of interest in binary
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transition metal fluorides from the structural point of view.
The metals of the second and third transition series form
hexafluorides which, structurally as a group, are the most
closely related of all the transition metal fluorides. All
of these hexafluorides are dimorphic, with a high temperature

cubic form and a low temperature orthorhombic form [23].

The hexafluorides of uranium, molybdenum and tungsten
in the vapour phase are monomeric having an octahedral
arrangement in which six fluorine atoms surround the
central metal atom. In the solid state, M0F6 and WF6
undergo a phase transition from a low temperature ortho-
rhombic form to a high temperature cubic form at 264.3 and
264.8 K respectively {28]. It has been determined that the
average metal-fluorine bond distances are 1.820 A (M0F6) and
1.832 A (WFG) [291. Furthermore, the molecular volumes of
MoFg in the orthorhombic (103.9 Ks) and cubic (120.4 35 phase
of the solid are significantly smaller than those of WFg
(105.5 &% for orthorhombic, 123.8 A2 for cubic) [29]. However
the Mo-F and W-F bonds are much shorter than that of U-F
bond (2.00 A) [ 30]. Neutron powder diffraction studies on
UFg, MoFg and WF¢ have been carried out by T.H. Levy et al
[30] at 77 K. The results of these studies have shown that
MoFs and WFg exist as more compact and spherically shaped
molecules than UFg in the solid state. Molecular vibrations
are greater in MoFg and WFg than in UFg since their molecules

have less tendency to interlock [23].

1:6:2 The Electron Affinities.

The electron affinity (EA) of a molecule or atom is

defined as the difference in energy between the neutral
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molecule or atom in its ground state, E® and ion in its
ground state E7, i.e. EA=E®-E~ |31]. The number of
compounds whose electron affinities are accurately known is
few. Measurement of electron affinities is difficult

because of the complexity of molecular negative ions.

The electron affinities of the hexafluorides of uranium
molybdenum and tungsten hexafluorides have been determined by
many workers using different methods. Burgess et al [32]
have estimated the electron affinities of MoFg and WFg as
517 + 6 and 490 + 5 kJ mol! respectively by measuring the
heat of hydrolysis of the alkali metal hexafluoromolybdates
(V) and hexafluorotungstates (V) with aqueous solution of
hypochlorite. Dispert and Lacmann [33] have determined the
electron affinity of WF¢ as 352 kI mol ™! by the reaction of
an alkali metal atom beam with tungsten hexafluoride.
Another measurement has been carried out by Mathur et al [34]
who reported the electron affinities of UFg, MoFg and WF¢ as
471, 432 and 413 KkJ mol~! respectively. Beauchamp [35] used
the ion cyclotron resonance technique to calculate the EA of
UFg. In his experiment he measured the threshold for the

reaction (equation 1-14)

UFg  + BF3-—>BF4' + UFg (1-14)

and he reported the value of EA (UFg) = 470 + 48 K mol™!.

The electron affinity of MoF¢ has been determined by Sidorov
et al [36] as 345 kJ mol~ 1 using an effusion technique. The
latest determination of the electron affinity of UFg has been
carried out by Pyatenko et al [ 37] who reported the value of
EA(UFg) = 532 Kkl mol'1 which is the average value obtained

from their experiment and some previously determined values.
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Although there is some disagreement among the values of
the electron affinities for these hexafluorides obtained by
different workers who used different methods, it appears that
the electron affinity of UF¢ or MoF¢ is larger than that of
WF6. For example, studies involving the third transition
series hexafluorides have demonstrated [38] that a
hexafluoride must have an electron affinity of at least 452
kJ mol !l if it is to intercalate into graphite spontaneously
and oxidatively. Hence due to its relatively low electron
affinity, 338 KkJ mol~! [391, WF¢ does not oxidise graphite
[uo J.

1:7 Chemical Reactivity of The Hexafluorides.

The oxidising properties of the transition metal
hexafluorides have been studied both in solution and in the
gas phase. From the early work [41] including the reaction
chemistry with simple one electron reductants, e.g. NO awnd O,
[29] it has been established that the oxidising abilities of
d-block hexafluorides in the absence of a solvent increase
from left to right across a row in the periodic table. It
has been also reported [42] that the hexafluorides of 4d
elements are stronger oxidising agents than their 5d
analogues. Comparison studies have been made between (- and
d-block hexafluorides in which relationships between their
oxidising abilities were established [%1]. For example, the
oxidising abilities increase in the order WFg < MoF¢ and OsFg
< PuFg < RuFg pa3, 4k, It has been rccognised that the
hexafluorides of Mo, U, Os Ir and Pt oxidise graphite with

concomitant intercalation of the hexafluoroanions [0 |. It
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has been shown that graphite intercalated with a hexafluoride
exhibits high electrical conductivity [45 ]. Similarly,
polyacetylene is oxidised by several hexafluorides, including

WF¢ and ReFg, which do not oxidise graphite [46].

The hexafluorides of U, Mo and W were used in the
present work both in solution and in the gas phase. The
oxidising properties of UFg, MoFg and WFs have been
investigated in various solvents. For example, in
acetonitrile they are capable of oxidising a variety of
transition and post-transition metals to give solvated metal
cation salts of the corresponding MFg~ anion [47,48 ]. In
some cases the oxidation state of the metal depends on the
hexafluoride used. This 1s illustrated by the example of
thallium which is oxidised to TI(III) by UF6 and M0F6 and to
TI(I) by WFg showing the relatively low oxidising ability of
the latter as compared with UFg and MoFg [y7]. It has been
demonstrated that molecular iodine is oxidised by UFg and
MoFg in MeCN to give solvated, mononuclear 1", isolated as
[I(NCMe)Z][MF6], (M=U, Mo), but WF6 does not have sufficient
oxidising ability to form 12+ ug J. However in iodine
pentafluoride only UFg oxidises I, to 12+ [u81. The
difference in behaviour between the hexafluorides in the two
solvents emphasises the role played by MeCN in solvation.
In MeCN, WF6 is differentiated from UF6 and M0F6, both by its
weaker oxidising power and by its ability to accept an F~ ion
from WF¢™ to form WF-" [50,51]. The role played by the
solvent in the behaviour of the hexafluorides is illustrated
further by the example of sulphur dioxide in which MoF¢ and

been
WF6 haveAshown to oxidise iodide anion to diiodine with
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reduction to the corresponding hexafluorometallate (V)

(equation 1_15)

2MF6 + 21-—>12 + 2[MF6]- ................. (1_15)
(M = Mo, W)

It has been established from the cyclic voltammetry and
redox chemistry studies of the hexafluoride used in the
present work that the order of their oxidising ability in
MeCN is UFg > MoFg > NO* > WF, [50].  Unstable oxidation
states ot?)/?g::ions can be stabilised by oxidation with the
hexafluorides using a suitable solvent. For instance, Cu
metal can be oxidised by MoFg or WF¢ in acetonitrile to form
the stable complexes [Cu(NCMe)4][MoF6] or IACu(NCMe)4J[WF6]
respectively [47]. In the gas phase it has been shown that
nitric oxide is oxidised by UFg and MoFg to give products
which contain [NO+] cation and where the central atom is

reduced to a pentavalent state |53,54,55]. However WF¢

shows no oxidising ability towards NO even at 373 K (53,54 1.

1:8 Chemistry of the Pentafluorides of Phosphorus, Arsenic

and Iodine.

Phosphorus pentafluoride and arsenic pentafluoride are
colourless gases at room temperature and atmospheric presure,
while iodine pentafluoride is liquid at the same conditions.
In early investigation [56] it has been established that both
PF5 and AsFg are strong Lewis acids. Various statements
have been made [57,58,59 | on the order of their Lewis
acidity, and it has been shown that this order depends on the

individual medium as well as on which criterion for acidily
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is used. In liquid HF, for instance, it has been reported

that ASFS is stronger Lewis acid than PFS [60].

Iodine pentafluoride has an amphoteric character; that
is with strong bases such as alkali metal fluorides, it forms
anions, and with strong Lewis acids such as AsFs it forms

cations [67] (equations 1-16 and 1-17)

IFg + AF__>A+IF6' .......................

A = alkali metal

+ -
IFS + ASFS__>IF4 ASF6 ................... (1-17)

The molecular structures of phosphorus pentafluoride,
arsenic pentafluoride and iodine pentafluoride have been
determined by X-ray and electron-diffraction studies
[56,61,621- From these studies, it has been shown that PF 5
and AsF5; molecules have a structure of trigonal bipyramid |,
while IF5; molecule has a structure of square pyramidal; these
structures and the lengths of P-F, As-F and I-F bonds are

described in figure 1.y,

Phosphorus and arsenic pentafluorides form stable non-
ionic six-coordinate complexes with organic donor molecules
such as ethers, sulphoxides, amides, esters and in particular
MeCN [63]. The vibrational spectra of AsF5.NCMe have been
studied in detail [6‘4] and have shown that the arsenic atom
is in an octahedral environment. Although it has notl been
possible to isolate adducts of PF 4 with MeCN [69], 19g
65,66 | and 31p [ 65,67] n.m.r. spectroscopic studies have
shown that rapid exchange takes place between free and

complexed PFg. The crystal structure of PFs.py (py =



1.711A . \ 1.577A

1.656 A F
A F ~_

Figure(1:4).Structures of the pentafluorides of iodine, arsenic
and phosphorus[56,61,62].
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pyridine) [68] and PFS.NH3 [ 691 have shown that in either

case the phosphorus atom is in an octahedral environment.

With fluoride ion donors such as selenium tetrafluoride
[70'], sulphur tetrafluoride or tellurium tetrafluoride [T1],
PF5 and ASF5 form adducts in which the cations SeF3+, SF3+ or
TeF3+ and the corresponding anion are linked by fluorine

bridges.

The Lewis acid-base properties of iodine pentafluoride
and its fluorinating ability towards organic compounds have
been well documented [72,73]. Reactions between IF5 and the
organosilicon compounds Me;Si(OMe) or Me,Si(OMe), have been
carried out by G. Oates et al [7T4] at 293 K; the products of
these reactions were IF4(OMe) and the corresponding
fluoro(methyl)silane. Iodine pentafluoride has been used as
a strong acidic solvent in the oxidation of iodine to form
the polynuclear cations 12+, I3+ and 15+ [T5]1; these cations

are not formed in the basic solvent, MeCN.

The oxidising properties of PF5 and AsF5 have been
demonstrated in many ways. In sulphur dioxide AsFs has been
used to oxidise copper and nickel metals to give CuAsFg and
Ni(AsFg),.2S0, respectively [76]. In MeCN copper metal is
also oxidised by PFg although slowly to give solvated copper
(I) hexafluorophosphate but AsFs shows no oxidising ability
towards Cu under the same conditions [g5]. In the presence
of fluorine PF5 and AsFs have been shown to intercalate
oxidatively in graphite [T7] to give CgMFg (M=P or As) salts.
When M=As the salt exhibits a conductively comparable to that
of aluminium metal [78]. An excess of arsenic pentafluoride

has been reacted with graphite fluorosulphate to form the
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intercalation compound C14+[ASF5(SO3F)]_ which is found to

exhibit high electrical conductivities [79 1.

1:9 Oxidation Reactions of NO™.

A number of oxidation reactions involving the use of
NO™ cation have been established. For example, solvated
cations of the first row transition metals have been prepared
by the oxidation of metals with NOC104 [80] or NOBF4 [811] as
oxidising agents. The metals react with suspensions of
nitrosyl perchlorate or nitrosyl tetrafluoroborate in

acetonitrile, according to the following equations:

MeCN

2+ -

" [M(NCMe) 1[C104]15 (g) -woonmnn.

M = Co,, Mn, Cu and Zn.

X = 4 for Mn, Cu and Zn, and 6 for Co.

2+ -
M(S) + 2NOBF, (sy—— ™M (solv) * 2BF, (solv) 2N0(g)

—— [M(NCMe),][BF ], (s) e (1-19)

M = Fe, Co, Mn, Ni, Cu and Zn

X = 4 for Mn, Cu and Zn and 6 for Fe, Co and Ni.

All the above solvated metal cations are obtained in the +2
oxidation stales except copper, where a mixture of Cu(Il) and

Cu(I) species is formed. Excess nitric oxide reacts rapidly
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with gaseous uranium or molybdenum hexafluoride at
temperatures from 298-333 K to give the solid ionic compounds

No*[UFg]™ and NO*[MoF¢]™ respectively [53].

G.M. Anderson et al [50] have studied the redox
properties of NOPF6 salt in acetonitrile at 298 K by cyclic
voltammetry. These workers have reported that the half-wave
potential, E| », for the couple NO*/NO is +0.87 V vs. Ag*t
(0.1 mol dm'3)/Ag°, and the peak-to-peak separation, AEp, is
0.10 V at a scan rate 0.10 V s"l. Furthermore, they have
compared the redox properties of NOPF¢ with the redox couples
MF6/MF6' (where M = U, Mo and W) and CuH/CuI using cyclic
voltammetry, and by carrying out appropriate redox reactions
in acetonitrile. As a result of that comparison, the order
of oxidising ability in MeCN established is UFg > MoFg > Not
> solvated Cu2+ > WF6 fsol.
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1:10 _General Acid-Base Definitions.

The early studies of acids and bases were restricted to
aqueous solutions. For instance, the 1ionic acid-base
definition which evolved from the theory of ionic
dissociation was first proposed by Arrhenius in 1887 [g5].
Arrhenius defined an acid as a substance that gives the
hydrogen ion (HY) as one of the products of its 1ionic
dissociation in water, (equation 1-20)and a base as a
substance that gives the hydroxide ion (OH") as one of the
products of its ionic dissociation in water (equation 1-21)

H_B =2 xu* + B* ... (1-20)

(B*~ is the corresponding counterion or anion)

M(OH) =2 MY* + YOH™ ..o, (1-21)
MYT is the corresponding counterion or cation)
The Arrhenius definition is solvent dependent in the sense
that it probably applies only to ionic dissociation in
aqueous solution, hence the limiting of the definition of
base to include only hydroxides which are soluble in water.
It did not answer the crucial question of why some hydrogen
compounds were acidic (e.g. HCl) whereas others were not
(e.g. CHy). This definition does not express present views
about aqueous solutions and cannot be applied to solutions in

solvents other than water.

The definition of acids and bases by Arrhenius was
extended by Brgnsted and Lowry in 1923 83,84 ] to include
reactions taking place in solvents other than water. They

defined an acid as a molecule or ion with a tendency to
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donate a proton, and a base as a molecule or ion with
tendency to gain a proton. This definition can be
represented by the reaction of gaseous ammonia and hydrogen

chloride to produce ammonium chloride (equation 1-22)
NH; + HCl ———= NH *CI

When an acid loses its proton it does so to a base. The
acid is thereby converted to its conjugate base and the base
to its conjugate acid, as exemplified in the following

equation (equation (1-23)

CH;COOH + H,0 y=== CH,;COO" + H;0% ... (1-23)

acid base base acid

The disadvantage of this definition is that it applies only

to acids containing hydrogen.

Another definition worth mentioning has been made by
Franklin [85] also known as the solvent system definition.
According to this concept, the acid is defined as any
substance that yields etther by direct dissociation or by
interaction with solvent, the cation characteristic of that
solvent. A base is defined as any substance that yields by
direct dissociation or by interaction with the solvent, the
anion characteristic of the solvent. One of the solvent
system deficiencies is that it restricts acid-base behaviour
to the liquid phase. It emphasises the importance of ionic
dissociation phenomena and consequently cannot be applied to

non-ionising solvent systems (e.g. benzene).
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A more general concept of acids and bases has been
developed by G.N. Lewis in 1923 [ gg]. Lewis defined a base
as an atom, molecule or ion with at least one pair of
electrons not shared in a covalent bond, and an acid as a
species in which some atom, the acceptor atom, has a vacant
orbital which can accommodate a pair of electrons. This
definition was, in turn, based on Lewis’ hypothesis of the
shared electron-pair bond which he first proposed in 1916
[87]. Before Lewis made his definition of acids and bases,
Langmuir |88] had used this hypothesis to suggest that within
the context of the proton definition, bases must act as
electron-pair donors. The formation of a chemical bond
required the presence of a shared electron pair, and the
transferred proton had no valence electrons. Therefore the
base must logically be the electron-pair source. This
definition includes the Brpnsted-Lowry definition as a
special case, since the proton can be regarded as an electron-
pair acceptor and the base as an electron-pair donor. The
Lewis definition covers a great many systems of reactions,
for example the reaction between trimethylamine as Lewis base

and boron trifluoride as Lewis acid (equation 1-24)

BF3 + NMC3—>F3BNMC3 ...................... (1—2”)

A number of complexes with the gecneral formula,
I_M(CH3CN)n][SbC1612, (M=Fe, Co, Mn, Ni, Cu, Zn and n=4 or 6)
have been synthesised by the reaction of SbCls with metal
chlorides in acetonitrile [89]. In these reactions, metal

chlorides act as Lewis bases and SbC15 as Lewis acid.

Heterogeneous Lewis acid-base rcactions involving

covalent high oxidation state f[luorides as Lewis acids and
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metal binary fluorides as Lewis bases, have been used to
generate solvated metal cations in acetonitrile. For
example anhydrous CuF, or TIF react with WFg in MeCN forming
the soluble Cu(Il) or TI(I) heptafluorotungstates [47]. The
solid salts isolated are [Cu(NCMe)SJ[WF7]2 and TlWF7
respectively. Similar reactions involving the
pentafluorides of phosphorus, arsenic and tantalum as Lewis
acids and CuF2 as Lewis base, in acetonitrile, result in the
formation of solvated Cu(II) hexafluoreanion salts [65 ]

(equation 1-25)

24 -
CuFy (s) + ZMF5 (5o1y— 3 Cu" ((o1y) + ZMFg (oo1y) - (1-25)

(M = Ta, P, As)

These reactions suggest that MeCN has good solvating
properties and that the pentafluorides have strong tendency
to accept the fluoride ion. Copper(Il) fluoride, in the
same way, reacts with UF5 in acetonitrile at room temperature
to give the solvated copper(Il) hexafluorouranate(V) salt

L90].
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1:11 Electrical Conduction in Polymers.

One way of classifying materials is on the basis of
their electrical properties. Materials can be classified as
metals, semiconductors or insulators depending upon the way
in which their electrical resistivity changes with
temperature. With metals the resistivity increases with
temperature, while with semiconductors and insulators the
resistivity decreases exponentially with temperature. It
has been reported in early work ['g1] that polymers in general

are usually insulators or semiconductors.

The main property of most polymers, which distinguishes
them from metals is their inability to carry electricity.
Good conductors such as copper (with conductivily 6 x 10° ohm

cm“l) conduct because there are electrons available to
transmit the current when an electrical potential is applied.
This is not the case with most common polymers since the
electrons are tightly bound in covalent bonds. Polar
polymers such as polyvinyl chloride have higher
conductivities than non-polar polymers because of the
electric dipole which is present. Nevertheless, polar
polymers are essentially non-conductors and they are widely
used in low voltage insulation. They are also useful as
dielectric materials where their polarity and insulating
character enable small capacitors of high storage capability
to be manufactured. Especially useful in this area are
poly(vinyl fluoride) and poly(vinylidene difluoride) in film

form [ 91].

The most common method of making polymers electrically

conductive is by incorporating a conductive material such as

-1
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carbon or metal powders in the polvmer | gpj. Polymers with

conjugated double bonds arc found to be more conductive than

non-conjugated polymer structures. For example, in

polyacetylene (Fig. 1:5a) in which the single and double bonds

alternate along the polymer chain, the conduction is due to

the delocalization of the m clectrons of the double bonds.
sulphi

Polyphenylene)\ (Fig. 1:5b) shows conductive capability due to

delocalization involving the aromatic ring and the sulphur

atom.

-CH=CH-CH=CH-CH=CH-CH=CH- -S- -S-

(a) (b)

Figure(1:5).(a).Polyacetylene and (b).Polyphenylene sulphide.

Delocalization in itself howecver, does not significantly
improve the conductive naturc of the polymer but if the
polymer is doped with additives (electron donors or
acceptors) conductivity values of up to 10 ohm_1 — can be
achieved depending on the additive, its concentration, and
the polymer. The effect of the dopant is to provide
electrons or positive holes (due to the removal of clectrons)
available for conduction. Other methods of relcasing

electrons to improve the conductive nature of polymers



-31-

include the use of heat, light or mechanical stress. In
fact, the insulating properties of polymers are a significant
advantage for many applications of plastics. Electrical
wires for example, are protected from shorting by a coating

of insulating polymer.

The discovery of the first organic conductor from the
reaction between the electron donor tetrathiofulvalene (TTF)
and the electron acceptor tetracyano-p-quinodimethane (TCNQ)
in 1973 ]93] has led to the realization that under certain
conditions, organic materials may exhibit electrical
conductivity. With the development of microelectronics
during the same period there has been an increasing effort to
utilize these materials as the basis for microelectronic
components, especially since they exhibit the whole range of
conducting properties, from semiconductivity to photo- and
superconductivity [ 94]. During the past 15 years, a new
class of organic polymer has been devised with the remarkable
ability to conduct electrical current. Some of these
‘Synthetic Metals’ are under development for practical
applications, such as rechargeable batteries and electrolytic
capacitors. A major obstacle to the rapid development of
conductive polymers is the lack of understanding of how
electrical current passes through them and a lack of detailed
structural information in many cases. A basic research goal
in this field is to understand the relationship between the
chemical structure of the repeating unit of the polymer and

its electrical properties.

The polymers, polyacetylene, polyaniline, polypyrrole,
polythiophene, poly(phenylenesulfide) and poly(phenylene-

vinylene) have been studied most intensively. Polyaniline
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was the first polymer to be prepared when H. Letheby [95] in
1962 anodically oxidised aniline in sulphuric acid.
However, the conductive polymer that actually launched this
new field of research, was polyacetylene ((CH) 1. In 1977,
Shirakawa in Japan and Heeger in America [ 96] discovered that
partial oxidation with iodine or other reagents made
polyacetylene films 107 times more conductive than they were
originally. The process for transforming a polymer to its
conductive form via chemical oxidation or reduction is called
doping. The doping process that transforms polyacetylene to
a good conductor of electricity is ordinary oxidation, termed
p-doping. Reductive doping, called n-doping, is also
possible using for example alkali metals, but it has been
explored much less because the resulting conductive polymers
are more sensitive to air than the undoped polymers. The
two types of doping (p-type and n-type) are illustrated by

the following examples [97], (equations 1-26 and 1-27)
(CH), + 3/51) ———#= (CH) " (I37) 33 -enoen.
(CH), + XNa —— (Na™)_[(CH)_1*" ............ (1-27)

In the doped form, the polymer backbone is either
positively or negatively charged and the small counterions
such as 13' or Nat act as simple bystanders that do not
effect the electrical properties directly. Conductive
polymers can be doped and undoped (changed from the
conductive to the insulating state) by applying an electrical
potential, which causes the dopant ions to diffuse in and out

of the structure.

Three other polymers studied extensively since the
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early 1980°s are polypyrrole, polythiophene and polyaniline.
Art. F. Diaz has found that polypyrrole could be obtained as
a film by electrochemically oxidising pyrrole in acetonitrile
l97 1. In 1982 Tourillon and Garnier made polythiophene by
the anodic oxidation of thiophene [97]. Because this
electrochemical method allows the oxidation potential of the
polymerisation to be controlled, the quality of the polymer
can be optimized. In this method films in the doped state
can be made, and it is now the most widely used technique for
the synthesis of conductive polymers. Many studies were
carried out on polyaniline including the description of its
structure and electrical properties [g8 |. These studies
showed that polyaniline consists of more than 1000 repeating
units and it has electrical conductivities varying from 10'”
ohm_“cm_1 to more than 10 ohm-]cm-,]Different compositions of
polyaniline have different colours and electrical properties.
Only one form of polyaniline however, the emerddine salt, is
electrically conductive [98 ). Mechanically flexible, dark
blue films of conductive polyaniline have been also achieved
by protonic doping of emeraldine films cast from N-
methylpyrroldinone solutions [98]. Protonic doping can be
achieved by the dipping of emeraldine films in acid or
passing a gaseous acid over them;it protonates the imine
nitrogen atoms in the backbone of the polymer. The
conductive emeraldine salt becomes the emeraldine base when
treated with aqueous alkali. Because protonic doping does
not change the number of electrons, the conductivity of the
polymer in this case will depend on the pH of the solution

which it is treated with.
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1:12 Metal-Phthalocyanine Complexes.

Metal-phthalocyanine complexes have been the subject of
many physical and chemical studies with regard to their
photoconducting, semiconducting and conducting properties
(31]. Because of their thermal and hydrolytic stability,
intense colours and ready availability, they are of
considerable interest as new candidates for optical,
electronic, photoelectronic, and electrochemical applications
Since the first discovery of iron(II) phthalocyanine in 1928
[99 1 thousands of patents and publications concerning the
phthalocyanines have appeared. Phthalocyanine complexes are
all intensely coloured, purple blue or green compounds.
Most of them are thermally stable and many can be sublimed
unchanged at 673 K/lO'6 Torr. Copper phthalocyanine for
example, is stable with respect to decomposition at 1173 K in
vacuo [100], The phthalocyanine complexes often exist in two
or more polymeric modifications, which may be distinguished
by infrared and x-ray diffraction techniques. Although
phthalocyanines in which the central metal ion has an
oxidation state of 2 are the most common, complexes are known
with metals in all oxidation states from 0 to 6. Manganese
phthalocyanine complexes for instance, exist with Mn in

oxidation states 0,1,2,3 and 4 [101].
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1:12:1 Structure of Phthalocyanine Complexes.

The classic studies elucidating the structure of the
phthalocyanines were carried out in the early 1930°‘s under
the direction of Sir Patrick Linstead [99 ], These studies
showed that metal-free phthalocyanine (abbreviated PcHy)
contained a ring system of four isoindole units linked by aza
nitrogen atoms (Fig. 1:6a) The two central hydrogen atoms of
the phthalocyanine are replaceable by a wide range of metals
and metalloids. Linstead‘s study offered no explanation
for the equal lengths of the C-N bonds in the macro-ring
and C-C bonds linking it with the benzene nuclei. He also
did not explain the homogeneity of the oxidation products and

the absence of isomeric forms of the metal derivatives.

Further structural studies of phthalocyanine compounds
were carried out by Robertson in 1935[102], On the base of
x-ray analysis, Robertson showed that the phthalocyanine and
its complexes are planar molecules. The planarity of the
molecule follows from the classical formula in figure 6a
taking possible resonance structures into account.
Structural studies carried out with metal-free [103] nickel
[104] and platinum [1O4]phthalocyanines have shown that the
metal atoms are in square planar environment and that the
entire phthalocyanine molecules are square. The studies
carried out by Robertson on metal-free, beryllium,
manganese (II), iron (II), cobalt (II), nickel (II) and
copper (II) phthalocyanines showed that these complexes form
long, flat, ribbon-like monoclinic crystals, the surface of
the ribbon being the (001) plane and the axis (010) { 104]. Ap
alternative presentation of the metal-free phthalocyaninc is

given in Fig- 1:6b [ 10T]in which the dots represent the 16 =



Figure(1:6).Structure of metal-free phthalocyanine proposed

by R.P.Linstead(a) and B.D.Berezin (b).
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electrons of the macro-ring and the 24 =m electrons of the
benzene rings, and two circles represent the electrons
resulting from internal ionization of the two imino-hydrogen
atoms of H,Pc. As a consequence each proton is in the

electrostatic field gcnerated by three nitrogens. The

sextets of m electrons of the benzene rings form stable =-
electron shells participating in a very weak interaction with
the © electrons of the macro-ring. The last 18 m electrons
constitute an aromatic system independent of the benzene

rings and obeying Huckel‘s rule (4n + 2 = 18).

The 7 electrons of the macro-ring together with the two
ionization electrons occupy nine bonding molecular orbitals
(Y,) of the macro-ring. The lowest-energy orbital
corresponds to even distribution of the electron pairs among

all C-N bonds.
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1:12:2 Methods of Preparation.

Mctal phthalocyanine complexes may be prepared by
various methods. Usually they are formed from molecular
fragments of phthalocyanine, for example phthalonitrile,
phthalimide, phthalic anhydride or diiminoisoindoline in the
presence of a metal ion source which may be a chloride,
acetate, oxide or the frec metal. Preparation mcthods arc
illustrated by the following equations [ 1054,

solvent (e.g. quinoline)

PcH, + MX, 5 5. pPcM + 2HX ....... (1-28)

M = metal, X = halogen.

CN
573 K
4 + M e PCM e (1-29)
CN dry or solvent
CONH2
4 + M____—->573 K PcM + 4H5O ...oooceeennnes (1-30)
CN dry

Reactions (1-29) & (1-30)may also be carried out with metal

salts or oxides.

H
formamide
4 §+ MXy———#=PcM + 4NH3 ..oooe. (1-31)
PcLi, + MX, —SO¥eOE _p PeM + 2LiX oo (1-32)
room temp.
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The reactions between phthalonitrile and metals are usually
very vigorous at 523-573 K. Sufficient heat is generated

to maintain the reaction temperature. Even more surprising

are the observations that palladium black and gold will

dissolve in molten phthalonitrile [105].
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1:13 Polymeric Metal-Phthalocyanines and their Structures.

An important aspect of metal-phthalocyanines chemistry
is to determine the relationships among monomeric and
polymeric species that are characteristically found for these
complexes. Their insolubility in most solvents and the
wide variety of crystalline forms, ribbon, linear, branched,
cross-linked, three dimensional make the determinations
difficult. One procedure that has been used successfully
[106]is a spectroscopic method. This involves making a
comparison between electronic absorption spectra of monomers
and polymers using concentrated H>SO,4 (98%) as solvent. The
method has been applied to complexes of Cu, Zn, Os, Mo and Ga
phthalocyanines [101]. It appears that phthalocyanine
polymers differ widely from the monomers by the low
intensities of the bands in the electronic absorption
spectrum. Characteristically the position of the bands
remains practically the same. This means that the state of
the electronic energy levels of the phthalocyanine
chromophore in a monomer and a polymer is the same also.
Such a behaviour of spectra in the transition of monomeric
phthalocyanine to the polymeric state suggests that the
decrease in intensity of the bands and the invariability of
their position as the polymer chain grows are inversely
proportional to the degree of polymerization and result from
the impossibility of excitation of two or more chromophores
of the conjugated polymer chain of phthalocyanine at the same
time [107]. In the determination of the degree of
polymerization (n) using spectroscopic method, polymers with
a small value of (n) are usually formed. The mean
statistical value of (n) does not exceed 3-14 for various

metal—-phthalocyanines {107 ].
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The degree of polymerization of [Ru(Pc)(HSO4)]n and
[Os(Pc)(SO4)]n polymers have been determined using the method
of acid-base titration of the side groups (CO),NH in a 1IN
solution of KOH .[101] The results established from the
titration method have shown [ 101] that polymeric osmium
phthlocyanine is a ribbon polymer with n~7-8 and contains 13
side groups (CO),NH, while in polymeric ruthenium
phthalocyanine, n“X3 and the side groups are eight; the

values of n are in good agreement with the spectral data.

It has been shown [ 108lthat the spectral method of
determining the value of n is also applicable to bridged
polymers of metal phthalocyanines, particularly to poly-
(phthalocyaninesiloxane),[Si(Pc)O]n. The method of vacuum
dehydration of [Si(Pc)(OH)Z] produces an oligomer with n =
whereas heating of dihydroxysilicon phthalocyanine in

nitrobenzene with ZnCl, at 448 K yields a polymer with n = 11

[1011].

Fluorine-bridged metal phthalocyanines such as
[Fe(Pc)F],, [109][A1(Pc)F]n and [Ga(Pc)F],, have been studied
using different methods. The results from the use of infra-
red and mass spectroscopy, electron microscopy,
thermograwv metric analysis, conductivity measurements and x-
ray diffraction have suggested that these complexes are
polymeric and have a (M-F), backbone, involved in fluorine
linkages between the phthalocyanine units and it seems likely

that these backbones have symmetrical, linear M-F-M bridges

[1].

3a
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1:14 Electrical Conductivities of Metal-Phthalocyanine

Polymers.

The interest in polymeric phthalocyanines arises from
their stability in ambient atmosphere and their ionization
potential, which depends on the metal; and they can be
oxidised by a large variety of oxidants. Phthalocyanine
polymers containing terminal cyano groups undergo
polymerization on heating via the -C=N bonds, leading to
highly conducting polymers [ 110]. Thermal treatment of a
nickelphthalocyanine polymer having terminal carboxyl groups
results in the formation of highly conjugated structures and
mobile radical defects, which cause an increase in the room-
temperature electrical conductivity 1y, The fluorine-
bridged metal phthalocyanines [M(Pc)F],, (M=lnor Ga) have
been reacted with nitrosonium salts NO1YY", (Y=BF,4 or PF¢) to
give products with conductivities as high as 10 ohk cm™1 [2].
It has been reported that the ionization potential of
[Al(Pc)F], is 4.55 eV [112], and this polymer can be doped by
oxidants such as 02, NO2 and C12 [112 1. Iodine has been
used as a vapour and in solution in heptane or pentane for
the doping of [Al(Pc)F], and [Ga(Pc)F], to give products of
[Al(Pc)FIX]n and [Ga(Pc)FI, ], [3]. Doping with iodine
results in increases in conductivity by factors as high as
10° with the highest conductivity(Sohm-1cm-]) being observed
for the stoichiometry [AL(Pc)FI3 4]. Conductive thin films
of nickel phthalocyanine, NiPc treated with iodine at
elevated temperatures have also been examined, with a view to
their ultimate use as improved photosensitisors for
optoelectronic devices [113]. Work on bridged-stacked
phthalocyanines, [M(Pc)()]n, (where M=Si, Ge, Sn) has shown

that the presence of a central atom-oxygen bridge does not
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prevent high conductivity 114 J. In other reported work on
conduction properties of phthalocyanines, it has been claimed
that the polymer [M(PC)F]rl with M=Al or Ga can be partially
oxidised by AsF5 [115], IF5 1161, M0F6 [4], WF6 [4] and UF6
[4] to produce highly conducting compositions with thermal

and chemical stabilities.



CHAPTER TWO

EXPERIMENTAL
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2:1 Experimental Techniqucs:

Most of the starting materials and the products
obtained in thec present work were moisture sensitive.
Thercfore, in order to ensure anhydrous and oxygen frec
conditions, all experiments and manipulations were carried
oul using conventional high vacuum techniques. A Pyrex
vacuum line and a nitrogen atmosphere glove box were used

throughout this work.

2:1:1 Vacuum Line:

The vacuum line was made from Pyrex glass and consisted
of a mercury diffusion pump (Jencons), a rotary oil pump
(Edwards high vacuum) and standard glass joints. This
system could achieve a vacuum of 10'4 Torr, which was checked
approximately using a mercury vacustat. The standard glass
joints were greased with Apiezon N or Voltalef Kel-F high
vacuum greases. Apiezon black wax was used for sealing the
semi-permanent joints. Polytetrafiuoroethylene (P.T.F.E)
Pyrex stop-cocks (Rotaflo or J. Young) were used when they
were necessary. Most reactions were carried out in double
limbed vessels (Fig. 2:1) fitted with the above mentioned
stop-cocks. Similar vessels with one limb replaced by a
Spectrosil cell for electronic spectroscopy or by an n.m.r.
tube were also used. All the glassware and reaction vessels
were evacuated and flamed out using a gas-oxygen torch before

use.



1.B-14 Ground glass cone
2.Rotaflo stopcock

3.Reaction vessel

Figure(2:1).Double-limbed reaction vessel.
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2:1:2 The Glove Box

The non-volatile materials which were moisture
sensitive, were handled in a N,-atmosphere glove box (Lintott
Engineering) in which the moisture level was kept below 10
p-p-m. An evacuable airlock was attached on one end of the
glove box as a transfer port. This permitted the apparatus
and material to be introduced into the box without affecting

the dry atmosphere condition inside the box.

2:2 Electronic Absorption Spectroscopy [ 117, 118 ]

Electronic absorption spectroscopy is a useful method
for the identification of electronic transitions from one
state to another in a molecule or metal ion. The electronic
absorptions usually occur in the visible and ultraviolel

”1). In a molecule, electrons

regions (10,000 - 50,000 cm
occupy different types of orbitals, which can be described as
o-bonding, non-bonding and m-bonding, with different encrgies
in the ground state. Electrons from these different
orbitals can be excited to higher energy molecular orbitals
by absorbing radiation, thus giving rise to many possible
excited states. Electronic transitions occur according (o
well defined selection rules. During a transition from the
ground state to an excited state, the number of unpaired
electrons must be unchanged. If the transitions involve
redistribution of elecrons within a given set of orbitals
they are described as Laporte forbidden. That means, in a
centro-symmetric molecule, the g -> u and u -> g transitions

arec allowed while g -> g and u -> u transitions arc

forbidden. The electronic transitions p -> p and d -> d,
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for example, are Laporte forbidden, while s -> p and p -> d

transitions arc allowed. Duc to this Laporte rule, d -> d
transitions arc not allowed, so many transition mctal
complexes should not be coloured. However, if a transition
metal ion does not have a centre of symmetry or vibrales
causing the symmetry to be destroyed, mixing of d and p
orbitals can occur through hybridization. As a result,
electronic transitions between d levels with different
amounts of p character can occur. The intensity is
relatively proportional to the extent of mixing of the

orbitals.

2:2:1 Charge-transfer Transitions [119]

Because of the close approach of a metal atom and a set
of ligands in a complex or molecule it is often possible for
transitions to occur between a meltal-based level and a ligand-
based level. As these formally involve transfer of an
electron from metal to ligand or from ligand to metal they
are called charge-transfer transitions. These are specially
important for the transition metal complexes of the second-
and third-row, where they tend to dominate the spectra.
Weak d-d transition bands and even intra-ligand bands are

obscured by the much stronger charge-transfer bands.

Charge-transfer bands arc usually responsible for some
of the strongest colours, even for first-row transition
metals. For example, in the permanganate ion, MnO,", the
central atom is in the +VII oxidation state and therefore
carries a high formal positive charge. The charge-transfer

transitions responsible for the intense purple colour in
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which transfer of electrons from essentially oxygen ligand-
based orbitals to metal-based orbitals. This is an cxample
of a ligand to metal charge-transfer and may bec regarded as
an internal redox reaction. The reverse, metal to ligand
charge transfer, is possible as for example, in organic amine

complexcs of low-valent metals such as [TiC13(bipy)].

Charge-transfer bands may overlap with d-d bands, and
with bands corresponding to excitation within ligands
themselves, and assignments in this case are often very

difficult.

2:2:2 Sample Preparation

(i) Solution Samples.

Sample solutions required for electronic spectroscopy
were prepared in a one-limb reaction vessel provided with a
10 mm Spectrosil cell. This vessel was specially designed
for handling solutions which are sensitive to air and
moisture (Fig. 2!2). The reactions were carried out in the

vessel, and the coloured solution was decanted into the cell.

(i1) Thin Film Samples:

An evacuable gas cell fitted with a Young‘s tap, a B-14
cone and Spectrosil-B windows was designed (Fig. 2:3). The
wafer was held in reproducible position for each sample
examined by means of a P.T.F.E. holder (Fig. 2:3). This
cell enabled the spectra of films supported on wafers to be
recorded before and after the addition of the oxidising

agents.



1.B-14 Ground glass cone
2.Reaction vessel
3.Rotaflo stopcock
4.Quartz Pyrex graded joint

5.10mm Quartz cell

Figure(2:2).Single-limbed reaction vessel provided with a 10mm

Spectrosil cell.
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1.Sample holder
2.Rotaflo stopcock
3.B-14 Ground glass cone

4.Spectrosil-B windows

Figure(2:3).An evacuable reaction gas cell.
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A Perkin-Elmer Lambda 9 spectrophotometer was used to
record the spectra for both the solution and thin film
samples over the rcgion 1000-185 nm. In the case of the
solution samples obtained from the rcaction of [Al(Pc)FJn
with UF¢ in McCN, the spectra was recorded in the near infra-

red region (1400-1200 nm).

2:3 Vibrational Spectroscopy [120, 121]

Vibrational spectroscopy has been extensively used by
organic and inorganic chemists for many years. Infra-red
and Raman spectroscopy have proved to be uscful for
identifying the structures of complexes and for quantitative
analysis in some cases. Infra-red spectroscopy was used
frequently in the present work. This was very helpful for
the identification of the presence of coordinated ligands

(for example MeCN) and fluoroanions in the reaction products.

When molecules absorb radiation from the infra-red
region of the spectrum, they are raised to higher energy
excited vibrational states. Infrared light is absorbed
when the oscillating dipole moment of the molecular vibration
interacts with the oscillating electric vector of the infra-
red beam. A simple rule for deciding whether this
interaction occurs or not is that the dipole moment at one
extreme of a vibration must be different from the dipole

moment at the other extreme of the vibration.

The importance of thesc selection rules is that in a
molecule with a centre of symmetry those vibrations

symmetrical aboul the centre of symmetry are Raman active and
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inactive in the infra-red. Thosec vibrations which arc not
centrosymmetric are inactive in the Raman and usually active
in the infra-red. For cxample, in octahedral molecules or
ions, such as MFO- or MFG' (where M = U, Mo or W) the two
vibrational modes of symmetry T 4> which are antisymmetric
with respect to the centre of symmetry, are infra-red active,

while vibrational modes of symmetry Alg’ E_ and ng, which

g
arc symmelric with respect to the centre of symmetry, are

Raman active.

2:3:1 Sample Preparation:

Samples for infra-red spectroscopy can be prepared and
examined as gases, liquids, solids or solution. In the

present work, the samples studied were solids and thin films.

(i) Solid Samples:

Solid samples were prepared as mulls. Nujol (liquid
paraffin) or Fluorolube (a fluorocarbon oil) were used as
mulling agents; their absorption bands were distinguished
readily from those of the sample. The solid sample (about
Img) was first ground to a fine particle size using an agate
mortar and pestle, and then two drops of the mulling agent
were added. After the sample was dispersed to form a
homogeneous mixture, it was pressed between silver chloride
plates, which were then mounted in a suitable holder ready

for examination.
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(ii) Thin Film Samples:

The procedurc used to record the electronic spectra of

the thin films on silica substrates was repeated herec.

A Pyrex gas cell similar to the one in Fig. 2:3, bul
fitted with silver chloride windows, was used to record the

vibrational spectra of the thin films on KCIl substrates.

For both the solid samples and the thin films samples
the vibrational spectra were recorded over the range
4000-400 cm™! using Perkin Elmer 580 or 983

spectrophotometers.

2:4 Nuclear Magnetic Resonance Spectroscopy [122,123, 124]

N.m.r. spectroscopy can provide extremely useful
information about the chemical environment of the different
nuclei in a compound. For example, the spectra enable
gquantitative measurements of nuclear concentrations to be
made or chemical shifts and coupling constants to be observed

and hence structures determined.

The property of a nucleus known as its spin is the
basis of nuclear magnetic resonance spectroscopy. For every
isotope of every element there is a ground state nuclear spin
quantum number, I, which has a value of n/2 (where n is an
integer). Isotopes having atomic and mass numbers that are
both even such as 12C, 28Si and 56Fe, have I value equal to

zero, Lherefore these nuclei have no n.m.r. effect.
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Isotopes with odd atomic numbers but even mass numbers such
as 2H, JOB and 14N have n even, while those with odd mass
numbers such as 1H, l9F, 13¢ and 55Mn have n odd. Some of
this last grbup have values of I equal to 1/2, and these are

the nuclei most commonly studied by n.m.r. spectroscopy.

When I is non-zero, the nucleus has a magnetic moment,

1, which is given by the following equation:
L= vh [1a + 1))1/2

where h is Planck‘s constant and v is the magnetogyric ratio,
which is a constant characteristic of the particular isotope.

In the presence of a strong magnetic field, B_, the spin axis

07
orientation is quantized, with magnetic quantum numbers, m,
taking values of I, I-1, I-2 ..... -1. Irradiation at an
appropriate frequency causes transitions, with a selection

rule Am = -1, and it is these transitions that werc observed

in the n.m.r. spectroscopy.

If a nuclei with I = 1/2 is placed in a magnetic field,
it may take up either a low-energy orientation in which the
nuclear magnet is aligned with the field or a high-energy
orientation in which it is aligned against the field. When
the system is at equilibrium, the lower level will have a
higher population (N;) than the upper level (N5). The
energy difference (AE) between the two levels is given by the

following equation.
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The n.m.r. signal is due to the net absorption of radio-
frequency radiation (i.e., more transitions from El to E2
than from E, to E; because N;>Nj). N.m.r. spectroscopy is
less sensitive than optical spectroscopy because the AE, and
hence AN values are much larger for infra-red or uv-visible

spectroscopy than for n.m.r.

In the present work lI-i, 13¢ and 19F n.m.r. spectroscopy

were employed to identify products of reactions.

2:4:1 Sample Preparation:

Samples for n.m.r. spectroscopy were prepared in single-
limbed Pyrex vessels fitted with 5 mm precision n.m.r. tubes.
The tubes were sealed in vacuo using a gas/oxygen flame.
Generally [2H]-hydrogen labelled acetonitrile, CD3CN, was
used as a solvent. In some reactions, [2H]—hydrogen
labelled trifluoroacetic acid, CF3COOD, was used as a
solvent. For 13c spectra, 13C/D signals were used as an
internal reference, while for lH spectra, the residual 1H in
the respective CD3;CN solvent was used as an internal
reference. For !9F n.m.r. spectra, trichlorofluoromethane
was used as an external reference. The spectra were

recorded using Bruker AM200 and WP200SY spectrometers.
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2:5 Electron Microscopy [ 124,125 ]

Electron microscopy techniques were used in the present
work for the study of the thin films of IAl(Pc)FJn polymer
before and after reactions. A thorough examination of the
thin film surfaces can be made due to the high magnification
obtainable. Furthermore, internal crystallographic structure
including defects in the lattice can be detected and analysed

in detail.

The electron microscope uses a beam of electrons rather
than a beam of visible light. The most common source of the
electron beam is an electrically heated thin tungsten wire
which acts as a cathode. The wavelength of an electron beam
is only 0.037 z°\ thus the resolution of the microscope is not
limited by the wavelength. It is in fact, limited by

aberrations in thc magnetic lenses.

The beam is accelerated into the condenser lens by an
anode at earth potential and then focussed onto the specimen.
The objective lens follows which forms the image which is in
turn magnified by the intermediate and projector stages.
Finally the electrons hit a fluorescent screen and an image
is formed. This image can be recorded by replacing the
fluorescent screen with a photographic plate. To minimise
the scattering of the beam the entire column of the micro-

scope is under high vacuum.

The operational instructions and other details of the

electron microscope are described in Chapter 6.
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2:5:1 Specimen Preparation:

Some of the thin films described later in this chapter
were coated with a thin layer of carbon using Polaron E5000
coating unit. The carbon coated films were then floated off
the substrate (KCl or mica) onto distilled water. The
sample was then picked up on specimen grids of copper or gold
(Agar Scientific Limited) and left in an oven at
approximately 30°C to dry. The characterization of the
sample was carried out using the transmission elcctron

microscopes, Jeol 100C and Jeol 1200 Ex.

2:6 _Preparation of Poly(fluoroaluminium-phthalocyanine),

[AI(PC)F] .

The [AI(Pc)F], polymer was prepared using the procedure
established by Kenney et al | 2]. This procedure consists

of the following three steps.

(i) Preparation of chloroaluminium phthalocyanine, [AlI(Pc)Cl]

A mixture of 1,2-dicyanobenzene (phthalonitrile)
(Aldrich Chemical Co. Ltd.; 10g, 78 mmol), freshiy sublimed
aluminium trichloride (Fluka AG; 5g, 37.5 mmol) and quinoline
(Aldrich Chemical Co. Ltd; distilled twice at 463 K and
atmospheric pressure and then deoxygenated with nitrogen, 50
cm3) was refluxed for 1 h. Initially a pale yellow solution
was obtained; the colour changed through dark green to blue
during the reaction. After cooling to approximately 273 K

the solution was filtcrebd and a dark blue solid was isolated.
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The solid material was washed successively with benzene,
carbon tetrachloride and acetone and was dried to 110°C

(yield 5.6g, 9.75 mmol, 50%).

(ii) Preparation of (hydroxy)aluminium-phthalocyanine,

[Al(Pc)OH.HzO]:

A mixture of [Al(Pc)Cl] (4.25g, 7.4 mmol), ammonia (aq)
(Aldrich Chemical Co. Ltd.; sp.gr. 0.880, 85 cm3) and dried
pyridine (B.D.H., Analar, 42.5 cm>) was refluxed at 393 K and
atmospheric pressure for 7 h. The resulting solution was
filtered, and the filter cake was washed with pyridine,
concentrated ammonia (aq) and hot water. The solid

material was dried at 383 K (yield 2.48g, 4.32 mmol, 58.5%).

(iii) Preparation of poly(fluoroaluminium-phthalocyanine),

[AL(Pc)F]

A mixture of [AI(PC)OH.HZO] (2.1g, 3.6 mmol) and two
separate portions of 48% hydrofluoric acid, (HF aq) (B.D.H.

Analar, 18 cm3

each time) was evaporated to drymess on a
steam bath. The resulting blue solid was washed with water,
methanol, pyridine and acetone and dried at 283 K (yield

1.7g, 2.84 mmol, 83%).

Infrared spectrum of the [Al(Pc)F], product was

1

recorded in the region 4000-400 cm™" as Nujol and Fluorolube

mulls (Fig. 2:¢4). This was compared to that obtained by

Djurado et al. [ 115]
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Figure(2:4).Infrared spectra of [Al(Pc)F], (Nujol muli),

(1)from ref.[115],(2)from the present work.
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2:7 Preparation of Thin Films of Poly(fluoroaluminium-

phthalocyanine), IAl(Pc)Fln.

It has been established that metal-phthalocyanine
complexes form crystalline thin films with columns of
parallel stacks of planar molecules (126 1. For example thin
films of copper-phthalocyanine, CuPc, were prepared by
epitaxial growth on KCIl cleavage face through vacuum

evaporation [125],

This concept was used in the present work for preparing
thin films of [Al(Pc)F]n polymer supported on different kinds

of wafers. The wafers used, and their

suppliers are described in the following:

I. KCI (100) (Hilger Analytical)
1I. LiNbO3 (z-cut) (Barr and Stroud Ltd, Pilkington electro-
optic materials), mechanically polished on both faces to an

optically smooth finish (using Syton W15 submicron powder),

[1271].

III. Silica, a large piece of polished Spectrosil-B (Multi-
lab Ltd) was cut using a diamond saw into 20 x 10 x 1 mm

rectangular wafers.
IV. Mica (Agar Scientific Ltd).

LiNbO5 and silica wafers were degreased and carefully
cleaned by soaking in 1,1,1-trichloroethane, methanol, and
acetone successively, with 5 min ultrasonic agitation in each
case. Finally the wafers were washed with isopropyl alcohol

and dried in an oven at approximately 30°C. This cleaning
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procedure was adopted to ensure clean surfaces of the wafers
beforc use. Mica and KCl wafers were freshly cleaved by a

clean razor blade and used directly.

The preparation method of the films was carried out
using an Edwards high vacuum coating unit (Fig.2:5 ). A
measured quantity of [Al(Pc)F]" powder was placed in a molyb-
denum boat. The single crystal wafers were clamped onto the
furnace and placed above the molybdenum boat. The system
was pumped out until a presure of 10°% Torr was obtained.
The furnace was heated to a temperature of 493 K in order to
obtain dry and clean wafer surfaces. The boat was then
heated until the [Al(Pc)F]n powder sublimed onto the wafer
face. The furnace was maintained at 493 K throughout for a
further 30 min to ensure that the nucleation and growth of
the phthalocyanine molecules align uniformly on the wafer
surface. After cooling to room temperature, the wafers were
removed and stored in a warm oven ready for examination by
transmission electron microscopy, vibrational and electronic

spectroscopy.

2:7:1 Thickness of the films:

It is very important when preparing thin films to be
able to control to some extent the thickness of the films
since the structure and properties depend on the thickness.
The film thickness was calculated to an order of magnitude,

using the following equation .

3M x 107

167r2d
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where M = mass of the material (g)
Ir = source to substrate distance (cm)
= density of material (g cm'3)

d
T = thickness of the film formed (nm)

2:8 Preparation and Purification of Molybdenum and Tungsten

Hexafluorides [38, 45]

The hexafluorides of molybdenum and tungsten can be
prepared by several methods. Examples of some preparative
methods are given in Chapter 1. The method employed at this
department consists of direct fluorination of pure molybdenum

or tungsten metal powders with elemental fluorine at 573-632

K.

The procedure and apparatus used for the preparation of
molybdenum hexafluoride and tungsten hexafluoride in the
present work were identical. Here, the preparation of
molybdenum hexafluoride is described. Like most transition
metal hexafluorides, molybdenum hexafluoride (m.p. = 17.4°C,
b.p. = 35°C) is a toxic and highly hygroscopic material.
Therefore, it must be handled in a clean and dry high vacuum
system. The preparation apparatus (Figs. 2:6 and 2:7)
consisted of a 60 cm long nickel tube equipped with Swagelok
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