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Abstract

The one electron oxidation of complexes of

of the type LCr (CO) 3 , La arene or thiophene,
in acetonitrile is followed by a complex

chemical reaction. For the first time the

identity of the major product of this reaction

has been identified and verified as

[Cr (CO) 3 (CH3CN)3] +. This is in contradiction to

previous work which had indicated the Cr (C0>3

moiety does not remain intact during the course

of the follow-up reaction.

Using cyclic voltammetry as well as

computer simulated cyclic voltammograms a

possible mechanism for the follow-up reaction

has been postulated that involves homogeneous

electron transfer. Due to the complex behaviour



"Some dynamicism is what 's required. "
Dr. J.A. Crayston, June 1988



ftDBIifcVMTMNS

AniCr(CCDs ~ chromium tricar tony1 aniline
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c/C ~ concentration of redox species
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i
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E! ~ electron transfer step
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E* ~ homogeneous electron transfer step

Fc — ferrocene

FT1R - Fourier Transform Infra Red

iP , • / c i IP , • t c - peak anodic/cathodic current

J' == flux of species (iikj! cm" 8 s" 1 )

3Tle~TCr (CO) 3 ~ chromium triearbonyl
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3—(alleny ]. th .iophene

R.I). E. rotating disk electrode

R.R.D.E. " rotating ring disk electrode

S.E.I'I ~ scanning electron microscopy

t ~ time (seconds)

'Kir (CO) 3 " chromium triearbonyl thiopliene

IBOTF* tetra-ir-tiutylammonium tetrafluoroborate
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CHAPTER 1

INTRODUCTION

1.1 GENERAL INTRODUCTION

There are two major themes throughout this Ph.D

thesis. The first to be dealt with is the electrochemistry

of organometallic systems while the second deals with the

interaction of an electronically conducting polymer system

with an inorganic redox species. These themes arose from the

aims to:-

1. electrochemically generate highly reactive

organometallic species with,

2. attempts to stabilize such species by co-ordination

to conducting polymer backbones,

3. computer analysis of electrochemical response of

organometallic species,

4. model studies of mixed conducting polymer/inorganic

redox species systems.

This introductory chapter will be split into two main

sections, the first will deal with the topic of

"Organometallic Electrochemistry". Only an overview of this

topic will be given as the relevant chapters in this thesis

contain literature reviews of various organochromium systems

which typify (in many respects) the field of mononuclear

organometallic electrochemistry. The second topic to be

discussed will be the various properties and theories of

modified electrodes.
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A third, short section, will deal with the possible

combination of the two fields and how such systems might be

dealt with.

1.2 ORGANOMETALLIC ELECTROCHEMISTRY

1.2.1 Introduction

Generally when one considers the reactivity of

organometallic systems initial thoughts are governed by the

"18-electron rule"^. Since the late seventies much

research has been carried out into the chemistry of
1 c -i r-

17 -electron and 19-electron complexes.

Electrochemical studies of organometallic systems date

back much further but it is only in this last decade that

interest has flourished. These species are generally formed

by the oxidation/reduction of their 18-electron counterparts.

This redox change can be carried out chemically but far more

prevalent is the electrochemical generation of such species.

Electrochemical techniques have found widespread use in

organometallic chemistry. This boom in electrochemical

research can be laid fairly simply on the advent of equipment

(potentiostats, x-y recorders, oscilloscopes, computers)

which is both easy to use, and, taken in perspective

relatively cheap. Also much of the electrochemical theories

for various reaction mechanisms have already been formulated.



Electrochemistry offers many desirable features in the

study of the vast redox chemistry of organometallic species.

Rates for electron-transfer whether homogeneous or

heterogeneous can be found. The rates of oxidised or reduced

species can be monitored and rates of chemical reaction

following or preceding electron-exchange can be found. In

conjunction with techniques like ESR and FTIR a whole new

insight into previously hidden or difficult to assign

mechanistic problems can be gained.

A brief discussion will be presented of various facets

of organometallic electrochemistry, this thesis concentrates

on the effects of oxidation and so the fates of 17-electron

species will be discussed rather than those of the

19-electron species. In fact many so-called 19-electron

species consist of a 17-electron metal complex with an

additional 2-electron ligand.

Much of the theory for organometallic systems has been

dealt with previously in various investigations into the

electrochemical behaviour of organic species. Indeed it may

be hoped that in many ways the chemistry of organometallic

radical species may mirror that of their organic

counterparts.

- 3 -



1.2.2 17-Electron Complexes and Their Behaviour

The 17-electron cationic complexes have been shown

both to behave as oxidising agents and to undergo

disproportionation as exemplified by equations 1.1 and 1.2

below:-

. . . l 8
Oxidising Agents

e.g. 2[trans-Cr(C0)4(PPh3)2]+ + 2X~ ►»
2 trans-Cr(CO)4(PPh3)2 + X2 (1.1)

1 c;
Disproportionation

e.g 2[ trans-Cr(CO)^(PPh3)2]+
trans-Cr(CO)4(PPh3)2 + Cr2+ + 4C0 + 2PPh3 (1.2)

Of far more interest is the field of ligand substitution,

equation 1.3 below.
1 s

Ligand Substitution

e.g. [M(C0)4P2]+ + L ^ [M(C0)4PL]+ + P (1.3)
Provided there are no steric effects, rates for this ligand

n in
exchange are ca. 10-10 faster than for the 18-electron

IS.
analogues. It is generally agreed that ligand

substitution proceeds via an association mechanism rather

than dissociative effects. Although no general theoretical

studies have yet been reported for the above, it would appear

that SN2-type reactions are made possible because of

stabilizing two-orbital three-electron interactions between

the S0M0 of the complex and the lone pair of the incoming

radical. It is thought that ligand-induced disproportionation

- 4 -



reactions appear to proceed with similar steps. Such a

requirement means that the complex has to be able to expand

its co-ordination sphere.

1.2.3 Theories of Electron-Transfer Chain (ETC) Catalysis and

Redox Catalysis.

One of the prime goals of the research into

organometallic electrochemistry has been to provide evidence

that these systems can take part in electrocatalysis, (most

noticeably catalytic ligand exchange). Much of the present

1 p
work has been carried out by Kochi .

Confusion often arises between ETC catalysis and redox

catalysis (mediated electrochemistry) due to the subtle

difference between the two. Simplistically one can consider

that ETC catalysis is really a subset of redox catalysis.

Although under certain criteria the opposite may be argued!

Both types of catalysis deal with the situation:-

A B

I T
A+ fast^B+

Scheme 1.1

where electron-transfer is fast.

In the case of redox catalysis the catalyst acts to

reduce the overpotential required for

A - e" ^ A+ (1.4)
i.e. the overpotential required to carry out the above

reaction at an electrode may be prohibitively large. One may

- 5 -



however carry out the oxidation homogeneously as:-

P - e~ ) Q (1>5)

Q + A > P + A+ (i.6)

Scheme 1.2

where the oxidation of P occurs at a lower potential than

that of A. Reaction 04 can now occur and the termination

step in the process is the reduction of A+.
If one can design a system such that

B+ + P } Q + B (1.7)

where one will require less than 1 mole of electrons to carry

out the reaction, then this will represent a considerable

energy saving. This is in fact the situation occurring in

ETC catalysis except one does not require an external redox

catalyst but looks to the materials to be self-catalysing as:-

A - e~ >A+ d-8)

A+ >B+ (1-9)
A + B+ ^ A+ + B (1-10)

Scheme 1.3

(Note, the oxidation of A can be carried out by an anode or by a

redox agent). In the above case the electron/hole may be

considered as the catalytic medium. The requirements for

such a system are that e°b/b+ ^ e°a/A+ 11111633
course the B/B+ couple can also act as a redox catalyst to

A!

- 6 -



1.3 CHEMICALLY MODIFIED ELECTRODES1

1.3.1 Introduction

Over the past two decades there has been considerable

interest in the field of chemically modified electrodes.

While the adsorption of ions and molecules onto electrode

surfaces is not a new phenomenon, up until the mid 1960's

there had been little attempt to exploit this as a way of

creating new electrode materials.

This situation changed when it was realised that

deliberate chemical modification of electrode surfaces could

lead to the formation of "surface films" with a wide range of

chemical and electrochemical properties. Some of these

properties include electrochromism, electrocatalysis and

battery applications.

There are three main routes to surface derivatisation of

electrodes

7 3
1. chemisorption ' ; this involves strong covalent-like

adsorption of material onto the electrode surface

2. covalent bonding; the use of carbon^ and metal

oxide (amongst others) electrodes in order to bind

to the electroactive substance is extremely conmon.

Scheme 1.4 below

- 7 -



Scheme 1.4

shows a typical type of derivatisation

3. film deposition*; there are numerous techniques

involved in the deposition of films onto the electrode

surface. The film is held onto the electrode surface,

often very strongly, by a combination of "chemisorptive

effects" and the films low solubility in the electrolyte

solution.

Of these three strategies for modification the first is

the least useful as chemisorptive effects are difficult to

predict. The second method suffers from the disadvantage

that one can only obtain monolayer surface coverage and

generally requires vigorously clean conditions for

derivatisation to occur. In the course of the work reported

here only experiments pertaining to the last type of film

formation were carried out.

- 8 -



There are four main methods of film deposition:-

(i) dip coating. The electrode is dipped into a solution

containing the film forming material and the film adheres to

the electrode surface.

(ii) droplet evaporation. Droplets of solution containing the

film are deposited on the electrode surface. The solvent is

generally chosen to be volatile so that it readily evaporates

to leave a film on the electrode surface.

(iii) electrochemical deposition. Here the passage of an

electrolysis current causes a reduction/oxidation of some

species in solution. This species when reduced/oxidised

preferentially bonds to the electrode.

(iv) electrochemical polymerisation. A solution of monomer

is usually oxidised and radical-radical or radical-neutral

coupling- occurs to give polymeric material on the electrode.
In this work only film deposition pertaining to the

last type of electrode modification was carried out.

7
1.3.2 Characterisation of Modified Electrodes .

Figure 1.1 below shows the theoretical response for a

modified electrode using cyclic voltammetry.

- 9 -



Figure 1.1

The amount of material on the electrode can be obtained

from the area under the wave, Q (in coulombs), rv and F have

their usual meaning and A is the electrode area. Such ideal

behaviour is only approached for slow scan rates for films

that show no intermolecular interactions and undergo rapid

electron transfers. In many cases only the charge, Q, can be

obtained but with a knowledge of A the number of polymer

layers can often be estimated.

There exist multiple techniques for surface analysis,

e.g. S.E.M., Auger, S.I.M.S. etc., which allow one to examine

the morphology and composition of the film. An important

measurement that is surprisingly difficult to make is the

determination of the thickness of the coating. Although

measurements for hard, dry films can be made many films swell

in solution so any figures must be treated with care.

- 10 -



1.3.3 Why Modify Electrodes?

Various applications of modified electrodes have been

mentioned previously and they will be dealt with in slightly

more detail here.

There are many reactions that one would like to carry

out in an electrochemical cell, e.g. the oxidation of natural

gas to C02 (for use in fuel cells). Such reactions do not
occur readily and it is necessary to catalyse such reactions.

It is hoped that by applying known chemical principles about

structure and reactivity surface layers can be designed for

catalytic applications.

The optical properties of polymers are attractive to
O

industry . Research in many laboratories has centred on

the use of polythiophene and polyaniline in electrochromic

displays. Such polymers undergo a reversible colour change

during doping and undoping, this colour change being quite

rapid, 50ms response. Many of the polymeric and crystalline

organic conductors exhibit non-linear optical properties

which has lead to anticipated use in optical communication,

laser scanning and data scanning in forthcoming optical

computers.

Of course, the bulk of the interest with these organic

polymers has dealt with the dramatic change in conductivity

upon oxidation. Upon oxidation one witnesses an increase by

10-12 orders of magnitude in the conductivity to



conductivities approaching those of metals. This property

has allowed the use of polymer modified electrodes in the

investigation of the redox reactions of various electroactive

species dissolved in aprotic electrolyte solutions.

This section has only touched on some of the uses of

modified electrodes, the literature is full of other diverse

applications which have not been discussed here*' ***' **.
Interest in these polymeric materials should start to provide

useful applications within the next decade as the subject

becomes understood.

1.4 ORGANOMETALLIC POLYMERS

Organometallic polymers are already known, e.g.,

polyvinylferrocenes, polyvinylpyridine with RuflL/lQ^Kbipy^
co-ordinated to the pyridine etc. These forms of

organometallic polymer merely use the organic polymer as a

backbone to support the pendant metallic redox species, so

that it is in close proximity to the electrode.

In this thesis a major goal was to electrochemically

synthesise an organometallic polymer where the organic

backbone was more than just a supporting media i.e.,

possessed its own, interesting electrochemical properties

which could be exploited. To that end the system:-

- 12 -



s

I R = H, CH3

Figure 1.2

was initially investigated. With the preparation of highly
19

anode-active poly-3-phenylthiophene and benzylthiophene some

work was directed to study electrochemically the complexes

Figure 1.3

in the hope of forming the organometallic polymer derivatives

of these complexes. The preceding sections indicate that

such a polymer may possess a host of electrochemical and

- 13 -



chemical properties and was thus deserving of much

attention; these properties arising from the known

electrochemical behaviour of the organic and metallic

moieties.

1.5 SUMMARY

Further descriptions of each system studied is given at

the beginning of the respective chapter. Hopefully the work

presented here follows a logical sequence and while not

attaining all of the original goals, the systems studied

ensured plentiful results, (not all desirable!) and set many

problems. The study of organometallic systems of the type

mentioned here are not only common to this laboratory as will

be seen by the plethora of literature now available (see

Chapters 3 and 4). Despite all this research there are still

gaps in people's knowledge and understanding and hopefully

this thesis will help in some way towards providing some

of this knowledge.

- 14 -
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CHAPTER 2

2.1 GENERAL INTRODUCTION

The aim of this chapter is to give a brief description

of some of the techniques used (and any relevant theory)

during the course of this Ph.D. The chapter will include

seme schematics of equipment used. All of the techniques

used were standard, although some of the equipment used was

made in house and will be discussed.

2.2 ELECTROCHEMISTRY

2.2.1 Cyclic voltammetry1® - Introduction

Cyclic voltammetry involves sweeping the potential of a

working electrode (WE) between fixed limits at a constant scan

rate (usually) relative to a reference electrode, and

following the current as a function of the potential. This

technique was apparently first practised by Sevcik1 and since

that p>ap>er, there have been numerous publications concerning

the subsequent theory involved. The most famous of these
9—S

publications are those of Nicholson and Shain which

laid the ground rules for future work, most noticeably by
fi—q

Saveant et. al. , who expanded the theory to that of

convolution cyclic voltarmetry.

The use of cyclic voltammetry has become more

commonplace as the instrumentation has improved and

cheapened. Today scan-rates up to 10,000V s-* can be

- 17 -



utilized by using micro electrode technology, and fast

data-recording facilities, such as a storage cathode ray

oscilloscope. Computers are now used to evaluate data and

manipulations can be carried out readily.

Cyclic voltammetry provides useful information about

redox processes in a form which can generally be easily

obtained and interpreted.

2.2.2 Cyclic Voltarrmetry-Theory* .

The actual theory for cyclic voltammetry is complex and

will not be fully dealt with here. Mainly a brief review of

experimental procedure will be given.

In any electrochemical system one has to consider two

possible rate determining steps for the process

0 + e~ ^ R

The first is the actual rate of electron transfer which has

been dealt with by Nicholson . The second is the rate of

mass transport and one has to consider the three modes of

mass transport

(i) Convection. If the timescale of the experiment is

prolonged then natural convection will occur. This causes

random effects in an observed c.v. Stirring or hydrodynamic

transport provides a fixed convective regime that can be

modelled e.g. rotating disk electrode.

(ii) Migration. This is the movement of a species under the

influence of an electric field.

- 18 -



(iii) Diffusion. This is the movement of a species under the

influence of a concentration gradient.

Providing the timescale of the experiment is

sufficiently short then in cyclic voltammetry one only has to

deal with the latter two modes of transport. The faradaic

current if can be expressed as the sum

if = im + id
where im is the migrational component and id is the
diffusional component of the electroactive species at the

electrode surface (this assumes electron transfer is rapid

and leads to Nernstian behaviour). One can simplify this

system by suppressing the migrational flux of components. If

one adds a sufficient concentration of non-electroactive

ionic species, supporting electrolyte, then most of the

observed current will be due to id as the migration
component of the electroactive species will be small compared

to that for the supporting electrolyte.

This is the case for most electrochemical systems where

the theories have been worked out to deal with purely

diffusional currents and thus migration must be suppressed.

The addition of supporting electrolyte (generally 50-100 fold

excess) also reduces the solution resistance and thus the

overpotential requirements of the system.

For an electrochemical system if the kinetics of the

various components are sufficiently fast then the system will

follow the Nernst equation

- 19 -



E° + In
nF

ox]
red]

(2.1)

and the system is called a reversible system.

For a reversible process the cyclic voltaimogram will

appear as

£.

0.1 0.2 £ - £ , /V

-p.c

Figure 2.1
where Ep/3 and EpfC are the potential values for the peak
anodic and cathodic currents and I_ and I_ _ representPfd p rs-

the respective current densities.

For this reversible system solving Fick's Second Law for

0 and R, equations 2.2 and 2.3.

6CQ _ 6^ (2.2)
6 t " 0 6 x2

_ D 6 ^
6 f " R 6 x2 (2.3)
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with the appropriate conditions and allowing DQ = + D

gives

Ip - -0.4463nF^£^0-5q)00-5v0'5
(2.4)

—2
where Ip = peak current density (A cm )

2 —1
D = diffusion co-efficient (an s )

V = scan rate (V s-1)

CQ = bulk concentration (mol an )
Equation 2.4 is known as the Randles-Sevcik equation. There

are various diagnostic tests for cyclic voltanmograms of

reversible processes:-

!• Bp = *p,a " Ep.c = 59/n mV
2. Ep - Ep/2 = 59/n mV
3" h.^P.c ' 1
4. Ip^v®*^
5. tp is independent of v

—26. at potentials beyond Ep, I «< t.

This deals with the reversible case but what of the

irreversible situation? The irreversible case occurs when

the rate of electron transfer is insufficient to maintain

Nemstian equilibrium at the electrode surface. If a system

is totally irreversible then the most marked feature will be the



lack of a reverse peak. A c.v. which does not display a reverse

peak may not be irreversible though, as the work in this thesis

will show the lack of a reverse peak may be due to the presence

of a follow-up chemical reaction after oxidation (or reduction) of

the species. As per the reversible case there are various

criteria which can be studied to see if a system is

irreversible or not:-

1. No reverse peak

2. I oCy"'"'£" AP/a v
3. ^ shifts 30/®s,n_, mV for each decade increase

/ d do

in v

4. |Ep - = 48/°<an mV.
There are various sets of criteria depending upon the

system one is studying i.e. for EC systems or CE systems etc.

However many of these criteria only apply to distinct

kinetic regions. The reader is directed to the work of

c_q
Saveant et. al. for a fuller understanding of this

topic. One thus has to be careful in applying general

criteria to a system and expecting the system to obey the

criteria to the letter.

For an EC reaction (Electrochemical step followed by a

Chemical reaction) the general criteria are:-
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1. I„ a is less than 1 but tends to unity as vP/<~ Pf a

is increased.

2. Ip a/vA'^ decreases slightly with increasing v
3. Ep a is negative of the value for the reversible case
4. Ep a shifts positively with increasing v, and for a

first order reaction it will shift by 30/n mV per decade
*

increase in v.

Note the dependence of Ep^a on v will alter depending upon
the kinetics of the EC system.

The above is just a taste of what can be done with

cyclic voltammetry and it is easy to picture the qualitative

and semi-quantitative information that can be extracted from

a c.v.

2.2.3 Cells and Electrodes

2.2.3.1 Cells

Two very simple cell designs were used in this work and

both are illustrated in Figure 2.2 a and b. Both cells

1 ?
are easily constructed and very simple to work with .

No problems pertaining to iR drop were noted although there

will no doubt be a small contribution to the system.

2.2.3.2 Electrodes

All electrodes were made in house.

Reference electrodes: Two types of reference electrodes

were used. The first was a calomel electrode, Figure 2.3

below which was used in both aqueous and non-aqueous work.
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CIZ^

Figure 2.2a, simple electrochemical cell
used in everyday work

f^tn or
vacuum pump

_J

Figure 2.2b, general cell for vacuum

or sealed system work.

Figure 2.2a) and b)
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Rutbor stoppers or sopta

U U

Cu wlra

Saturated KCI solution

Calcmol mla

'(Hg.HsC^.KCI)
Hg

Cracked glass

Figure 2.3, Saturated Calomel
Electrode

— Ag wlrs

[7TTJ —Rubbor septum

—5mm O.D. glass tubing

5 mmol dm
— AgNOj* 0.1 mo! dm

TBAPF0 In CH §N
— Cracked glass

Figure 2.4, Ag/Agv reference
electrode
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The second type which was used in only the non-aqueous work

is shown in Figure 2.4 on page 25^.
Working electrodes. In non-aqueous work Pt button electrodes

were used Figure 2.5. They were made by encapsulating 0.5 mm

Pt wire in the glass and polishing it down to a very smooth

mirror-like finish. For the aqueous work these electrodes

were used initially before being replaced by optically

transparent electrodes. These electrodes were simply strips

of film cut from a sheet of conducting film supplied by

Serrafin, CA, USA. These films were optically transparent

SnOx and Ag coated polyester.
Counter electrodes. Generally consisted of Pt flag or Pt

gauze electrodes which were sufficiently large so as to avoid

polarisation effects.

2.1.4 Supporting Electrolyte and Solvents

Initially tetra-n-butylairmonium tetrafluoroborate TBATF^
was used as the supporting electrolyte but this was later

superceded by tetra-n-butylamnonium hexafluorophosphate.

Synthesis of both are standard literature preparations and

will not be given here.

It was found that HPLC grade solvents, Aldrich, were of

a sufficiently high purity to be used routinely provided they

were kept dry. Usually this was carried out by storing over

4A molecular sieve. The solvents "dryness" was tested by

running a background c.v. of just supporting electrolyte in

degassed solvent prior to experimentation.
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c y*— Araldte (as sealant)

5mm glass tubing

Cu wire

Hg (or Wood's metal)
0.5 mm Pt wire
(highly polished)

Figure 2.5, Pt button

electrode
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2.2.5 Instrumentation.

All measurements were made using a PINE RDE4

potentiostat coupled to a Graphtec WX 2300 X-Y recorder, or an

Amel model 567 function generator and potentiostat unit

driven from a standard BBC microcomputer using software

developed at St. Andrews and interfaced via a Datalab dl 1200

waveform recorder. The latter allowed scan rates up to

10 V s~*. For faster scan rates the potentiostat was

coupled to a Hi-Tek PPR Waveform Generator, Advance Bryans

DSO 1260 oscilloscope which sent output to an IBM PC Clone

(opus). It was found that the Pt button working electrodes

allowed scan rates up to 50V s~* without too much

distortion. There are however still problems to be overcome

with respect to the failing of the systems from oscilloscope

to computer or chart recorder.

The instrumentation was set up so that the recorded data

was outputed with increasing positive potentials going to

the right and the anode current in the +y direction, Figure

2.6

L

+E

t 'c

Figure 2.6

- 28 -



2.3 SCANNING ELECTRON MICROSCOPY12.

2.3.1 Introduction

The Scanning Electron Microscope (SEM) is an extremely

powerful and versatile analytical tool. Much of the work

using this technique has concentrated on semiconductor

devices and materials. The power of SEM lies in the ability

to provide not only pictures of the surface but also x-ray

microanalysis data.

In the work carried out here both these facets of SEM

were used to examine the electrode coatings described in

Chapter 6. Surface morphology was examined and elemental

analysis was used to detect the presence of various ions.

The work was carried out on two machines, unfortunately the

picture-quality of the second was poor and certain work will

have to be repeated.

2.3.2 Theory

A simplified diagram of a SEM is given in Figure 2.7.

An electron gun emits electrons (by thermionic or field

emission) which are accelerated down the column by a large

potential. An "electron probe" of small diameter and high

current density is created by using electromagnetic lenses

and mechanical apertures to focus and demagnetise the

electron beam over the surface of the sample in a raster

pattern. Scanning circuitry allows the operator to choose

the size of the area scanned and the scan speed. Slow speeds
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TURBOMOLECULAR
PUMP

Figure 2.7, schematic of a Scanning Electron Microscope
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for photographic work and high speeds for T.V. monitoring.

The video amplifier synchronizes the raster scan of the SEM

cathode ray tube with the raster scan of the electron probe

striking the sample. This ensures a one-to-one

correspondence between the signal collected from any

particular part on the specimen surface and the brightness of

the analogous spot on the CRT screen. Both SEMs used were

equipped with a large viewing CRT (T.V.) and a high

resolution CRT for photography.

Not shown in Figure 2.6 is the specimen stage, the stage

must allow precise fine movements in tilt, rotation and all

three axes to allow complete observation of a sample. A

useful feature of SEM specimen stages is that they can be

easily adapted to provide heating/cooling and electrical

interfacing etc. to match the needs of analysis. The system

must be kept under high vacuum and usually a liquid nitrogen

trapped oil diffusion pump or turbomolecular pump are used.

2.3.3 Imaging Techniques

Two imaging techniques were employed in this work. The

first used was the standard secondary electron emission mode

of the SEM. Because of their low energy the mean free path

of the secondary electrons in the specimen is only

10-100 A, so only those within a thin layer close to the

surface leave the specimen. The majority of the secondary
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electrons are emitted from an area with a diameter comparable

to that of the primary electron beam.

The other imaging technique used employed

backscattered electrons. Backscattered electrons travel in

relatively straight lines due to their high velocity (energy)

and are not affected by local low level electrical or

magnetic fields on the surface and can be used to obtain high

contrast images of the surface. Backscattered electron yield

is relative to atomic number concentration, with higher

yields corresponding to increasing atomic number. Using this

technique it is possible to identify materials which differ

by less than 1 mean atomic number.

In the work carried out here backscattered imaging

was used to generate compositional images while secondary-

electron imaging was used for morphological studies.

2.3.4 X-Ray Micro Analysis

Of all the signals created by the interaction of the

primary electron beam with the specimen in the SEM, X-rays

are probably the most corrroonly used for material

characterisation. X-ray photons are generated when an

electron from the incident beam ejects an inner shell electron

from an atom, allowing an electron from another shell to fill

the vacancy. The discrete energy released by this electron

transition creates a characteristic X-ray photon. Every

element has a specific atomic structure and therefore a
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unique set of X-Rays. Two techniques are used to analyse the

energy and wavelength of X-ray radiation, energy dispersive

X-ray spectroscopy (EDS) and wavelength dispersive X-ray

spectroscopy (WDS). Only the latter was used here.

The advantages of WDS are the inproved energy resolution

which allows better element resolution, greater

peak-to-background ratios, and higher count rates for

individual elements. This combination results in better

detection sensitivity by approximately 1-2 orders of

magnitude.

X-ray dot mapping was also used. This consists of

placing a "dot" on the CRT of the SEM at each location where

the element of interest is detected by the X-ray

spectrometer. Again photographs can be detected and the

information is useful for studying the homogeneity of the

sample.

2.4 SYNTHESIS

All syntheses carried out in this Ph.D were treated as

"Mr sensitive unless it was known that the ipro&>xcts were
air stable. A comprehensive review of the techniques used in

dealing with air-sensitive complexes is given by
1 2

Shriver .
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Complexes were characterised as follows:- C-H-N

analysis, Carlo Erba model 1106 Elemental Analyser; *H
n.m.r., Briiker AM 300 Spectrometer; I.R. either a Perkin

Elmer 1710 Infra-red Fourier Transform Spectrometer or a

Perkin Elmer 1330 Infra-red Spectrometer GC-MS, Hewlett

Packard 5890 Gas Chromotograph coupled to a Finnigan Mat INCO

50 Mass Spectrometer.

A typical synthetic set up would consist of a 3-necked

Schlenk flask, with the condenser in the middle and a septum

in the outer necks. The system would be degassed thoroughly

prior to use and the system would be kept at a positive

pressure of N2. Due to the volatility of the carbonyls
used they would be returned mechanically to the reaction

flask. Unless otherwise mentioned all evaporations were

carried out in vacuo and all crystallisations were carried

out using standard catheter tubing techniques.

All n.m.r. samples were prepared under N2 and
transferred to the n.m.r. flask using vacuum techniques.
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2.5 CONTROLLED POTENTIAL ELECTROLYSIS (C.P.E.)

A fixed potential is applied to the working electrode,

at this potential the species of interest will be redox

active. Generally one measures the overall charge passed

(number of coulombs) in order to determine the number of

electrons involved in an electrode process. The technique can

also be used to try and prepare sufficient quantity of

reaction product that it can be identified by conventional

analytical techniques, e.g. infra-red, g.l.c., etc.

This was the latter approach tried in these laboratories.

The apparatus employed was very crude however. A three

electrode cell was used, the working and counter electrodes

were made of carbon felt (ca. 4 cm ) with a Ag/Ag reference

electrode. A magnetic follower was used to stir the solution

(generally 2 mM in complex, 0.1 mol dm supporting

electrolyte). The solvent used was purged with nitrogen and

a nitrogen gas blanket was kept over the solution.

Samples of solution were periodically taken and FTIRs

were then run. These FTIRs were compared with the FTIR of the

solution prior to electrolysis. This kind of experiment lends

itself to the use of an optically transparent thin-layer cell

the theory for which will not be entered into here.
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2.6 SPECULAR REFLECTANCE

The technique employed in St. Andrews utilised an FTIR

beam which was reflected via a series of mirrors onto the

working electrode surface. The reflected beam was itself

reflected again into the detection unit. Figure 2.8 shows the

typical beam path while Figure 2.9 shows the actual

electrochemical cell used.

As one would expect the strength of the signal to the

detector depended upon "tweaking" the mirrors to give optimum

alignment. Also as expected the closer the working electrode

was to the cell window the less beam dispersion took place

and again the better the signal.

In practice the working electrode, which was moved

vertically by turning a Vernier screw was moved as close to the

window as possible. After positioning the electrode the FTIR

spectrum was recorded, the electrode would then be polarised

to a potential where oxidation of the complex would occur.

Spectra would then be recorded at various time intervals

while oxidation was occurring and compared to the initial

spectrum by subtraction. Similarly spectra were also recorded

while cyclic voltammetry was being carried out in the cell.

This technique was still in its infancy at St. Andrews

and as such the results obtained have been treated with a
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large degree of caution. Due to time constraints only a

limited amount of validation could be carried out.

It should be noted that one of the drawbacks of the

technique was the poor resolution of the FTIR, 8cm~*,
choice of a lower resolution increased the time required to

take a spectrum and hence a loss of the information which

could be gathered from the experiment. Although only in its

formative stages there is quite considerable scope for this

technique within this chosen field.

1. .1 Low Temperature Cyclic Voltamnetry (LTCV)

Figure 2.10 shows a typical cell used for LTCV. The coolant

generally a methanol/solid CO2 mixture is pumped frctn a

thermostatted bath through the cell and returned to the bath.

Any chemical reactions occurring are hopefully slowed down

and the change monitored. The cell was made in house. The

thermostatted bath and pumping unit were part of the same

system which was supplied by Philip's Instruments.

Highly poUshod mirrors

C#D window

Highly pollshsd mirrors

Figure 2.8, beam path in

Specular Reflectance work
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Ag wlr» rsfaroncs
oloctrcd# —:

Tcp half

\

U

PTFc shrcud

Ft wlro cr gau23
ccuntar oloctrcda

PTFE call bcdy
r

33 - Working sloctrods

L^-Rubb»r 'o'-rlngs
Bottom half — KBr call window

^^^Rubbw 'o'-rlngs

Figure 2.9, electrochemical cell used
in SDecular Reflectance work

CELL UD (SCREW TCP)

CCCLANT IN

Figure 2.10, electrochemical cell used

in Low Temperature Cyclic

Voltammetry work
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CHAPTER THREE

COMPUTER STMDLATICNS

3.1 INTRODUCTION

Computers are playing a large part in the further

development of chemistry, even the humblest titration can now

be monitored by computer. One of the more important aspects

of computation is the ease with which the chemist can model a

chosen system using various parameters to see if this can

validate or further his knowledge of the said system. In the

case of the electrochemist, who now has so many instrumental

techniques at his fingertips, access to a computer is

becoming a fundamental necessity if one is to keep tabs of

all the results that can be generated. As with other aspects

of chemistry, computer models of various electrochemical

phenomena are now available and this chapter deals with the

modelling of two systems based on cyclic voltanmetry.

The aims of this chapter are both to show the power of

c.v. simulation along with setting down seme fundamental

examples in order to explain the findings of the work in the

following chapter. Various trends are observed when one

models a system and these observations (be they qualitative

or quantitative) can save much time and effort by helping one

choose experiments which will quickly show if the model one

has chosen is the correct one. Of course using models can

also be misleading, one has to take care not to
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over-parameterize which can lead to confusion as to which

parameter causes what effect. In this work it has always

been one of the prime objectives to keep the number of

electrochemical variables modelled to a minimum.

Models are very powerful in that they can show

pictorially the effects of changing various factors, with

cyclic voltamnetry pictorial comparison of results is

important especially where it may be difficult to have an

intuitive picture of how events will alter by the occurrence

of various phenomena.

Thanks are due to Prof. A.J. Bard for supplying the
O

simulation program used and to James Evans for supplying

the plotting program used to display the results. Both

programs had to be altered slightly in order that they could

be used using the time and the facilities available.

The following chapter contains a brief description of

simulation theory while a description of a modified Marcus

Theory is given. This modified Marcus Theory can be used

with the systems studied experimentally to give a

semi-quantitative feel to the results obtained and can help

justify the results found in later chapters.
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2 SIMULATION THEORY FOR ELECTROCHEMICAL PROCESSES

By resorting to simulations one must move back a stage

in sophistication by using the finite difference method

rather than calculus to solve the problem. The finite

difference method assumes that the differential equation (in

our case Fick's First Law of Diffusion):-

J(x,t) = Um-P^(x ± AX|0 - c(x,f)](31)
Ax-*0

can be modelled by taking /\x small enough that

J(x t) = ~D[C(x + ax,Q - C(x,Q] (3 2)'
Ax

Similarly this technique can be applied to Fick's Second Law

of Diffusion (written in its calculus forms)

-<5C(x, Q _ 6 J ( X , t~ ) (3.3)
6 t 6 X

to give

<t + At) = C(x.t-) +T^Cc(x + AXt°' AX^ <3.4)

-2C(x,t") + C(x - AX,t)]
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One still has to construct a model so that the computer

can simulate the system using these equations. In general

one wishes to model electrochemical experiments featuring

linear diffusion to a planar electrode of area A, where the

concentration will vary only normal to the surface.

Thus one constructs a model of a sequence of volume

elements (V = A Ax) away from the electrode interface. The

electrode is generally taken to be in the middle of the first

box. Any box j will characterise the solution at a distance

x = (j-1) A x from the interface. The smaller A x is

chosen the more refined the model will be. If the

concentration at x^ differs from that of a nearby
point x.2' diffusion will occur. Similarly if the

homogeneous reaction, A B occurs, the diffusion

characteristics of each box must alter. This requires the

introduction of the time variable t, so that the diffusion

equations (above) can be used to model the system over a

variable period of time. To model the system's evolution the

length of experiment, t, must be broken into segments A t,

and one measures the perturbation on the system for this

interval A t. The k^ iteration of the laws of
transformation therefore yields a model for t = k At, and

similar to A x, as At decreases so the resolution of the

system increases.
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Equation (3.4) can be recast into different form by

allowing

f (j,k) = C(j,k)/C* (3.5)

where = starting concentration of species A, and

dividing (3.4) by CA gives
f (j,k + 1) =

f(j,k) + D^[f(j + 1, k) - 2f(j,k) + f (j-1) ,k) ] (3.6)
where = D£* t/ A is the model diffusion

coefficient. The f's are called fractional concentrations

and are examples of dimensionless parameters. Initially

fA = fB = 0 311(3 fA = 0(k>0). By using the
dimensionless parameters rather than concentrations, the

profiles from a single simulation will describe the
*

characteristics of the experiment for every value of CA,
one need only multiply the f's by the required value of CA-

The above equations deal only with diffusion due to the

electron-transfer occurring at the electrode, extensions to

deal with chemical reactions will proceed by extending

equation (3.6) to incorporate the appropriate rate law in its

finite difference form.

This is only a general overview of the simulation model

and the reader is directed to reference 3 for a much fuller

explanation.
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THEORY FOR HOMOGENEOUS ELECTRON TRANSFER4,5.

Consider the three homogeneous ET reactions

A+ + A* kAA—> A + A*+ (3.7)

B+ + B* kBB—} B + B*+ (3.8)

A+ + B -AB—) A + B+ (3.9)

where A and B are chemical species and the asterisk denotes an

isotopic variant. The Marcus cross-relations are:-

kAB = ^kAAkBBKABf^°*5 (3.10)
where

f = [lnkAB]2/41n(kMkBB/Z2) (3.11)
Z is the collision frequency (ca.1011 mol-1dm^ s_1)
between reacting species. Ratner and Levine^ have shown

that a thermodynamic derivation of the cross-redox process

("crossover reaction") yields:-

kAB = ^kAAkBBKABF^0,5 (3.12)
where F = (Z2ab^ZaAzBBJ

Assuming a universal value for Z gives:-

kAB = ^kAAkBBKAB^°"5 (3.13)
and this becomes the Marcus cross-relation in its usually

applied form.

For the reaction

A+ + B v s A + B+ (3.14)

A G° = -RTlnK^ = -nF k E°
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where l\ E° is the difference in redox potentials for the

two couples

A+ + e" A (3.15)

B+ + e" v=^ B (3.16)

Thus for n = 1;

= exp[F^E°/RT] (3.17)

For the systems which will be dealt with in this thesis

i.e.

A| + B A1 + B+ (3.18)

A^+ B ^^ A2 + B+ (3.19)

kAlAl = kA2A2 wi11 ^ assumed.
Thus substituting the expression for KAB ^3* 17) into

equation (3.13) will yield:

kA±B = tkAlAl KBB FAE°/RT)]°^ (3.20)
kA2B = ^kA2A1 kBB exP(F k-E^/RT)] (3.21)

Dividing (3.21) by (3.20) and allowing

kAlAl - kA2A2 9ives

kA2B\
kA. B/

= exp(FA&Ea/RT) (3.22)

where A & E° = A E^_ - A E°
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For this system kkE° will in fact be the difference

in redox potentials between the two couples

+ e" ^A2 (3.23)
A+ + e" (3.24)

Re-arranging (3.22) gives

k,AAE°=SSI,n^ (3.25)
p iriF kA| B

kA^B 4
If = 10 then

o kA.BZL E° = 474 mV 1

Thus one can see an increase in the potential for the

redox couple

A^_ + e~ v=^Ax
can lead to quite dramatic changes in the kinetics of

reaction 3.9. In an electrochemical sense this should

manifest itself in various aspects of a c.v. where a

cross-reaction occurs.

3.4 EXPERIMENTAL

The simulations were run from a BBC microcomputer linked

to the University of St. Andrews Vax B network. The output

was plotted on a Tektronix T4662 plotter.

A typical data file containing the parameters used is

given below followed by an explanation of the parameters and

how the program can be altered to model various criteria.
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The program has been written to model the effects of

reductions but the output has been altered so it represents,

in a pictorial sense, oxidation processes.

1 293

2 01 1

3 +0.480 -0.420 0000002.00

4 1 02.0E-0.3

5 2 5

6 0.450 0.450 0.450 0.450 0.450

7 8.00 10.00

8 1 2 1.00E03

9 2 3

10 24 1.00E03

11 2315

12 1 2

13 0.50 060. -0.270

14 4 3

15 0.50 080. +0.330

Line 1 is simply the temperature in Kelvin.

Line 2 gives the number of potential sweeps followed by

the resolution of the simulation. The higher the resolution

the more points required and the longer the simulation takes;

it was found that resolution 1 was quite adequate.

Line 3 gives the initial potential (V) of the sweep, the

sweep switching potential(V) cf the sweep scan rate CVs"1)
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Line 4 gives the index number of the species to be

modelled followed by its/their concentration.

Line 5 gives the number of electron transfers, the

number of homogeneous reactions and the batch number of

solution species.

Line 6 gives the diffusion co-efficient of the solution

species, there will be as many diffusion co-efficients as

there are solution species , vjvuVs cvw s .

Line 7 gives the lengths of the x- and y-axes to be

plotted, vxvwts cw\ .

Line 8 gives the reaction order of the first homogeneous

reaction, the number of species involved (reactants and

products) and the forward rate constant.

Line 9 gives the species involved in this reaction.

Similarly Lines 10 and 11 deal with the second

homogeneous reaction. One can model up to 9 homogeneous

reactions.

Line 12 gives the species involved in the first

heterogeneous electron transfer.

Line 13 gives the transfer co-efficient, the peak

separation and the E^ valued) for this first heterogeneous
electron transfer.

Similarly lines 14 and 15 give the same parameters for

the second electron transfer. Nine E.T.s can be modelled.
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This data set models the system:-

E l+e~ v N 2 E° = -0.270V

C 2 -k: } 3 (kj = 103 s-1)
C(Eh) 2 + 3 —k2—^ 1 + 5 (k2 = 103 mol"1 dm3 s"1)
E 3-e" - 4 E° = +0.330V

Scheme 3.1

The output has been altered so that it will represent

the analogous oxidative process to the above i.e.

1 - e~ 2 E° = +0.270

2 —k]f?3
2+3 —k2^l + 5
3 + e~ ^=^4 E° = -0.330V

Scheme 3.2

This scheme represents oxidation of complex 1 to give

the cation 2 which undergoes a first-order chemical reaction

to species 3 which can react with species 2 or be reduced to

species 4 on the reverse scan. It will be noted that a value

of 80mV was chosen as the A. Ep value. This is because the

systems being modelled involve organic solvents which have

been shown to lead to increased peak separations.

The initial switching potential was always 150mV more

positive than the "reverse-direction" electron transfer and

similarly the switching potential was always 150mV more

negative than the initial reduction so that the diffusional

characteristics of different schemes were kept constant.
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It should be noted that the current function has been

normalised with respect to both the concentration of redox

species and the square root of the scan rate applied.

3.5 RESULTS AND DISCUSSION

3.5.1 The simple ECE case

The first system modelled is shown in Scheme 3.3 below

1 - e" 2 E

2 —kj—^ 3 C
3 + e v N 4 E

Scheme 3.3

In the above scheme the complex 1, undergoes an initial

one-electron oxidation to give the oxidised complex 2. This

complex undergoes a first order (or pseudo first order)

reaction to give complex 3 which can be reduced back to the

neutral complex 4 on the reverse sweep. In these systems

while the identity of 1 may alter, that of 3 is always the

same. The effects of several parameters were studied:-

1 E^ for step 1, changes in this correspond to changes
in the identity of 1.

2 concentration of material

3 effect of changing k-^.
4 the effect of scan rate.

Thus each system studied can be identified by four numbers in

sequence A, B, C, D, where A is the E^ for step 1, B is the
concentration of 1, C is the value of k, and D is the scan

rate.
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This first system is a relatively simple system and as

such the effect of these various parameters can be

intuitively reasoned.

Table 3.1 below shows the effect of changing on the

ratio, R, of i^/ip, where i^" is the cathodic current
due to the reduction of the product species, 3, and i^ is
the anodic current due to the starting material. These

systems can be represented as

[E^, 2 x 10~3 mol dm-3, 103 s"1, 2V s_1]
E^/mV R

0.27 0.39

0.42 0.36

0.77 0.32

Table 3.1

Figure 3.1 shows the similated c.v.s for 0.27 and 0.77

respectively.

As all the other parameters apart from E^ have been
kept constant the decrease in R, 0.07 over 500 mV, can be

attributed to the diffusion of species 3 into the bulk

solution.

If one alters the concentration of the system the ratio

R remains unchanged at 0.39 for the parameters 0.27V,

concentration, 10 s , 2V s . R was measured for

2 _o _q _q
concentrations of 2 x 10 mol dm , 2 x 10 mol dm and

2 x 10~^ mol dm-3. From simple kinetics one would not

expect to see a concentration effect.
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The effect on R of changing kj is shown in Table 3.2
below. The system [0.27V, 2 x 10~3 mol dm-3, k^Vs"^]
was chosen. As expected as k^ decreases R decreases and
the system becomes more reversible. Figure 3.2 shows the

simulated c.v.s for kj = 10° and 10^ s_1 respectively
which illustrate the above point. This trend will be

observed irrespective of the initial potential for oxidation,

kj/s-* R
10° 0.05

101 0.28

102 0.36

103 0.39

Table 3.2

As Table 3.3 below shows the effect of changing the scan

rate is inverse to that of changing the k^ i.e., the faster

the scan-rate (slower k^) the greater the reversibility of
the system. Figure 3.3 shows the change in c.v. response on

altering scan-rate for v = 4 and 900 V s~*.
vA s-1 R

4 0.37

100 0.16

900 0.10

Table 3.3

The results/findings of this section will be discussed

further in section 3.6.
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3.5.2 The ECCE case

The second system modelled is shown in Scheme 3.4

below; the electrochemical/chemical nature of the system has

already been described

(i) 1 - e ^ 2 E

(ii) 2 -kj ) 3 C

(iii) 2 + 3 -k.2 ) 1 + 5 C

(iv) 3 +e~ \ x 4 E

Scheme 3.4

As per the first system studied, although the identity of 1

may alter (manifested by a change in E^ values) that of 3
remains the same. It is assumed that species 5 plays no

further part in the electrochemical behaviour of the system.

The introduction of the "cross-reaction" step, (iii),

into the general scheme of things considerably complicates
,u ,.x

the matter. In the last section, the ratio R, l/x, was

used to indicate how the reaction was proceeding, for the

above system provided only one parameter is changed at a time

this same ratio can be used to compare simulations.

One now has to consider five parameters, E^, k^,
k2» concentration and scan rate, v, in the modelling of the
above process. For the simulations carried out k^ was kept

3 —1
constant at 10 s for all the simulations and E^ was
kept at 0.27V to simplify matters. Thus only the effect of

changing k2» v and concentration were studied. The full

implications of this study will be discussed after the
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results are given i.e. why k^ and were kept
constant.

The systems will be designated as per the previous

section with the introduction of k2 as the third parameter.

Initial studies involved the effect of changing k2 for

the systems [0.27 V, 2 x 10-3 mol dm-3, 103 s-*,

*2-' 2 V s *]. The results are shown in Table 3.4
k2/mol~* dm3 s-* R

103 0.39

105 0.32

107 0.01

Table 3.4

As the results indicate increasing k2 has a dramatic
effect on R. Figure 3.4 shows the simulated c.v.s for

o c 7 A 3
k2 = 10 / 10 and 10 ifT> s respectively and one can

see that although ip has decreased ip has increased
drastically.

Tables 3.5 - 3.7 below show the effect of concentration

changes on the anodic current function and the ratio R for

= 103, 103 and 107 mol-* dm3 s-*

respectively.

k^_= 103 mol-* dm3 s-*.
concentration/miol *P R

2 x 10-2 0.19 0.39

2 x 10-3 0.19 0.39

2 x 10-4 0.19 0.39

Table 3.5



k^= 105 mol 1 dm3 s 1
concentration/mo\ i^> R

2 x l0~2 0.28 0.10

2 x 10" 3 0.21 0.32

2 x 10~4 0.19 0.39

Table 3.6

k^j1 107 mol"1 dm3 s"1
concentration/m»o\ * R

2 x 10"3 0.34 0.01

2 x 10~4 0.28 0.10

2 x 10~6 0.19 0.39

Table 3.7

8 -13-1
One can see that for k.2 = 10 mol dm s the

"crossover" reaction is having no noticeable effect while for

both k2 = 105 and 107 mol"1 dm3 s-1 there is
quite a noticeable effect on both ip and R upon changing
the concentration. At the higher k2 value this change is
manifested more in the increase in i£. Figure 3.5 shows
the simulation for a concentration of 2 x 10-4 mol dm-3 for

the three values of k2«
A study of the effect of v on the simulations was

carried out for the above three k2 values keeping all the
other parameters constant. The results for the normalised

current, ip and R are given in Tables 3.8 - 3.10 below for
the k2 values 103, 103 and 107 mol"1 dm3 s"1
respectively.
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R = 103 mol"1 dm3 s"1

v/V s"1 4 R

2 0.19 0.39

9 0.19 0.37

49 0.19 0.35

Table 3.8

k^_= 105 mol"1 dm3 s"1

v/V s"1 iP R

2 0.21 0.32

9 0.20 0.32

49 0.19 0.32

Table 3.9

k^= 107 mol"1 dm3 s"1
v/V s"1 R

2 0.32 0.017

9 0.26 0.026

49 0.23 0.026

Table 3.10

At the concentration studied, 2 x

there is only a noticeable change in i ^ for

k2 = 107 mol 1 dm3 s 1 out of all the

3.6 shows the resulting simulations for the

_3
mol dm ,

at 9 V s

3.6 CONCLUSIONS

In the course of this chapter two mechanistic problems

have been studied by simulated cyclic voltammetry. For a
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mechanism of the first type the normalised peak current for

the initial oxidation will not alter irrespective of the

kinetics of the chemical reaction. As would be expected the

electrochemical reversibility of the system depends upon the

value of k-^ and the scan rate employed. One can see the
effects of diffusion on the ratio R, this ratio would be the

same for two different species provided k^ was constant and
the time taken (scan speed or potential cycled) is constant

between the initial oxidation and the reduction of the new

species. To test for such a system experimentally one could

study this ratio R as well as the usual parameters discussed

in Chapter 2.

The second mechanism presented adds a degree of

complication. Not only will the oxidation potential of

species 1 alter the ratio R by diffusional means but from the

Marcus relationship developed in this chapter, the value of

k2 can dramatically alter the appearance of the cyclic
voltairmogram. The simulations carried out for this second

mechanism used the same E° for oxidation in order that

diffusion effects could be neglected, Figure 3.7 shows the

c.v. for the system [0.52V, 2 x 10~^ mol dm-"^,
10^ s~^, 10^ mol-^ dm^ s_\ 2V s~^] which gives R =

0.03 compared to that of 0.01 for E° = 0.27V. These

simulations show that if k^ is kept constant then

experimentally such a system can be identified by taking a

solution of two materials (which are essentially the same

apart from their E° values) and looking at i_ , and R for
P/ a
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the two materials. Further studies can then be made of

ip^a and R by altering the concentration of the species
studied to try and confirm this mechanism.

The effect of altering kj for various values of

k2 have unfortunately only just started to be investigated.
Tables 3.11 and 3.12 below show the results obtained so far

for [0.27V, 2 x 10"^ mol dm-^, k^, k2, 2V s~*].
kj (s *) = 107mol~1 dm^s *)
1 0(r)

10 0(r)

100 0.005

1000 0.01

kj (s-1) R(k2=10^ mol~* dra^ s~*)
1 0(r)

10 0.05

100 0.13

1000 0.32

kj (s_1) dm^ s~*)
1 0.11

10 0.26

100 0.37

1000 0.39

(r) = reversibility observed

Table 3.11
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kl i_(k? = 107 mol"P 1
1 0.19 (r)

10 0.22 (r)

100 0.29

1000 0.34

kl ip(k2 = 105 mol~
1 0.19 (r)

10 0.21 (r)

100 0.24

1000 0.22

kl
1

, o

ip(k2 = 10 mol
1 0.19 (r)

10 0.19 (r)

100 0.19

1000 0.19

,3 -!■

(r) = reversibility observed

Table 3.12

The effects of concentration and scan rate have still to

be examined. As will be seen in the following chapter none

of the complexes studied showed a cathodic current upon scan

reversal.

In conclusion the use of c.v. simulation can help direct

one's studies and also give a qualitative handle to results

already obtained. Even for a relatively simple choice of

systems it is apparent that the number of possibilities and

hence parameters can quickly become unmanageable.

- 60 -



s
- 0.10

3.1a

-a 5 -a s -as -a? -at ao q.2 as a*

Potent Is I / Yolt*

3.1b

•n/"-

-as -a4 -as -a.2 -at ao ai a2 as at as a* a7 at at

Pot mrtt I • I / Yo It a

Figure 3.1,Effect of changing Ep, a
0.27V, c = 2 » 10*1 mol da-1, kt =
0.77V, c = 2 » 10* » mol dnra, ki =

for a simple ECE mechanism a)CE,,, =
10» s", v = 2 V s-» ], b ) CE, , , =
10* s-», v = 2 V s-* ].

- 61 -



a 20
♦*

i

u a is

§
- a 10

-i 1 1

0. 2 0.3 0. «

Potential / Volt a

az 0l3 0.*

Potential / Volta

3.2b

Figure 3.2, effect of changing k, for a simple ECE mechanism, a)[E,,t0.27V, c = 2 » 10"J mol dnrJ, k, = 10» s-•, v = 2 V s*»], bHE,,, =
0.27V, c = 2 » 10*J mol dm*', k, = 1Q» s* *, v = 2 V a*1].

- 62 -



" 1 1 1 1

3.3a

)- ■

1 1 1 1

J 1 1 1 1 1 1 1 I

-as -a* -as -as -ai ao ai az as a4

Potential / Volt a

1 1 1 •

3.3b

1 1 1 1

1 1 1 1

-as -a 4 -as -a2 -a 1 ao ai a2 as a4
Potential / Volta

Figure 3-3, effect
0.27V, c == 2 * 10" '
0.27V, c = 2 * lO"3

f changing v for a simple
moI dm" 3 , ki - 103 s" 1 ,

mol clnr 3 , k» - 103 s" 1 ,

FCE mechanism, a) FEI.i / t
v = 4 0 s" 1 1, b) CE-i / e
v = 900 0 s" 1 1.

- 63 -



PotMltltl / VoltS

aa -

i

J Ol 20 -

1 OLU . ■

i
a1"-

a os -

aoo —

-at* -

-€L 10 -

-XL »S - -

-a» - -

-as az as a«

Pot orrt I • I / Voltfl

-as -a t -41 -a z

Pot«r»tl»l / Volts

Figure 3.4, effect of changing k, for an ECCE mechanism, aHE1/t =r\ orrtr _ n ■ n « . * 1 ' ■0.27V, c = 2 » 10-J mol dnrJ, k, = 10'
2V a-«], b) (E| / ■ = 0.27V, c = 2 • 10"
mol-
101 s-

dm1

k» = 101 mol"1 dm1
raol dm*1, k, = 101 s*«, k, =

, v = 2V s-« J, c) [E| ,« = 0.27V, c = 2 . 10" mol dm*»,k« = 10J mol*1 dmJ v = 2 V i-« ].

v

10;

ki

- 64 -



3.5a

P.
-ai -a« -a i -4. t it 41 it 1) a«

Pot ant lol / V«it•

3.5b

-as 44 -as

PMantUt / Volt a

3.5c

P
-a ie

4i 44 -as -as as as a«

Potant I • I / Volto

Figure 3.5, some simulated c. v.s correlating concentration and kt,
a) [E| / ( = 0.27V, c = 2 » 10" ♦ mol d»-J, k, = 101 a" 1, k, = 101 mol* * i
s-', v = 2V a-*], b) [Et /• = 0.27V, c = 2 » 10-* mol dm*J, k, = 10» s*
k, = 10s mol' • dm1 s*1, v = 2V s"»], c)[E,/t = 0.27V, c = 2 » 10"* mo
dm-*, k, = 101 a*1, k, =■ 10T mol"1 dm1 a* •, v » 2 V tr*].

- 65 -



,..3.6a
0 -

1 f p
r

-*S -«■* -41 -a I -aI ft. I D a«

Pot ant lot / Yolto

1

i

V

3.6b

-as -a4 -aj -aa -a i ao at as as at

Potential / VoUi

ass

S
J m
•
•
•

3.6c

I"
a

a so

a is

a to

aos

-a as

-as -aft -as -as -at as as a«

PotentI ml / Volto

Figure 3.6, some simulated c.v.s correlating scan rate and ka,
a)[Et,« = 0.27V, c = 2 * 10"4 mol dm*1, k, = 10* s"', k» = 1QJ mol-1 dm:

9V a-*], b) [ Ei , ■ = 0.27V, c = 2 * 10'4 mol dm"', k» = 10J s" 1,
k» = 10s aol"1 da1 a"*, v = 9V a*'], c)[Et,( = 0.27V, c = 2 » 10'4 mol
dm'1, ki = 10J a'1, kt = 107 mol- * dm1 a"1, v = 9 V s*'].

- 66-



-OlOS-j 1 1 1 1 1 1 f-

•4.5 -4l4 -4.3 -4.2 -4.1 Ol 0 0-1 0.2 0.3

-H 1 1

0.4 0.5 a 6 017

Potential / Volt a

aso

- 0.25

s

-4. 05

3.7b

-4. 3 -4.2 -4 1 0.0 a3 0.4

Pot ant la I / Volt*

Figure 3.7, simulated c.v.s showing diffusional effect of chanqinq E,,fnr 4- vrrr i _ i r r* _ ~ . _ a =* ' ''for the ECCE mechanism, a)CE,/t = 0.57V, c = 2
s-», k.
mol dm"*

107 mol"

k, = 101
dm1 s

k«

i- i
, v = 2V s-
= 107 mol"*

10" J mol dm*7, k|
J, b) CEj,, = 0.27V, c = 2 «
dm1

= 1'
10"

v = 2V s-'l,

- 67 -



CHAPTER THREE - BIBLIOGRAPHY

1 Prof. A.J. Bard, Dept. of Chemistry, University of

Texas, private communications.

2 James Evans, Dept. of Chemistry, University of St.

Andrews, private communications

3 Bard, A.J., Faulkner, L.R., Electrochemical Methods, J.

Wiley and Sons, 1980, 575.

4 For a general review see, Reynolds, W.L., Lummry, R.W.,

Mechanisms of Electron Transfer, Ronald Press, New York,

1966.

5 Marcus, R.A., Discuss. Faraday Soc., 1960, 29, 21; J.

Phys. Chem. 1963, 67 853; J.Chem. Phys. 1965, 43, 6769;

Ann.Rev. Phys.Chem., 1964, 15, 155.

6 Ratner, M.A., Levine, R.D., J.Am.Chem.Soc., 1980, 102,

4898.

- 68 -



Addition after Table 4.2, page 101.

Figures 4.7 and 4.8 show a typical concentration

study for BzCr(C0)3. The concentration of complex

has been diluted by a factor of 10 but one does not

witness a commensurate change in ip.a. In fact the

peak anodic current for the 5 mmol dm-3 solution is

greater than 10 times that for the ,5 mmol dm-3

solution. One also witnesses an increase in R with

the more dilute solution.



CHAPTER POOR

EUXTTROaiEMICAL STODIKS OF LCr(OQ)3 OCHTTJOGES

4.1 INTRODUCTION

As stated in Chapter One, one of the primary reasons for

studying the above complexes was the electrochemical

formation of polymers of the type: -

The initial choice of chromium tricarbonyl thiophene

complexes as opposed to other metal-containing heterocycles

was based on four reasons

(i) as opposed to other analogous complexes chromium

tricarbonyl thiophene complexes can be readily

synthesised in good yield^'
(ii) no previous studies of the oxidative electrochemistry of

these complexes had been carried out;

(iii) the HOMO (redox) orbital may possess^ significant

ligand TT -contribution, necessary if radical-radical

polymerisation of the thiophenes is to occur;

Figure 4.1
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(iv) one of the precursors in the synthesis of

CrCCO)^ thiophene (TCriCC^)) is CriCC^)
dimethylaniline (DMACrCcO)^).
Upon oxidation the free dimethylaniline ligand dimerises

to give tetramethylbenzidine, Scheme 4.1 below. This could

conceivably act as a model for the thiophene complexes.

N (CH3)

-2e-

model

CCH^) ^ N- s~\
+ 2Hr

N (CB3) 2

N (CH3)2
Cr (C0)3

—/_Vn (043)2

+2M
Cr (CO)-

-t-
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and thus

Scheme 4.1

Initial investigations into the electrochemical

behaviour of the TCr(C0)2 complexes altered the direction
of this Ph.D. Various polymerisation studies vere carried

out but the main part of the work done was involved in the

pure organometallic behaviour of these complexes and their

arene analogues. Various phenomena such as electrocatalysis

and ligand exchange reactions were studied.

The results of this work have for the first time shown

conclusively the nature of the follow-up reaction after
\

initial one-electron oxidation of these complexes and gone

some way to explaining the different behaviour of Cr(o)

complexes compared to their Ro$)and w(0) analogues.
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4.2 LITERATURE REVIEW

4.2.1 General

The electrochemical study of chromium tricarbonyl arene
I O

(or heterocycle) complexes dates back to 1966 ' . Although

there was some interest in the electrochemical behaviour of

these complexes in the seventies, it is only since 1981 that
c.

the subject has been studied in any great depth . The

increased interest in the electrochemical behaviour of

LCr(CO)2 complexes has really been part of a concerted

electrochemical review of the properties of organometallic

systems upon oxidation/reduction.

Electrochemically (and chemically) the behaviour of

chromium (0) complexes can conveniently be broken into two

types:-

(i) the octahedral complexes, Cr(CO)g|_xLx.
(ii) the tetrahedral complexes, L,Cr(CO)o.

This work is obviously concerned with the tetrahedral

complexes but a suntnary of the electrochemical

characteristics of the former will be given.

4.2.2 Electrochemistry of Cr(0) Octahedral Complexes

The complexes studied have generally been of three

types, Cr(C0)2(L-L)2fCr(C0)4(L-L) or Cr(CO)4L2,
where L is a donor ligand such as phosphine PPh^, PMe^.
The bulk of the work has concerned the subsequent

isomerisation reactions of these complexes upon oxidation,

- 72 -



the effect of the number of carbonyl groups, the influence of
17-23

the other ligands . As well as these electrochemical

studies there has been a widespread theoretical interest in

the problems presented by this group of complexes^-^.
The results of these studies have shown that for

complexes of the type CrCcO^L^ the cis isomer is

preferred but upon oxidation the trans isomer is

preferred ' . It should be noted that these studies

have concentrated on L = phosphine ligand. Similarly for

complexes of the type, Cr ((10)31,3 the meriodonal
configuration is preferred upon oxidation. Theoretical

studies^-^ have indicated that for complexes of the type

CrCcO^L^ the cis isomer should be harder to oxidise, for

Cr(00)31,3 the facial form should be more difficult to
oxidise than the meriodonal forms and finally for

Cr(CX))^L2 the cis- and trans- forms should have the same

E° value. For complexes of the type MfCO^I^ (L^ =

diphosphine complex) it has been shown ' for M = Cr,

Mo and that the trans+ and cis° complexes are favoured

thermodynamically thantrans0 and cis+ species.

In recent years a great deal of study has concentrated

upon Electron-Transfer Catalysis (ETC)"^ of complexes of

the type M(CO)g_xLx^1'3^. Results have shown that ETC
is an important consideration in the electrochemical

behaviour of these complexes. These mechanisms involve a

- 73 -



cross-redox pathway and it is apparent from these studies and
1 7-7?and the previously mentioned work of Bond that

cross-redox processes are corrmon to such systems. This

requires that cyclic voltarrmetrie data for such systems be

treated very carefully.

4.2.3 Electrochemistry of Cr(0) Tetrahedral Complexes

In 1966 Dessy1'^ et. al. reviewed the reductive

electrochemistry of a wide range of aryl and heterocyclic

transition metal complexes including chromium tricarbonyl

thiophene and chromium tricarbonyl benzene. It was not until

1970"^ that the first accounts of the oxidative

electrochemistry of chromium tricarbonyl arene complexes

were published.

This initial publication dealt mainly with the electron

withdrawing capacity of the CrCCO)^ group using a

comparison of E° values for the complexes benzyl and

phenyl ferrocene with, benzyl and phenyl ferrocene chromium

tricarbonyl. The authors concluded using

polarography at a Pt electrode in acetonitrile that chromium

tricarbonyl. benzene underwent a reversible one-electron

oxidation. A close examination of their results would

suggest that the oxidation is in fact quasi-reversible and

involves more than one-electron.
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Following on this theme of observing the electronic

effects of the chromium tricarbonyl moiety a series of

chromium tricarbonyl arene complexes was investigated^.
The authors used a rotating Pt electrode using methylene

chloride as solvent to study of various complexes. With

almost every complex studied they found that the complex

would exhibit two well-defined one-electron oxidations. It

was found that the first electron-transfer was the more

sensitive to the substituents on the arene ring. As a

general rule the more electron-donating the substituent on

the arene ring, the lower the oxidation potential of the

complex. The difference in redox potentials between the

first and second oxidations for each complex was of the order

600-1000mV.

These authors also noted that there was a linear

correlation between Ei, for the complex with both Er and I
"2 "2

(ionisation potential) for the free ligand. Such a

relationship indicates that the redox orbital is strongly

influenced by the arene ligand, although the authors were

unable to demonstrate that the redox orbital was solely

arene-ligand based. Also, upon oxidation these complexes

were found to foul the electrodes.

A hiatus in the electrochemical study of chromium

tricarbonyl arene then followed until the beginning of the

eighties, since when numerous papers have been published.
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Rieke et. al. used cyclic voltarrmetry, Pt disfc- working

electrode with propylene carbonate (PC) as solvent, to study

the series of complexes

(CH3)xE[ArCr(CO)3)], (E = C,Si ,Ge,Sn,Pb;**lp)'6S as the
mono and bis(tricarbonyl) complexes of biphenyl and

9, 10-dihydrophenantherene. This publicatiori* provides a very

comprehensive study of all aspects of the effects of the

Cr(CO)3 moiety upon arene ligands as well as showing that
two or more Cr(C0)3 groups attached to the same molecule

are non-interacting. The same authors published a follow-up

paper shortly after the initial conmunication, in which they

used trif luoroacetic acid (TFAA) as the electrochemical

solvent.

These publications were concerned with the development

of mixed-valence complexes but have led to a foundation for

the electrochemical study of LCr(CO)3 complexes. The
findings are sunmarised below:-

1 the steric bulk of the arene ligand plays an important

part in the stability of the cationic complex. The

bulkier the ligand the more stable the cation to

nucleophilic attack; the authors cite the greater

reversibility of hexaethylbenzene chromium tricarbonyl

as opposed to that of hexamethylbenzene. These two

complexes can be considered as almost equivalent from

the electronic point of view.
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Similarly the lifetime of the cation radical is

increased significantly by lowering the temperature of

the solution. The nucleophilic attack of the cation is

slowed and hence reversibility on the cyclic

voltammetric timescale is observed.

Surprisingly, the authors found that incorporating a

single methoxy- (and indeed other electron-donating

groups) onto the arene ring did not result in increased

cation stability. They did find that incorporating 3

donor groups in the -1, -3 and -5 positions did give

cations which were very persistent. From their findings

involving the comparison of the effects of various

attached groups to the arene the authors proposed that

the above observation is mainly a steric effect.

AEp for the complexes was greater than the expected 59mV

for a one-electron transfer and this is attributed to

the complexes undergoing bond re-organisation upon

oxidation leading the complex to adopt a different

geometry.

By changing the solvent from PC to TFAA the authors

greatly increased the lifetime of the cations. This was

attributed to the non-nucleophilicity of such solvents.

Unfortunately, TFAA is not an ideal solvent for everyday

use due to its toxicity.



Finally, there seems to be some confusion in the paper

as to whether the HOMO of these complexes is composed of

metal 3d character with a significant amount of -ligand

character, or whether it is predominantly metal-based. The

authors appear to contradict themselves on this point. They
7

cite the work of Guest et. al. who, using photoelectron

spectroscopy and ab initio SCF MO calculations, conclude that

there is a significant -ligand contribution, yet they

sunmarise their work by suggesting the HOMO is predominantly

metal based.

Up until this point the studies had not addressed the

detailed mechanism of cation follow-up reactions. This then

changed with the work of Degrand et. al.® and Parker9-12,
which concentrated upon the behaviour of the complex after

oxidation.

g
Degrand et. al. studied the electrochemistry of various

LCr(C0)3 (L-arene) complexes in N,N-dimethylformamide, a

very nucleophilic solvent. They applied several

electrochemical techniques during their investigation

including voltrammetry at stationary and rotating disk

electrodes (R.D.E's), coulometry and galvanostatic

preparative electrolysis. The authors encountered problems

using Pt electrodes (electrode fouling) and to counteract

this they used glassy carbon electrodes.
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This paper was the first to attempt to elucidate the

exact nature of the chemical reactions that take place after

the initial one-electron oxidation of the complex. After

applying coulometry and spectroscopic analysis, the authors

suggest the following occurs

C6H5RCr (CO)3-e- [C6H5RCr (CO)3 ]+ (4.4)
[C6H5RCr(C0)3J+ —} C6H5R + Cr (I) + 3CO (4.5)
Cr(l)-2e —fCr(III) (4.6)

Scheme 4.2

This mechanism would imply that the formation of the

unspecified intermediate Cr(l) species occurs far from the

electrode and its subsequent oxidation to Cr(III) will occur

through solution electron transfers. As to whether the CT

step (1) or the elimination reaction (2) exhibits kinetic

control, the authors do not say. However, with respect to

Rieke's work which shows the oxidation is irreversible unless

nucleophilic attack of the cation is inhibited, then one can

consider two scenarios.

In the case where the oxidation is reversible (by c.v.)

the nucleophilic attack is rate determining whereas in the

irreversible case the electron transfer is rate determining.

As well as studying the mechanism of complex

decomposition, the authors also studied the indirect

electrochemical oxidation of LCr(CO)3 by means of a

catalyst redox couple i.e.
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P Q (4.7)

Q+LCr(CO)o P +[LCr(C0)1]+ (4.8)J NV.-\ J

Scheme 4.3

where Ej^ for the couple P/Q is less than that for
LCr(C0)-^//+. The equilibrium would be expected to lie
well to the left but as P is regenerated it will again be

oxidised by the electrode thus driving reaction (4.8) to the

right.

The authors used these studies to show redox catalysis

was occurring for LCr(C0)3 complexes and they also showed
that substituting the phenyl group with an electron-donating

group did not stabilize the cation, thus confirming Rieke's

work. The catalysis is also being driven by the decompositon

of the [CrCcO^L] species which from the authors point of

view is exerting kinetic control over the process.

Shortly after Degrand's publication, Parker and

Ikeshoji published the first of a series of

9-1? •

papers *~ie- dealing with the electrochemical behaviour of

chromium tricarbonyl arene complexes in acetronitrile. The

authors used linear scan voltanmetry (LSV) and derivative

cyclic voltanmetry (DCV) at stationary platinum electrodes.
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In their initial publication they studied the oxidative

electrochemistry for the series of complexes discussed

below:- [^(CH-^^^^JCr (C0)3, x = 0-6. On the
basis of their findings, they proposed two mechanisms to

explain the resultant electrochemical behaviour of the

complexes. The first mechanism proposed dealt with the case

for the initial oxidation being reversible (i.e. no

nucleophilic attack on monocation), and being one-electron:-

E LCr(C0)3 - e" [LCr(C0)3]+ (4.9)
E [LCr(CO)3] - e--^ [LCr(CO)3]2+ (4.10)
C [LCr(C0)3]^+ ^ ") products (4.11)

Scheme 4.4

The monocation radical is sufficiently stable on the

voltaimetric timescale that a second oxidation can be

observed. The authors found that for x = 0 and 1, no

reversibility could be observed even at the fastest scan

rates applied, 100 V s~*. It was noted that the greater the

methyl substitution on the arene ring the slower the scan

rate required to observe reversible behaviour.

In the second case, when the initial oxidation was

irreversible, due to the presence of a fast follow-up

chemical reaction the normalised diffusion peak current was

found to be about twice that for the reversible case. Based on

these findings the authors proposed a mechanism of an ECE^,
nature (Scheme 4.5). The key step is reaction (4.14) which

generates moreLCr(CO)3 which can then increase the
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diffusional current observed for reaction 4i2:-

(E) LCr(C0)3 - e~ ^[LCr(CO)3J + (4.12)
(C) [LCr(CO)3]+ - V > [Cr(CO)n]"H- + (3-n)C0+L (4.13)
(Eb) [Cr(CO)^]+ + [LCr(CO)3]+ v -

[Cr(CO)n]2++ Cr(CO)3l_ (4.14)

[Cr(CO)^]2+ ^ products (4.15)
Scheme 4.5

While agreeing to a certain extent with the above scheme in

principle (indeed the actual mechanism occurring will be shown

to be very similar) the evidence and arguments in favour of

this mechanism is fragmented. First of all the authors say that

in the irreversible case (Scheme 4.5) the peak current is due

to two one-electron irreversible oxidations with a chemical

reaction occurring before the second oxidation. What species

is responsible for this second oxidation? From the authors

own suggested mechanism the only possible species that can

account for this increased current are regenerated LCr(CO)3
from the step, both steps occurring at the electrode.

Despite this, the authors suggest that the second electron

transfer takes place in homogeneous solution. These authors

do not address the problem of what causes the increased

current and it is here their proposed mechanism falls down.
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The simulations carried out in Chapter 3 of this thesis

have shown that Ip a f°r an scheme depends on the
sue of )?2 > which is itself dependent upon the difference
in E° values for the two couples. The above authors fail

to address this point.

Similarly the authors suggest that because they see CO

loss during coulometric studies, then the (C) step, equation

(4.13) must involve loss of CO. However, the CO loss may

alternatively come as a result of the decompositon of the

dication. As will in fact be shown in the course of this

vork, the Cr(CO)3 moiety does in fact remain intact.
Unlike previous workers these authors suggest that the

increased stability of the more methylated complexes is an

electronic, rather than steric affect. The basis of their

claim is that chromium tricarbonyl hexamethylbenzene is more

stable than its benzene analogue while both are essentially

sterically equivalent. This is rather surprising as one

vould expect hexamethylbenzene to present much more of a

steric obstacle than benzene.

1 ?
In their final paper the authors report that for the

case where the complexes exhibit reversible behaviour then

upon undergoing a second oxidation the products of the

subsequent decomposition include the cationic free arene

ligand. This cation being produced at a lower potential
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than that required to oxidise the free arene. This is quite

an interesting result if the catalytic oxidation of arenes is

a general result.

Suinnaricing these authors work one almost concludes that

the authors produced a theory first and fitted their data

around it rather than vice-versa.

Sandwiched between the above publications was a very
1 *5

important paper by Doxsee et. al. . This paper expanded

upon the usual chromium complexes to consider their tungsten

and molybdenum analogues. The authors used cyclic

voltammetry at a Pt electrode in acetonitrile and N, N-

dimethylformamide to investigate the various complexes. From

a comparison of the relative behaviour of Cr(CO)3(C£H£),

Cr(CO)3[C6(CH3)6] and Cr(CO)3[C6(C2H5)6]
the authors conclude that the stability of the cationic

complexes is determined by steric factors. Upon

investigation of the Mo and W analogues of various Cr

complexes the authors suggest the following can occur

LW(CO)3 -e-^ [LW(CO)3]+-^>[LW(CO^X]+ (4.16)
(II)

Scheme 4.6
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where species (II) is observed by c.v. The authors also show

that species (II) may undergo loss of CO rather than L to

give [LWCCO^X]^. This involves initial nucleophilic
attack leading to an expanded co-ordination sphere complex.

These results have been questioned by later workers in

the field^. Before discussing this it should be mentioned

that there were two further publications in the

field^' ^ before ref. 16. The first of these was a

preliminary communication which used Low Temperature 6.V.

(L.T.C.V.) to study the electrochemistry of LCrtCO)^
complexes. The authors showed that the lifetime of the

cation radical was increased as the temperature of the system

(Pt electrode, Cl^Cl^ solution) was decreased. The paper

also reports a remarkable increase in reversibility for these

systems when the electrolyte was changed from TBAI^to TBAPFg.
This was most probably due to the lower nucleophilicity of

TBAPFg.
1 C.

The other publication dealt with complexes of the

type ^(CO)^, M = Cr, Mo, W and L = hormone (C^H^R).
The results obtained were indicative of an oxidative

elimination reaction generating free steroid.

Returning to the work of Zoski et. al.*®, these

authors have carried out a very thorough study into the

substitution and decompositon reactions of chromium

tricarbonyl arene radical cations and some tungsten

analogues.
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The authors present some very interesting results.

Firstly, they expand slightly on the mechanism suggested by

Parker et. al. upon irreversible oxidation of the complex,

Scheme 4.7 below:-

Scheme 4.7

L = C&H6, Nu = nucleophile
Computer simulations were carried out and when k can be

considered infinitely fast the peak anodic current was 2.2

times that for the case k = 0, and twice that for a simple EC

17
case as predicted by theory . These simulations were

based on the assumption that E° Cr(l)/Cr(II) was 0.5V less

positive than that for the LCr(C0)3O/,+ couple. There is
no experimental evidence for this very important suggestion.

The actual c.v's were recorded in a variety of solvents

of varying nucleophilicity using Pt S.D.E., R.D.E. and

microelectrode techniques. These results suggest that for

the reversible oxidation, n = 1 and for the irreversible

case, n = 2.

Of considerable import was the observation that

induced-ligand substitution in LCr(C0)3 complexes could be

obtained, Scheme 4.8.

LCr(CO)3 - e" v X [LCr(C0)3] +
[ LCr (CO) 3 ]+ + Nu ^ [LCr (C0)3Nu] +
[LCr(C0)3Nu]+ ) L +3C0 + Cr(l) + Hu
Cr(l) + [LCr(C0)3]+ ^ Cr(ll) + LCr(C0)3 (4.20)

(4.19)

(4.18)

(4.17)
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LCr(CO)3 -e" [LCr(CO)3]+ (I) (4.21)

[LCr(CO)3)+ .+ X [LCr(CO)2 X]+ + CO (4.22)

[LCr(CO)2 X]+ + e~ ^ Cr(CO)2L X (II) (4.23)
Scheme 4.8

L = C^Hg, X = P(OBu)3. Solvent = CH2C12
Digital simulation as well as numerical solutions for the

above were performed. (These experiments were carried out in

methylene chloride using TBAPFg.) As in Chapter 3 of this
•it ( xthesis the authors use the ratio of l P/C/ i p,a as a

mechanistic parameter. For the systems studied the

theoretical value was found to be 0.47 and the ratio was

experimentally found to depend on the nature of X. These

authors concluded that decomposition was occurring

simultaneously to the substitution. A fuller theoretical

study from these authors is in press. The authors only

compare the Cr(CO)3 complexes of benzene and mesitylene and
as will be shown in this chapter the ratio of i^pjc/ i^p/a
also depends on the nature of L in LCr(C0)3. In either

case, i.e., dissociation or elimination, the first-step is

thought to be associative addition of the nucleophile.

These authors refute the findings of Doxsee et. al. by

claiming that the initial oxidation of W(C0)3 mesitylene is
a 2-electron process leading to a 7 co-ordinated system

[W(C0)3XL]2+, L = nucleophile which upon reduction can

give either W(CO)2XL or W(C0)3L. These suppositions
are backed up by measuring microelectrode plateau currents.
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4.2.4 Summary

It is clear that the reversibility of the

electron-transfer

LCr(CO)3 - e [LCr(CO)3]+ (4.24)
depends upon the environment of the species. In a

nucleophile-free environment the oxidation is reversible. If

the environment is not nucleophile-free one witnesses a

dechelation of the complex upon nucleophilic addition to the

complex, presumably because Cr unlike Mo and W cannot support

an expanded coordination sphere. In certain cases, eg Bond's

work with Cr(CO)3benzene and P(OR)3, one witnesses CO
substitution by the incoming nucleophile, as well as the

decomposition of the complex. So far this CO substitution

has only been shown to depend upon the nature of the incoming

nucleophile.

Various "cross-redox" processes have been suggested

without any physical evidence for an intermediate Cr(l)

species. The theoretical studies have yet to be fully

completed so corrment has to be reserved until fuller results

are forthcoming.

In the following results section, it will be shown that

an intermediate Cr(I) species is observed upon oxidation of

LCr(CO)3 in CH3CN. For each complex the identity of this
species is shown to be same and to be in fact

[Cr(CO)3(CH3CN)3]+. The mechanism is shown to be
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complex, involving a cross-redox term which can be explained

by application of the theoretical results of Chapter 3.

4.3 EXPERIMENTAL

Unless stated otherwise all materials mentioned were

supplied by Aldrich and used without further purification.

The exceptions to this being pyridine, aniline and

dimethylaniline which were vacuum distilled twice prior to

use. Solvents were HPLC grade and stored over 4A molecular

sieve. All solvents were thoroughly degassed prior to use

using N2 or Ar.

Apart from Cr(CO)3C6H3Cl,

Cr(C0)3(C6H5NC4H4) which were supplied by Dr. D. T.
Miller"^, and Cr(CO)3CgHg and

Cr(CO)3C0H3(CH3)3 which were supplied by Aldrich,
all Cr(CO)3 (arene) complexes were synthesised by the
method of Nicholls and Whiting^; a typical synthesis for

Cr(CO)3thiophene"^ will be given.
All syntheses were regarded as air sensitive and as such

standard Schlenk line and catheter tubing techniques were

used until the product was isolated as solids. These solids

were stored, under N3> in the freezer compartment of the

refrigerator.

The synthesis of the complex chromium tricarbonyl

phenylthiophene will be given. Phenylthiophene (and

berizylthiophene) was made by standard literature techniques .
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This is followed by the synthesis of chromium tricarbonyl

thiophene complexes.

Phenylthiophene chromium tricarbonyl.

A solution of chromium hexacarbonyl (2.20 g) and

3-phenylthiophene (1.5 g) in decalin (20 cm'*) was heated

under reflux for 6 hours (Cr(CO)g being returned

mechanically), allowed to cool to room temperature and

diluted with ether (100 an^). The resulting solution was

then filtered through 5 g of activated alumina, the filtrate

evaporated until a precipitate formed. This precipitate was

filtered off, thoroughly washed with light petroleum and

dried in vaccuo. The product was recrystallised from a

methylene chloride:hexane mixture to afford bright yellow

crystals. The yield was generally 45-55% (unoptimised).

C-H-N; Actual 53.08%C, 2.67%H, Theoretical 52.69%:, 2.72%H,

V
^ (hexane) = 1981 cm-*, 1916 cm-*. *H n.m.r.

£>7.45 (1H, thiophene), $ 7.40 (1H thiophene), $7.25 (1H

thiophene), £ 5.67 (2H, phenyl), & 5.48 (2H, phenyl), 6 5.28

(1H, thiophene). M.S. M+ = 296, [-2CO)+ = 240, [M-3C0]+ =

212, L+ = 160. The results of the *H n.m.r. show that

the Cr(CO)3 group is co-ordinated solely to the phenyl

group and no isomerisation to ring co-ordination is

occuring.
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Thiophene chromium tricarbonyl.

A solution of a 3-thiophene (30) mmol) in dry,

^-saturated ether was added to chromium tricarbonyl
trispyridine®® (500 mg) under N2. Twice distilled boro
trifluoride diethyletherate (600 mg) was added to the mixture

and the solution was magnetically stirred for 15 minutes.

Dry, ^-saturated ether was added and the mixture was

cooled to 0°C and diluted with air-free water (8 ml). The

mixture was extracted with ether until the extracts were

virtually colourless. After washing the combined extracts

with water, they were dried over sodium sulphate, before

removing the solvent under vacuum. The material was

recrystallised from di-isopropyl ether and afforded red

crystals. Hie yield was never greater than 40% which was

disappointing, similarly the product was quite air

sensitive. Indeed the chromium tricarbonyl thiophene

complexes tended to decompose after a few days even if stored

under N2 in the freezer.

Microanalysis never yielded repeatable results but the

complex was characterised as follows:-

M. Pt, actual 158°C, theoretical 160°C. M.S. 234 = M*7,
206 = [M-C0]+, 178 = [M-2CO], 150 = [M-3CO]+, 98 =

(C^H-^ClOsJ*, 52 = Cr+, methylene chloride
1930 cm-1, 1862 cm""1, 1H n.m.r., = & 2.30 (3H,

methyl), <S 5.13 (1H, thiophene), 5.45 (2H, thiophene).
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Electrochemically, in the latter parts of this work the

solvents have been HPLC grade, this was not always the case.

Prior to using HPLC grade solvents, Analar grade was used

after passing through an alumina column. This grade of

solvent was found to be inadequate due to the presence of

nucleophiles and impurities. Similarly after Bond's
14-

publication concerning the use of TBAPF^, the supporting
electrolyte used was changed frctn TBABF^ to TBAPFg. This
led to slight differences in the behaviour of complexes which

are mentioned in the Results section. The complexes were

also sensitive to the purity of the supporting electroylte.

Recently, it has been found in this laboratory that

direct sunlight (but not fluorescent light) increases the

rate of complex deterioration in solution. It is thus

suggested that in future work solutions should be protected

from natural light wherever possible.

4.4 RESULTS AND DISCUSSION

4.4.1 Acetonitrile as Solvent

In terms of polymerisation experiments acetonitrile

would be one of the worst choices as solvent, due to the

known instability of cation radicals in this nucleophilic

solvent. The electrochemistry of chromium tricarbonyl

thiophene complexes had not been investigated in this solvent

though so it was decided to take a look at the

electrochemistry of these complexes in this solvent first.
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The first complex studied was 3-methylthiophene chromium

tricarbonyl, 3-MeTCr(CO)3. Figure 4.2 shows the resulting
c.v. of this complex in CH3CN. This c.v. shows all the
evidence of an EC reaction, product wave B/b' (=

-0.33V vs Ag°/+) which is absent on the initial scan

appears on the reverse cycle after oxidation of the complex

(Ep n = 0.18V vs Ag0/^+). From the Figure one sees the
effects of multiple scans, the initial ip a slowly
decreases to a constant level while i for couple

B/B* increases to a constant value. This is typical of an

ECE reaction.

On applying more anodic sweep limits, Figure 4.3, one

sees a second oxidation at 0.59V, a third wave at 0.91V and a

fourth at 1.19V, as well as the appearance of the product

wave at -0.33V. The ratio of ip c for the product wave to

ipf3 for the 3Me-t Cr(C0)3 complex is considerably
reduced on scanning to these higher potentials.

Does this EC process occur for all complexes of the type

Cr(00)30? Table 4.1 below shows that indeed it does:-
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C.v. data for irreversible oxidation of LCr(C)0)3 complexes

Ligand, L sp.a/v Eol(prod)/V ip,c(prod)/i
c4h3(ch3)s 0.18 - 0.35 0.45

c4h4s 0.24 - 0.33 0.30

c6h5n(ch3>2 0.27 - 0.32 0.29

c6h5nh2 0.29 - 0.33 0.33

c6h5nc4h4 0.49 - 0.32 0.08

c6h5c4h3s 0.52 - 0.33 0.10

c6h5ci 0.58 - 0.35 0.01

0.67 - 0.33 0.01

Table 4.1

1 Peak potentials as measured at a uniform scan rate of

200 mV s-1 vs Ag/Ag+ (E>Fc/Fc+ = 0.12V)

Within the bands of experimental error one is seeing the

generation of the same product for each complex studied. The

first task is to identify this product.

From Bond's work^ the obvious choice of product would

be [LCr(CO)2(CH3CN)]+. This obviously is not the case

as E° (prod) for each complex is the same and would be

expected to differ due to the nature of L.

([LCr(CO)3(CH3CN)]+ may well be an intermediate, but we

do not detect its formation by c.v.) An obvious choice of

reaction involves complete dechelation of the ligand L to

give (Scheme 4.9), [Cr(CO)3(CH3CN)3]+:-
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(E) LCr(C0)3 - e~ v s [LCr(CO)3)+ (4.25)
(C) [LCr(CO)3]+ + 3CH3CN >[Cr(CO)3(CH3CN)3)+ + L (4.26)

[Cr(CO)3(CH3CN^]+ + e~ -—> Cr(CO)3(CH3CN)3 (4.27)
Scheme 4.9

The product of this EC scheme was in fact found to be

[Cr(CO)jCH-jCI^]"1" as follows. The complex Cr(CO)g
(10 mlT ) was photolysed in CH3CN solution (containing
0.1M TBAP£) for various lengths of time during which c.v.s
were recorded. This photolysis caused a stepwise replacement

of CO by CH3CN. Figure 4.4a shows the c.v. of this
solution after 2 minutes photolysis while Figure 4.4b shows

an expanded c.v. of the same solution which is scanned to a

lower cathodic limit. Figure 4.4c shows the c.v. after 10

minutes photolysis, same limits as 4.4a, Compared to 4.4a,

4.4c shows the appearance of two reversible redox couples,

^A/A' = °-10V' ^B/B' = °-57V ^,3 (Cr(CO)6) =
1.24V. Figure 4.4d shows a greatly expanded (x 20) c.v. for

the region OV ^-0.5V, one sees the appearance of a

reversible couple at -0.28V. These results are in keeping

with the formation of Cr(COj^Cl^CN,

Cr(CO)4(CH3CN)2, Cr(C0)3(CH3CN)3. When these
values are corrected relative to E° (Fc/Fc+) = 0.16V for

this system this changes the values to 1.20V (Cr(CO)0),
0.53V ( Cr(CO)5CH3CN), 0.06V ('Cr(CO)4(CH3CN)2 ),
- 0.32V {Cr(CO)3(CH3CN)3)l . relative to the results given
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in Table 4.1. These results are also in keeping with the

literature values reported for these complexes by Kochi

et. al. . A solution of cr(CO)3(01301)3 was produced
by refluxing Cr(CO)g in CH3CN for 12 hours. This
solution was extremely unstable (indeed

CrfCO^CI^CN^ is known to be pyrophoric) and so was

treated with extreme care.

Figure 4.5a shows the c.v. of this solution between

-1.0V and 0.0V while Figure 4.5b shows the c.v. between the

limits -1.0V and 1.0V. Figure 4.5a shows the presence of a

redox couple E = -0.41V while Figure 4.4b shows the presence

of this redox couple and another at E° = 0.01V and an

irreversible redox wave at 0.66V, these are relative to

E° (Fc/Fc+) = 0.04V. These E values are equivalent to

E° [Cr(CX))3(CH3CN)3] +//° = -0.33V and E°[Cr(C0)4-
(CH3CN)2]+//° = 0.09V relative to E° Fc/Fc+ = 0.12V.
This implies that the two redox couples are

Cr(C0)3(CH3CN)3O/+ (A/A') and
Cr (C0)4(CH3CN)2O//+(B^)with the irreversible redox wave

due to:-

[Cr(CO)3(CH3Chi[3]o/+- e- [Cr(C0)3(CH3CN)3]2+(4.28)
All these results point to the products of the EC scheme

for LCr(CO)3 being the trisacetonitrile conplex. In an

attempt to isolate Cr (CO) 3(013010 3 as the product,
C.P.E. experiments were carried out, this generally resulted
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in a green solution of Cr(III) and electrode fouling also

occurred. In an attempt to observe the

[Cr(CO)3(CH3CN)3]+ species, the electrochemical FTIR

set-up described in Chapter 2 was also applied. Figure 4.6

a and b show typical FTIR spectra for the two techniques which

qualitatively at least add weight to the assignment of the

product peak in the c.v. to the species

[Cr(CO)3(CH3CN)3]+. The difference spectrum for a

solution of DMACr(C0)3 before and after a potential step was

applied to the solutions. The bands at 1906cm~^ and 1789 cm-*
may be tentatively assigned to [Cr(CO)3(CH3CN3]+ but *s
obvious that further work is necessary to substantiate these

claims. This work was still in its infancy at the time of

writing.

Comparing the results, E° values, for the

Cr(CO)3(CH3CN)3 solution with those of 3Me-TCr(C0)3 i

would indicate that the second oxidation observed for

3Me-TCr(CO)3 is that for [Cr(CO)3(CH3CN)3]+. This
second oxidation was also observed for thiophene Cr(CO)3*
and DMACr(CO)3, although in the DMACr(CO)3 case

dechelation gives DMA which is oxidised at these potentials

(Scheme 4.1).

It can now be seen that for the first time a direct

intermediate in the subsequent behaviour of [LCr(CO)3]+ has
been detected. The fact that the intermediate is

[Cr(CO)3(CH3CN)3]+ is very important as it shows the
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tricarbonyl, Cr(CO)3, moiety, remains intact upon

nucleophilic attack.

From a study of i^ / ip/3 ■> R> shows that a general
trend exists in its relationship with Ep>a for the complex.
As Ep a increases R decreases, a shift in Ep a of 400mV
leads to a decrease in R from 0.45 to 0.01. Chapter 3 has

shown that for a simple EC mechanism the effect of E_ , onp, a

the ratio, R, is very small so obviously one is dealing with

a more complicated system.

The obvious reason is that the application of higher

potentials is leading to oxidation of

[Cr(CO)3(CH3CN)j]+ to [Cr(CO)3(CH3CN)3]2+.
This dication can be expected to be very reactive and thus

the oxidation will be irreversible. As the formation of

[Cr(CO)3(CH3CN3]+ will probably take place far from
the electrode the oxidation may well be homogeneous,

suggesting a mechanism of the form:-

(E) LCr(CO)3 - e~ \ N [LCr(C0)3]+ (4.29)

(C) [bCr(CO)3]+ > [Cr(CO)3(CH3(43]+ + L (4.30)
(E^ [LCr(CO)3]+ + [Cr(CO)3(CH3CN)3]+

LCr(CO)3 + [Cr(CO)3(CH3CN)3)2+ (4.31)

(E) [LCr(C0)3 ]+ + e- ^ N uCr(C0)3 (4.32)
Scheme 4.10
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Q 1 O
This is in keeping with the findings of Parker^ and

Bond^, although one now knows that there is an

intermediate of the form [CrtCO^S^] , s = solvent
molecule. Unlike Bond's assumption that E° for the

Cr(l)/Cr(Il) couple is less than 0.5V more anodic than that

for LCr(C0)2°^+ (in Bond's case L = benzene, mesitylene) but
from Figure 4.4b would appear to be of a comparable

potential. For Bond (and Parker's) suggestion one not only

sees dechelation but loss of CO which is necessary for their

proposals.

From our findings which suggest E° Cr(I)/Cr(II) is

generally greater than that for CrtCO^L0''** then the
indications are that the equilibrium for the step, will

be well to the left. However as Degrand - et. al. have

shown this type of reaction will be driven to the right by

the re-oxidation of the regenerated LCrCCO)^ and in this
case the decomposition of the [CrfCOj^CHgCN^] species.
From the Marcus Theory (see Chapter 3) the rate of this

reaction is greatly influenced by AEp for the two couples
and a shift in the LCr(CO)3°^+ couple by 474mV will lead
to an increase in 103/ the rate constant for the forward
reaction by 10^.

The type of mechanism suggested, Scheme 4.10, has been

simulated in Chapter 3. The results obtained there would

indicate Scheme 4.10 is correct, this is solely from a

comparison of R values. Apart from the ratio R there are

other criteria which could support this mechanism. Chapter 3
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indicates that i_ , will increase, the amount of increase
y f a

depending on the extent of the cross-reaction and that there

is also a concentration effect, both effects being dependent

upon the cross-reaction.

Taking concentration first, for high values of )^2

(high Ep/3) one would have to use very low concentrations
of LCr(C0)3 to notice any effect. Cyclic voltammetry at

such low concentrations, 10"^ mol dnT^ - 10"^ mol dnf^ is

not an ideal technique due to high non-Faradraic effects

imposed on the vol taimog rams. It was also found that using high

concentrations of LC^CO)^, 20mM was also unapplicable
due to rapid electrode-fouling upon cycling, leading to

unreproducible results. By high k2 values one is referring
back to Chapter 3 where a high k2 would be
lO"' mol~* dm"^ s-*, intermediate k2 would be
10^ mol-1 dm^ s_1 and low k2 would be 10"* mol-1
dm"* s~*. The choice of these values for the simulations lets one

study a system where the cross-redox reaction has very little
Q 1 ? —1

effect, k2 = 10J mol-"1 dm s to one where it has a
-1 1 O 1

very marked effect k2 = 10 mol dm s .

For the case where the cross-redox reaction was

intermediate (i.e. the half-life of the

[Cr(CO)3(CH3<N)3 ]+ species allows it to be seen

clearly on the c.v. timescale) one would see a narked change

in R (decrease) upon using higher concentrations. In

contrast, R remains constant for lower concentrations.
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Varying the concentration of various complexes was tried

but due to the aforementioned problems no conclusions could

be drawn.

The other effect that was most noticeable from the

simulations was the effect of k2 on ip>a- Assuming that
all the complexes studied have similar diffusion

co-efficients and similar rates of electron transfer, then as

EL , increases one should witness an increase in , for
p* a p/a

the other complexes. Table 4.2 below shows the i_ _ values
P/ a

for various complexes of the same concentration (2mM)

recorded at 200 mV s~*.

Ligand ^a^/ip^1 >
C4H3(CH3)S (1) 0.18 1

C6H5N(CH3)2 (x) 0.27 1.1

C6H5C4H3S (x) 0.52 1.2
(x) 0.67 1.5

Table 4.2

Coupling all these results together then suggests that

the systems under examination are in fact exhibiting some

form of ECE^ type behaviour. As was discussed in Chapter 3
the assumption that is constant is probably not valid and

as a result there will be a more complex relationship between

Ep,a and R and i_ a. The results (Chapter 3) as discussed
pz a

have not yet been fully quantified.
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As to the mechanism of the chemical step, which is

pseudo first-order, it seems likely from the results of

Bond^ that one gets initial nucleophilic addion of CH3CN
to form [LCR(CO)3(CH3<N) ] + . It is known that Cr will
not readily support an expanded coordination sphere from 6 to

so it would seem likely that the r^-ligand L dechelates
to give a ^-complex ("ring-slippage") rather than lose CO.

It is very likely that this dechelation rather than

elimination of CO is governed to a certain extent by the

properties of the incoming nucleophile. Indeed results would

suggest that the more '*» -acidity the ligand possesses, the

more probable CO elimination over dechelation. In the above

case where partial dechelation to a o^-ligand has

occurred, once the CH3CN is fully bound to the Cr,

rechelation, which would result in loss of CO or CH3CN, is
energetically unfavourable. Thus one gets rapid loss of L to

form the trisacetonitrile complex.

An interesting feature of the electrochemistry of

LCr(C0)3 in CH3CN is that the addition of 1 mol

equivalent of PPI13 leads to almost total loss of the

[Cr(CO)3(CH3CN)3]+ peak. No other redox waves are

observed. Indeed this is typical for the addition of

butylisocyanide and (PhO^P as well. In acetronitrile it
is most probable that due to the great excess of solvent one

- 102 -



rapidly forms [Cr(CO) j'fCH^CN)^], and this species is
very liable to ligand exchange, leading to a very complex set

of reactions. Figure 4.9a shows the enlarged c.v. response

for icr(CO)3(CH3CN)3 ]+ produced from DMACr(CO)3 while
4.9b shows the subsequent response after adding 1 equivalent to

Ph3P.
The temperature dependence of this system was studied

using the thermostatted cell mentioned in Chapter 2. Figure

4.10a shows the c.v. response for a 2mM solution of

Ct(CO)3BMA at 11°C while Figure 4.10b shows the response
of the same solution at -26°C. R has dropped from 0.25 to

0.17 so it would appear that the reaction is being slowed

down. Unfortunately this system was not geared to go to

lower temperatures but this aspect of the work deserves

further investigation.

In summary, this work in acetonitrile shows one of the

great advantages of cyclic voltammetry, the ability to detect

reaction intermediates. For the first time an intermediate

has been detected after the initial oxidation of LCr(C0)3.
In acetonitrile all complexes studied would appear to undergo

loss of the arene moiety. The cross-redox reaction which has

been suggested now has a foundation in actual experimental

findings.
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A.A.2 Redox Catalysis Studies.

As discussed in Chapter 1, information on fast

homogeneous electron transfers reactions may be gleaned from

studies of redox catalysis. Thus, this part of the work was

based on that of Degrand et. al.® who found that the

oxidation of EMACr(C0)3 in DMF is catalysed, i.e. requires
a lower potential in the presence of a redox couple, Scheme

4.2. The authors suggest that the driving force for the

cross-redox reaction is the subsequent decomposition to a

Cr(l) species of [LCr(C0)3]+.
In an attempt to examine the effect of redox catalysis

on the production of [Cr (CO)3(CH3CN)3]+ one employed
dimethyl ferrocene as a redox catalyst, DMACr(C0)3 as

substrate and CH3CN as solvent. In both EMF and CH3CN
the reaction

[LCr(CO)3]+ ) Cr(I) + CO + L (4.33)
was proposed by Degrand et al. to occur readily. Thus it may

be postulated that redox catalysis in CH3CN should occur

and mirror that in DMF. In the work carried out here and

that of Degrand there was no trace of the complex

[Cr(CO)3(DMF)3]+ on the c.v. timescale, this will be
discussed later.
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The work of Degrand was repeated and redox catalysis was

observed in EMF (not to the same extent but nonetheless quite

appreciable). However, in the comparable CH-jCN system very

little redox catalysis was observed. The system studied can

be considered in terms of ratio of catalyst to substrate,

DMFc:DMACr(CO)3. There were three systems studied:-

(a) ImM:2nM

(b) 2mM: 2rrM

(c) 2mM:ImM

and each system was studied at scan rates of 50, 100, 200,

400 mV s-1. Tables 4.3 - 4.5 below show typical results

for these systems.

System (a), ImMDMFc: 2mM Cr(CO)3DMA
v/mV s 1 ip^^a

DMFc DMFc + Cr(C0)3EWA
50 0.90 0.78

100 0.91 0.73

200 0.81 0.71

400 0.77 0.60

Table 4.3
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System (b) 2mMDMFc: 2mMCr(CO)3DMA
v/raVs-* ^Prc/^a 1p,c/ip,a

DMFc DMFc + Cr(C0)3DMA
50 - 0.88

100 0.46 0.70

200 0.87 0.67

400 0.83 0.70

Table 4.4

v/mVs-* ip,c/ip,a ip,c/1p,a
DMFc DMFc + Cr(C0)3DMA

50 0.90 0.84

100 0.88 0.73

200 0.82 0.67

400 0.83 0.72

Table 4.5

The errors in these measurements are probably of the

order of 10% and are due to the proximity of the two redox

couples. One can see from the slightly decreased values of

ip/C/ ip^a for the catalyst plus substrate system that
some redox catalysis ocurred but very little when compared to

Degrand's results. Figure 4.11^shows just how close the redox

couples actually were, note the appearance of the

Cr(<X))3(CH3CN)3°'''+ couple. Figure 4.11b shows a

typical c.v. for these studies and one can see a trace of the

Cr(CX))3(CH3CN)3^* couple indicating catalysis has
occurred.
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Why should EMF be such a good solvent for redox

catalysis and CH^CN not? There are two possible reasons,

the first being that in CH^CN the reaction of

[LCr(CO)3)+ produces a stable (on the timescale of the
experiment) cation and the catalysis does not have the same

kind of thermodynamic push. Secondly, it may be the case

that in DMF after initial oxidation of the complex the rapid

follow-up reaction produces [Cr(CO)3(DMF)3]+, for this
complex E° for the couple [Cr(CO)3(DMF)3]^/2* may be far more

negative than its CH3CN analogue and one may get:-

DMFc+ + [Cr(CO)3(DMF)3)+^=^DMFc +

Cr(CO)3(DMF)3]2t (4.34)

[Cr(CO)3(DMF)3]2f- ) products (4.35)
Scheme 4.11

In which case the catalysis is driven not by the chemical

reaction to form a Cr(l) species, but by the redox potential

of the species [Cr(CO)3S3]+*/2+. The results obtained
in this work would suggest the latter process is actually

occurring since the rates of Cr(III) production frctn

[Cr(CO)3)+ decomposition are comparable in the two
solvents^-^. If [Cr(CO)3(CH3CN)3]+ intermediate
stable at this potential was formed then these rates should

be different.
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4.4. 3 Methylene Chloride as Solvent

As discovered by Bond^ the supporting electrolyte can

have a tremendous effect on the reversibility of the

LCr(C0)3 system in CH2C12. Much of the work in this
Ph.D used TBABF^ as electrolyte and as such all the

conplexes studied gave irreversible or quasi-reversible

oxidations unless the arene group was heavily methylated, in
7-13

keeping with the findings of other works' .

Upon switching to TBAPFg as electrolyte there was a

dramatic increase in the reversibility of these systems,

Figures 4.12 and 4.13 show the electrochemical behaviour of

c6H6(Cr(C0)3 in CH2C12 with TBABF^ and

TBAPFg respectively while Figure 4.14 shows that for

c6H6(Cr(CO)3 relative to DMFc as standard.
Unfortunately all the studies relating to chromium

tricarbonylthiophene complexes had been carried out using

TBATf^ as electrolyte and so irreversible oxidation was

observed. It is apparent that initial oxidation of LCr(C0)3
is essentially metal based and thus one would not expect any

radical-radical coupling. If this first oxidation is

reversible then a further oxidation of the complex may take

place with the oxidation being ligand-based. Indeed Parker's

12..
work indicates that the formation of the dication

[LCr(CO)3]^+ leads to the formation of Cr(I) and L+ species.
OA.

Thus before [LCrCCO^] decomposes radical-radical

coupling, upon suitable choice of L, may be possible.
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Rather than use LC^CO)^, L = thiophene, it was

decided to make the arene co-ordinated 3-phenylthiophene

complex. This complex being arene-ligand based should be

much more stable than the thiophene co-ordinated complex.

Poly-3-phenylthiophene is also a good organic

electroconductive polymer2^. As the results for

c6H6Cr(CO)3 and C6H5N (CH3) 2Cr (CO) 3 show the
first oxidation can be made reversible and thus the

phenyl thiophene complex should be an ideal candidate for

polymerisation.

Unfortunately, despite extensive study the oxidation of

phenylthiophene-Cr(C0)3 in CH2C12 has been found to be
irreversible. Why this should be so when these other species

exhibit reversible'oxidation is very peculiar. Polymer films

have been grown from solutions of the complex by scanning to

positive potentials, but these films have the c.v.

characteristics of films prepared from the ligand itself,

Figures 4.15a, 4.15b respectively.

In an attempt to induce polymerisation, polymer coated

electrodes [poly(3-phenylthiophene) ] electrodes have been

used to study the cyclic voltarrmetry of 3-PTCr(CO)3 in

CH2C12. So far these studies have seen rapid fouling of
the electrodes.

At the moment one is at a loss on how to explain the

behaviour of 3-PTCr(CO)3.
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Very little work has been carried out on the effects of

adding nucleophiles, phosphines, isocycinides, etc. to

solutions of LCriCO)^ exhibiting reversible behaviour. So

far any addition of nucleophile has led to the expected loss

of reversibility but one has been unable to detect any

reaction intermediates a la Bond*®. This may just be due

to experimental error; however, further work is necessary.

4.4.4 Other Systems

The work done in this chapter has concentrated mainly on

the behaviour of LCrCco)^ complexes in CH3CN and

Right at the beginning of this Fh.D synthesis of

complexes of the type LCrCCO)^, L = thiophenes, were

attempted. The product was obtained as part of a mixture,

frcm mass spectral data but could never be isolated. It

should be possible to isolate these complexes which should

exhibit quite different electrochemical properties from the

LCr (00)3 complexes.

Similarly just recently the sandwich complex

[C^H^SRuC^H^lCl has been reported4®. This complex
has been synthesised in these laboratories recently and an

investigation into its electrochemistry is in progress

although results at the moment would suggest that upon

oxidation the complex undergoes quite complex EC type

behaviour.
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On the solvent front some experiments have been

performed in propylene carbonate for 3P-TCr(C0)3 but again
the complex undergoes irreversible oxidation. Moving the

system to a much less nucleophilic solvent such as TFAA may

prove to be required for the observative reversible behaviour.

4.5 SUMMARY

The electrochemical behaviour of LCrCCO)^ in a

nucleophilic environment has been well catalogued. The

results obtained in this Ph.D have direct consequences to a

greater understanding of these systems and their subsequent

electrochemical behaviour. In conjunction with the work of

others it can be seen that the basicity of the nucleophile

can determine the subsequent behaviour of a substituted

complex i.e. as to whether one gets CO substitution or arene

elimination. The product of arene elimination can interact

via a cross-redox process with its parent complex to give an

ECE type mechanism. Results obtained provide direct

evidence, for the first time, of this.

The prospects of polymerisation of LCrCCOjg by
electrochemical means look bleak at the moment although a

greater understanding of the behaviour of 3-PtCr(CO)3 is
required. Attempts have been made to synthesise

Cr(CO)33-benzyl-thiophene but have as yet proved
unsuccessful, the electrochemistry of this material could

prove to be very fruitful.
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Generally the overall picture for continued research

into the electrochemical behaviour of LCrtCO)^ looks quite

bright. These is still much to be done and it is hoped that

the results presented here will help in their own small way.

Future studies concerning these complexes should be

directed towards photolysing a solution of Cr(CO)g in a

non-nucleophilic solvent at a polyaniline or

polyphenylthiophene coated electrode. This may induce a

substitution reaction leading to co-ordingation of the

Cr(C0)3 group to the polymer.

Note4^.

Mo and W complexes either show stability to oxidation in

MeCN or in the case of tungsten from the stable

LW(C0)3(MeCN)+ cation which on reduction reverts to

LW(CO)3- Only Cr complexes can form

(MeCN^MCCO^"1", while only W can form

LW(C0)3(MeCN) + . The differences are highlighted in the

mesitylene complexes where completely different behaviour is

seen for all three metals: Cr - L displacement by MeCN: Mo -

reversible oxidation; W - Reversible formation of MeCN

adduct. Only for hexamethylbenzene is uniformity observed -

the ligand is so bulky that they are all reversibly

oxidized.
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Figure 4.2, c.v. of 2 mmol dm-3 3-MeTCr(C0)3 1n
acetonltriie, 0.1 mol dm-3 TBAT\support1ng
electrolyte, v = 200 mV s~1.

E Yolts vs. Ag/Ag+

Figure 4.3, c.v. of 2 mmol dm-3 3-MeTCn(C0)3 1n
acetonltrlle, 0.1 mol dm-3 TBATi^supportlng
electrolyte, v = 200 mV s_1.
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Figure 4.4, a) c.v. of 10 mmol dnr3 solution of
Cr(C0)B in acetonltrlle which has been photolysed for
2 minutes, 0.1 mol dm-3 TBAT^supporting electrolyte,
v = 200 mV s~1, b) c.v. of 10 mmol dnr3 solution of
Cr(C0)s 1n acetonitrlle which has been photolysed for
2 minutes, 0.1 mol dm-3 TBAT^.support1ng electrolyte,
v = 200 mV s"1.
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Figure 4.4, c) c.v. of 10 mmol drtr3 solution of
Cr(C0)e 1n acetonltrlle which has been photolysed for
10 minutes, 0.1 mol dm-3 TBAT^supporting electrolyte,
v = 200 mV s_1, d) c.v. of 10 mmol dm-3 solution of
Cr(C0)# 1n acetonitrile which has been photolysed for
2 minutes, 0.1 mol dm-3 TBAT^supportlng electrolyte,
v = 200 mV s_1.
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Figure 4.5, a) c.v. of solution of Cr(CO)# in
acetonitrUe which had been refluxed for 6 hours, 0.1
mol dm-3 TBAT^supportlng electrolyte, v = 200 mV s*1,
b) c.v. of solution of Cr(C0)e 1n aceton1tr1le which
had been refluxed for 6 hours, 0.1 mol dm-3 TBAPFe
supporting electrolyte, v = 200 mV s_1.
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Figure 4.6, a) FTIR spectra of a solution of
DMACr(C0)3 1n acetonltrlle which had been undergoing
C.P.E. for 1 hour, 0.1 mol dm-3 TBAPFo supporting
electrolyte, potential applied = 0.4 V, b)
differenece FTIR spectrum obtained for a solution of
DMACr(C0)3 1n acetonltrlle applying
electrochemical specular reflectance technique.
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Figure 4.7, c.v. of 5mmol dm-3 solution of DMACr(C0)3
in acetonitrlle, 0.1 mol dm-3 TBAPFo supporting
electrolyte, v = 200 mV s-1.

Figure 4.8, c.v. of 0.5mmol dm-3 solution of
DMACr(C0)3 1n acetonitrlle, 0.1 mol dm-3 TBAPFe
supporting electrolyte, v = 200 mV s~1.

E Voli« vs. Ag/Ag+
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Figure 4.9, a) expanded current response for a c.v.
of 2 mmol dm-3 DMACr(C0)3 1n acetonltrlle, 0.1 mol
dm-3 TBAPFe supporting electrolyte, v = 200 mV s-1,
b) expanded current response for a c.v. of 2 mmol
dm"3 DMACr(C0)3 1n acetonitrlle containing 2 mmol
dm-3 PPhs, o.i ■oi dB~3 TBAPFe supporting
electrolyte, v = 200 mV s_1
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Figure 4.10, a) c.v. reponse for a solution of 2 mmol
dm-3 DMACr(C0)3 in acetonitrile, 0.1 mol da""3 TBAPF6
supporting electrolyte, v = 200 mV s"1, T = 11 °C,
b) c.v. reponse for a solution of 2 mraol dm"3
DMACr(CO)3 in acetonitrile, 0.1 mol dm"3 TBAPF6
supporting electrolyte, v = 200 mV s"1, T = -26° C.
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E Volts vs. Ag/Atf*

Figure 4.11, a) c.v. response for a solution of 1
mmol dm-3 DMACr(C0)3 1n acetonltrlle containing 1mmol dm"3 1,1'-dlmethylferrocene, 0.1 mol dm-3 TBAPFe
supporting electrolyte, v = 100 mV s_1, b) c.v.
response for a solution of 1 mmol dm-3 DMACr(C0)s 1nacetonltrile containing 1 mmol dm-3
1,1'-dimethylferrocene, 0.1 mol dm-3 TBAPFs
supporting electrolyte, v = 100 mV s~1.
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3.5

E Volts vs. Ag/Ag+

Figure 4.12, c.v. response for a solution of 2 mmol
dm"3 BzCr(C0)3 in methylene chloride, 0.1 mol dm"3
TBATF4 supporting electrolyte, v = 200 mV s"1.

11 i ■ I i I i—
>0.4 0 0.4 0.8
E Volts v*. Ag/Afl*

Figure 4.13, c.v. response for a solution of 2 mmol
dm"3 BzCr(C0)3 in methylene chloride , 0.1 mol dm"3
TBAPF6 supporting electrolyte, v = 200 mV s"1.
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Figure 4.14, c.v. response for a solution of 2 mmol
dm*3 BzCr(C0)3 in methylene chloride containing 2
mmol dm-3 1,1'-dimethylferrocene, 0.1 mol dm"3 TBAPF6
supporting electrolyte, v = 200 mV s"1.
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Figure 4.15, a) c.v. of polymer film grown from
solution of 2 mmol dm*3 3-PTCr(C0)3 1n methylene
chloride, three scan rates applied, 50, 100 and 200
mV s*1, 0.1 mol dm*3 TBAPFo supporting electrolyte.
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4.15 b

Figure 4.15, b) c.v. of polymer film grown from
solution of 2 mmol dm-3 3-phenylthiophene 1n
methylene chloride, three scan rates applied, 50, 100
and 200 mV s*1, 0.1 mol dm-3 TBAPFe supporting
electrolyte.
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CHAPTER 5

5.1 INTRODUCTION

The results of the previous chapter show that after

initial one-electron oxidation chromium tricarbonyl complexes

undergo dechelation; it was thus hypothesised that complexes

of the type LCr(CO)4 might behave similarly (note L =

diene) i.e:-

(E) LCr(CO)4 - e~ ^ [LCr(CO)4)+ (5.1)
(C) [LCr(C0)4]+ + 2CH3CN ^ [Cr(CO)4(CH3CN)2]+ (5.2)
(E) [Cr(CO)4(CH3CN)23+ + e" v^Cr(C0)4(CH3CN)2 (5.3)

Scheme 5.1

Electrochemical studies of complexes of the type

LCr(CO)41-^ have been carried out. However, these
studies have concentrated on ligands of the type

R2P(CH2^nPR2 (R = C6H5' n = i'2'2) whereas in this
chapter one will concentrate on L = norbornadiene, Figure 5.1

below:-

Figure 5.1

- 131 -



A driving force for studying this complex is also the

2
possibility of observing an intermediate complex.

As mentioned above no previous electrochemical study of

diene chromium tetracarbonyl complexes has been undertaken.

However, these complexes have received considerable

attention in an attempt to elucidate the mechanism of

photocatalytic hydrogenation of diene molecules attached to

metal centres. Norbonadiene chromium tetracarbonyl readily

undergoes photochemically induced ligand substitution
— *7

reactions . Thus the photochemical hydrogenation of

NBDCr(CO)^ is not a simple matter; three products axe

observed, namely nortricyclene (NTC), norbornene (NBE), and

competing reaction pathways which are thought to involve

either; (i) partial dechelation of the complex to give

(T^-C7Hg)Cr(CO)4, or (ii) loss of CO to give
( 'Y^-C-pHgJCrCcOjg, both the above complexes being
co-ordinately unsaturated.
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5.2 LITERATURE SURVEY

While no electrochemical literature presently exists for

complexes of the type LCr(CX))^, L = diene, there are various

papers concerned with the electrochemistry of other o|

LCrCCO)^ complexes and these will be discussed. Complexes
of the type Cr(CO)g_xLx (x = 2,3) have not really been
discussed so far yet complexes of stoichiometry

fl—1 ?
Cr(CO)4L2 have been widely studied ° . These studies
have concentrated upon the influence of the ligands

co-ordinated to the metal with respect to isomeric form,

ligand exchange rates and structural properties.

A brief review of the electrochemical properties of

Cr(00)^2 shows that the trans"1" isomer is heavily
favoured. This indicates that for a bidentate ligand where

the stereochemistry is fixed in the cis configuration in both

18- and 17-electron species, then the steric constraint will

manifest itself in the increased reactivity of the strained

17-electron species.

The first literature example of the electrochemical

behaviour of LCr(CO)^ was by torn Dieck and Kuhl who studied

complexes of the type DADMCCO)^, DAD = diazadiene (R-N=
CR1 -CR1 =N-R, M = Cr, Mo and W). As with arene chromium

tricarbonyl complexes the resulting electrochemistry of these

complexes depends on the metal, the ligand's electronic and

steric properties and the solvent. These authors repert that

in acetonitrile DADCr(CO)^ behaves as:-
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DADCr (CO) ^ + e" s N [ DADCr (CO) 4 ] ~

[DADCr(CO)4]" ) [DADCr(CO)3]~ + CO

[DADCr(CO)3]~ +CH3CN 7 [DADCr(CO)3(CH3CN]~
[ DADCr (CO )3CH3CN]~ - e~^ DADCr (CO) 3CH3CN (5.8)

(5.5)

(5.6)

(5.7)

Scheme 5.3

whereas upon oxidation the cationic complex is stable (at

least on the c.v. timescale) to chemical reaction and one

witnesses a reversible 1-electron transfer. This contrasts

markedly to DADMo(CO)4 which upon oxidation behaves

analogously to that of [DADCr(CO)4]~ to generate

dadmo(co)3ch3cn.
In methylene chloride the oxidation of DADCr(CO)4 is a

reversible 1-electron transfer yet the 1-electron reduction

is irreversible. The authors attribute this to the lack of

solvent stabilisation of the anion. Conversely for

DAEW(CO)4 the reduction is reversible but the oxidation is
irreversible. Again the authors cite solvent effects, i.e.

nucleophilicity of solvent, dielectric constant etc., as

being a major factor in the relative stabilities of the

various complexes.

The bulk of the investigation into Group VI

LM(CO)4 complexes has concentrated upon complexes of the

type M(CO)4R2P(CH3)xPR2 (x = 1,2,3)2"^ utilizing
methylene chloride and acetonitrile as solvent. The first

paper on the elecrtrochemical aspects of these complexes Vas
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by Connelly et. al^ where in a brief commmication the

authors indicate that in CH2CI2 oxidation of

LCr(CO)^ (L = Ph2PCH2PPh2, Ph2P(CH2)2PPh2)
was reversible while oxidation of

(Pl^PCl^PPt^MoCCO)^ was chemically irreversible and
oxidation of (Pt^PtCl^^PP^^"^^^' ^ = ^°' ^ was

reversible.

•3

Similarly Cook and Morse looked at the

electrochemical behaviour of complexes of the type

^R2p(CH2^2PR2^M^C0^4 an methylene chloride and
acetonitrile. Their studies were, however, concentrated upon

the affect of the ligand upon the physical properties

associated with the transition metal, i.e., redox potential,

force constants, kgg/ etc* They do report that complexes
of the type LCr(CO)^, upon oxidation, give a

quasi-reversible (almost irreversible) redox wave in

methylene choride yet in acetonitrile the redox couple is

almost fully reversible. This contrasts to the behaviour of

LMoCCO)^ in these solvents. In acetonitrile the oxidation
is totally irreversible whereas in methylene chloride the

oxidation is quasi-reversible although the shape of the

cyclic voltarmogram would suggest that something more than a

simple electron-transfer is occurring.
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Like torn Dieck and Kuhl these authors attribute this

behaviour to the different stabilizing effects the solvents

will have on the cat ions/an ions, due to the solvents

possessing different dielectric constants. They also

suggest the difference in electrochemical behaviour between

the Cr and Mo complexes is a consequence of the ability of Mo

to expand its co-ordination sphere.

This work was subsequently reinvestigated by Bond et.

al.^ who studied complexes of the type

Ph2X(CH2)4XPh2Iv)(CC)4 (M = Cr, Mo, W; X = P, As, Se;
n = 1,2). All the chromium complexes studied gave similar

voltametric results; in methylene chloride a reversible

1-electron oxidation was observed as was the case when

acetonitrile was the choice of solvent.

The electrochemistry of the molybdenum and tungsten

analogues of these complexes was not so straightforward.

Several of the complexes studied gave chemically irreversible

oxidations on the voltairmetric timescale however the

oxidation process for the complexes

Ph2P(CH2)2PPh2M(CO)4, M = Mo, W and

Ph2PCH2SePh2Mo(CO)4 was complicated. When the

temperature dependence of these complexes was studied the
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response was reversible at room temperature but irreversible

at lower temperatures. Usually as the temperature of a

system is decreased one expects the electrochemical

reversibility of the system to increase so these results are

very surprising.

The authors have been unable to fully characterise their

findings but they suggest that at ambient temperatures one

witnesses the formation of [ (<ry4--L)M(C0)/j]+ intermediates
that are in a reversible equilibrium with

[( ^-L)M(CO)^]+. This equilibrium does not occur at
lower temperatures and one observes the destruction of the

complexes via alternative pathways.

These authors have also oxidised these complexes

chemically and found the product to be exclusively

LM(CO)3NO (M = Mo, W.), where NOPF^ was used as the
oxidant.

In summary, complexes of the type LM(CXD)^ are

sterically hindered when oxidised and this leads to an

increased reactivity of the complex compared to their

M(C0)^L2 analogues which generally undergo reversible
1-electron transfers. There is obviously much scope for

expansion of the work done on these type of complexes to gain

a fuller appreciation of the chemistry involved.
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5.2 EXPERIMENTAL

5.2.1 Equipment and Material

All the techniques and equipment used have been

described elsewhere in this thesis. Similarly a list of some

of the materials used has been given in Chapter 4.

Norbomadiene was supplied by Aldrich and vacuum

distilled twice prior to use. Petroleum-ether (b.pt.

120-140) was supplied by Aldrich and used without further

purification. Triphenylphosphine and triphenylphosphitre

were supplied by Dr. R.A. Aitken, t-butyl isocyanide was

supplied by Aldrich and these were all used without further

purification.

5.2.2 Synthesis

Norbornadiene chromium tetracarbonyl**A solution of

5.0g Cr(C0)g/ 8 ml norbomadiene and 70 ml of petroleum
ether (b.pt. 120-140) was refluxed, under for nine

hours. The solution was then filtered and the excess solvent

removed using standard catheter tubing and vacuum line

techniques. The residue was extracted with hexane and

filtered before cooling the solution in a dry ice/acetone

mixture. This generally yielded 40-50% of product.

Analysis. Theoretical, %C 51.56, 3.12, Actual %C 51.58,

& 2.98. *S) QQ (in hexane) 1915, 1946, 1959 and 2032 cm-*.
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The mass spectrum revealed peaks at 256 = M+, 228 = [M-CO] + ,

200 = [M-2CO] + , 172 = [M-3C0]+, 144 = [M-4O0]+.

n.m.r.; £>4.8 (4H), 63.70(2H), 6>1.29(2H)-. All these results

are consistent with those expected.

Norbornadiene molybdenum tetracarbonyl^The same

general procedure as above was followed but the reaction

mixture was refluxed for 6 hours. This complex proved to be

difficult to isolate; however, infra-red and mass spectral

data were obtained; ^QQChexane) = 1913, 1959, 1989 and
2044 cm-1, and mass spectrum peaks at, 300 = M+, 272 =

[M-C0]+, 244 = [M-2CO] + , 216 = [M-3C0] + , 188 =

[M-4C0) + . Again these results are consistent with the

desired product.

5.3 RESULTS AND DISCUSSION

5.3.1 Acetonitrile as Solvent

Figure 5.2(a) shows a typical c.v., for NBDCr(CXD)4 »

(2mM) in CHgCN. This voltarrmogram was taken within 60
seconds of making up the solution. Figure 5.2(b) shows the

c.v. of the same solution taken after ten minutes, the

solution had been left to stand, under N£, with no

electrochemistry performed. In both cases on the initial

anodic scan one sees evidence of two redox systems (A/A1,

and B/B') with the appearance of a third (C/C') on the

return cathodic scan. Table 5.1 below gives their respective

Eij values.
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System E^ vs. S.C.E
Fc/Fc+ 0.40

A/A' 0.76

B/B' 0.32

C/C' -0.15

Table 5.1

Ignoring the presence of couple B/B' for the moment

the c.v.s have a considerable similarity to those observed in

Chapter 4 (for the ECE mechanism). The quasi-reversible wave

is due to the one-electron oxidation/reduction of

NBDCr(CO)^ while that of C/C' is due to the product of
the chemical reaction involving the cationic

[NBDCr(CO)^]+ complex. The matter is, however,

complicated by the growth of the redox couple B/B1 as the

experiment proceeds. Figure 5.2(c) shows the resulting c.v.

after allowing a solution to stand (with no electrochemistry

carried out) for one hour and one can now see that redox

couple B/B' dominates the c.v. and the couple C/C' has

been lost.

The first step in identifying the processes occurring

involved comparing the redox potentials of the three couples

to those for known acetonitrile complexes of chromium. Table

5.2 below shows the redox potentials for two of these

complexes.
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Complex Ejj vs. S.C.E. Eij vs. Ag/Ag+
Fc/Fc+ 0.16 0.40

-0.05

0.30

Cr(CO)3(CH3CN)3

Cr(CO)4(CH3CN)2

-0.29

0.06

Table 5.2

Comparing E^ values from Tables 5.1 and 5.2 would
suggest that the NBDCr(CO)4 complex is undergoing thermal
or photochemically induced ligand substitution to give

Cr(CO)4(CH3CN)2« In fact, this substitution was easily
shown to be thermally induced. A solution of

NBDCr(CO)4 was split into three; one sample was left to

stand in direct light, the second was covered with A1 foil,

and the third was placed in the freezer compartment of a LEG

refrigerator, temperature 265K. Figure 5.3(a) shows the c.v.

of the solution just after it was made up while Figures

5.3(b)-(d) show the resulting c.v.s of the above three

samples after one hour. From these figures, i.e. the

relative amount of B/B' to A/A' it is apparent that the

reaction is thermally induced.

Further proof that the product of this thermally induced

substitution is possible by FTIR data. Figure 5.4 shows a

typical difference spectrum for a solution of NBDCr(C0)4,
i.e. the spectrum obtained after 30 minutes substracted from

the initial spectrum. The peak at 1842 cm-* being assigned

to Cr(CO)4(CH3CN)2*4- The peak at 1715 cm-* has
not yet been assigned.
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Unfortunately these complexes do not lend themselves to

IR analysis1^ in acetonitrile solution. There are two

reasons for this. Acetonitrile is a poor solvent for IR work

due to its high dielectric constant and its ability to react

with the complexes under study. Secondly, due to the nature

of the complexes being studied there may be band overlapping

and even with FTIR it can be difficult to assign bands

conclusively, especially if these bands are broadened by

solvent interactions. Table 5.3 below shows for

NBDCr(CO)^ and Cr(CO)4(CH3CN)2 in hexane, which gives
an indication of the proximity of the bands.

Complex "Vqo/oiT1.
NBDCr(CO)4 2044 1960 1914

Cr(CO)4(CH3CN)2 2020 1908 1882 1843
Table 5.3

Despite this it is felt that the results obtained are

sufficient to validate the occurrence of the thermal

substitution reaction

NBDCr (CO )4 + 2CH3CN —^Cr(CO)4(CH3CN)2 + NBD (5.9)
One still has to account for the appearance of the redox

wave C/C* after the oxidation of NBDCr (CO )4. An ECE

type mechanism was postulated (Scheme 5.1) but this expected

mechanism involves the substitution of NBD by 2 molecules of

CH3CN to give [Cr(CO)4(CH3CN)2]+. Frcm the value
of the redox potential for the couple C/C' and the fact
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that there is no increase in the height of the B wave during

the cathodic sweep another mechanism must be postulated. Two

possible reaction pathways are:-

NBDCr(CO)^ - e" v [^4-NBDCr(C0)4]+ (5.10)

[Ty4-NBDCr(CO)4]++CH3CN [^2-NBDCr (CO)4CH3CN] + (5.11)

[^2-NBDCr(CO)4(CH3CN)l+ + e~^ t^2-NBDCr(CO)4CH3CN (5.12)
Scheme 5.4

^-NBDCr(CO)4 - e" s N [,y^-NBDCr(C0)4]+ (5.13)
[-ry-NBDCr(CO)4]+ +CH3CN ^ [r^4-NBIx:r(CO)4CH3CN] + (5.14)
[^4-NBDCr(CO)4CH3CN]+ [^-NBDCr (CO)3CH3CN]+ +

CO (5.15)

[^-NBDCr(CO)3CH3CN]+ + e~ ^-NBDCr (CO)3CH3CN (5.16)
Scheme 5.5

It is possible that the [<vy^-NBDCr(CO)4CH3CN]+ is an

intermediate in the formation of [rr\i4-NBDCr(CO)3CH3CN]+.
In both of the above schemes one is replacing strong

V -acid ligands with a strong C-donor ligand which will

lead to a large decrease in for the new product species

compared to NBDCr(C0)4. The observed difference for this
system is ca. 810 mV which is indicative of the above type of

ligand exchange reactions. For the NBDCr(C0)4 system it
can be postulated that the ^ -acid effect of the CO groups is

greater than that for the alkene groups. A comparison of

between Cr(CO)g and NBDCr(CO)4 shows the redox
potential for the hexacarbonyl is ca. 700mV more positive.
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From Table 5.1 the effect of replacing NBD with 2 CH^CN
molecules is to lower the redox potential by only 310mV. This

would indicate strongly that the product of the chemical step

is [t^-NBDCr(CO)3-CH3CN] + .

Of course there are various mechanisms that can explain

this hypothesis. Firstly, there is the dissociation of CO.

This can be discounted since the oxidation of NBDCr(CO)^ is
reversible in CH2C12 (see Section S-3.2). The two most

probable mechanisms are an Ia mechanism (i.e. formation of
a transition state involving a 7-coordinate species) or, more

likely, initial dechelation of the complex to form the

co-ordinating unsaturated [,v*\^-NBDCr(CO)/j]+ species.
A study of the voltammetric behaviour of the complex in

CH2C12 solutions containing various amounts of CH3CN
was made. Figures 5.5(a)-(e) show the effect of adding 0.1

ml, 0.3 ml, 0.5 ml, 1.0 ml and 2.0 ml of CH3CN to a 10 ml

CH2C12 solution of 2mM NBDCr(CO)^. One observes an

increase in ip/C f°r the product (0.1 ml- 0.5 ml added)
followed by a levelling off in i . The ratio of

NBDCr(CO)^ to CH3CN used suggests that there is a

pre-equilibrium prior to reaction. For the associative

mechanism (Scheme 5.5) one would not expect to see this type

of behaviour, whereas for the dechelation mechansim (Scheme

5.4) such behaviour would be expected.
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A possible explanation of what occurs may be postulated

as follows. Upon oxidation of NBDCr(CO)^ the NBD can

partially dechelate from the Cr-centre. The ^-NBD complex
will be thermodynamically driven to -chelation which

results in the loss of either CO or CH^CN. Loss of CO will
be an irreversible process while loss of CH3CN will simply
leave the system unaltered and ready to react again. This

hypothesis has yet to be fully tested.

Altering the temperature of the system, as described in

Chapter 2, has a dramatic effect on the extent of the

follow-up chemical (C) step. Figures 5.6(a) and (b) show the

c.v.'s of the complex in 1^1 CH^iCI^C^ at 275K and
259K. One sees quite a clear increase in the reversibility

of the system with a co-commitant loss of reactivity of the

radical species. The use of the mixed solvent system was to

reduce the formation of C^COj^CCH-jCN^ during the
experiment. From the above c.v.s one can still see traces of

the acetronitrile complex. Like the UCr^CO)^ systems,
these temperature studies are still in their infancy and one

is still loathe to try and draw any conclusions from them.

As in Chapter 4, C.P.E. experiments coupled to FTTR

analysis were employed to try and identify the product of

the C step. These were unsuccessful although it is felt that
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an optically transparent thin-layer electrochemical cell

would be ideal for this type of analysis. There would,

however, still be the problem of using acetonitrile as

solvent but FTIR techniques should hopefully overcome this.

The electrochemistry of NBDCrCCO)^ was also carried
out in benzonitrile (BZN). Figures 5.7(a)-(c), show the

evolution of the c.v.s with time. Again one can see a

thermal rearrangement to give CrCCOj^BZN^. No great

deal of analysis was carried out for this system but the

above experiments have shown the power of c.v. in monitoring

such ligand substitution reactions.

5.3.2 Methylene Chloride as solvent.

The electrochemistry of NBDCr(CO)^ in CH2CI2

typical of a reversible 1-electron transfer (peak current

measured relative to ferrocene standard), Figure 5.82k.. The

reversibility of the electrochemical oxidation of the

complex in CH2CI2 allows one to examine the effect of

nucleophiles on the oxidised complex.

The first system studied was the interaction of

NBDCr(CO)^ with Pi^P, Figures 5.8(a)-(d). These show
the c.v.s of 2mM NBDCrCCO)^ with Ph^P concentrations of
0, 2, 20 and 50 mM. From these c.v.s one witnesses a

decrease in reversibility and the appearance of a small

redox wave. Both effects are not on the scale one might have

anticipated from the results. This can perhaps be
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accounted for by the increase in ia for the complex as the
concentration of Pt^P is increased, suggesting that the
product of the EC mechanism is electroactive at these

potentials and is itself irreversibly oxidised further. A

possible mechanism for the ECE scheme (assuming the small

redox wave corresponds to NBDCrfCOj-^PPh^), involving an

association mechanism or a dechelation step.

As well as Ph^P the interaction of (PhO^P with

NBDCr(CO)^ was also looked at. The results indicate no

reaction is taking place (i.e. no loss of reversibility).

The difference in reactivity between Pl^P and (PhO^P,
can most probably be attributed to the latter's greater

Tf -acidity.

The third ligand substitution studied involved

t-butylisocyanide. Isocyanide complexes are generally

stronger c~ -donors than CO. However, the isocyanides are

better Tt -electron acceptors from metal atoms in low

oxidation states. This system has proved difficult to work

with due to extensive electrode fouling upon cyclising.

Figures 5.9(a), (b) show two c.v.s recorded at 100 mV s-1 for

10 mis of 2mM NBDCr(CO)4 containing 0.1 ml t-butyl

isocyanide. Hie results again suggest substitution via an EC

mechanism. Figure 5.9(c) shows the resulting c.v. of the

solution after 0.5 mis of isocyanide have been added showing
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that the system has become totally irreversible with

i
, almost doubling in value. From the simulation results

P/a

one can postulate two cases, either the product of the

chemical reaction is further oxidised at these complexes or a

cross-redox process is occurring (homogeneously) in

regenerate NBDCr(CO)^ and generate the dication product of

the C step. As one sees there is still much work required to

fully understand the implications of these results.

5.3.3 Electrochemistry of NBDMo(CO)^.
Isolation of pure NBDMo(CO)^ proved to be very

difficult and as such the system has not been fully

investigated. Figure 5.10 shows the c.v. of the complex in

CH3CN. Like the Cr complex, one observes an irreversible
followed by the generation of a new redox system typical of

an ECE mechanism. The product of this C step following

oxidation is obviously not [Mo(CO)^(CH3CN)2]+ as this

species is not stable on the c.v. timescale i.e. the

oxidation of MoCCOj^tO^OI^ is irreversible in

01301. This suggests that like its Cr analogue the
oxidised complex may react to form

[ T^-nbemo (co .
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Again this work is still in its infancy but there is

obviously much scope for future experimental work. Such

experiments, lower temperature c.v., FTIR, and the effect of

various nucleophilies on the behaviour of

[NBDMo(CO)4]+ will prove a useful comparison to the
results already obtained for [NBDCr(CO)4]+.

5.4 SUMMARY AND CONCLUSIONS

This work has considerable potential for further study.

The behaviour of NBDM(CO)4, M = Cr, Mo, after oxidation is

obviously rich in mechanistic and kinetic challenges.

Results so far would indicate that in the presence of a

ligand L, the complex NBDCr(CO)4 upon oxidation reacts with
L to give [NBDCr(C0)3L] + . Depending upon the nature of

L, this complex may be irreversibly oxidised further. The

temperature dependence of these systems is readily studied

using LTCV. One has, however, to take account of the

underlying thermal substitution of NBDCr(CO)^ to form

Cr(CO)4L2.
Comparison between NBDCr(C0)4 and LCr(CO)^ complexes

would indicate that they possess similar electrochemical

behaviour, but quite distinct chemical properties. In the

diene complexes ligand substitution is favoured over

dechelation. In the arene complexes one witnesses

irreversible dechelation. In both cases the initial
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mechanism may be similar, i.e. partial dechelation of the

ligand, followed by CH3CN (or L) addition to the
unsaturated complex. In the arene complexes the partially

dechelated complex is clearly not able to rechelate.

As well as continuing the above research it would be

interesting to study the electrochemistry of LCr(CO)^ where
L is a conjugated diene in order to see if dechelation or

ligand exchange occurs upon oxidation.
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Figure 5.2, a) c.v. of 2mmol dm"3 NBDCr(C0)4 1n
CH3CN, 0.1 mol dm-3 TBAPFu supporting electrolyte, v
= 200 mV s"1; b) c.v. of above solution after 10
minutes, v = 200 mV s"1; c) c.v. of solution from a)
after one hour, v = 200 mV s"1.
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= 200 mV s~1; b) c.v. of sample from above after
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Figure 5.3, c) c.v. of sample from 5.3a) which had
been protected from light and air for an hour; d)
c.v. of sample from 5.3a) which had been left 1n a
freezer compartment at 26£K for one hour. 5.3b), c)
and d), c.v. as per 5.3a).
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Figure 5.4, FTIR difference spectrum showing
formation (appearance of peak at 1840 cm-1) of
Cr(C0)4(CH3CN)2 from a solution of NBDCr(C0)4 in
CHaCN.
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E Volt* v*. Aa/Atf

Figure 5.5, a) c.v. of 10 mis. of 2 mmol dm*3
NBDCr(C0)4 1n CH2C12 with 0.1 ml. CHaCN added, 0.1
mol dm-3 TBAPFe supporting electrolyte, v = 200 mV
s_1; b) c.v. of 10 mis. of 2 mmol dm*3 NBDCr(C0)4 1n
CH2C12 with 0.3 ml. CH3CN added, 0.1 mol dm"3 TBAPFe
supporting electrolyte, v = 200 mV s~1; c) c.v. of 10
mis. of 2 mmol dm-3 NBDCr(C0)4 in CH2C12 with 0.5 ml.
CH3CN added, 0.1 mol dm-3 TBAPFe supporting
electrolyte, v = 200 mV s~1.
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Figure 5.5, d) c.v. of 10 mis. of 2 mmol dm-3
NBDCr(C0)4 in CH2C12 with 1 ml. CH3CN added, 0.1 mol
dm-3 TBAPFe supporting electrolyte, v = 200 mV s~1;
e) c.v. of 10 mis. of 2 mmol dm-3 NBDCr(CO)4 1n
CH2C12 with 2ml. CHsCN added, 0.1 mol dm"3 TBAPFe
supporting electrolyte, v = 200 mV s_1.
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Figure 5.6, a) c.v. of 2 mmol dm-3 N8DCr(CO)4 1n 1:9CH3CN:CH2CI2 solution at 275K, 0.1 mol dm*3 TBAPFssupporting electrolyte, v = 200 mV s_1; b) c.v. of 2mmol dm"3 NBDCr(C0)4 1n 1:9 CH3CN:CH2Cl2 solution at259K, 0.1 mol dm*3 TBAPFe supporting electrolyte, v =200 mV s~1.
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Figure 5.7, a) c.v. of 2mmol dm-3 NBDCr(C0)< in
benzonitrile, 0.1 mol dm-3 TBAPFo supporting
electrolyte, v = 200 mV s~1; b) c.v. of above
solution after 20 minutes, v = 200 mV s_1; c) c.v. of
solution from a) after 40 minutes, v = 200 mV s"1.
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E Yolts v«. Aa/Atf*

Figure 5.8, a) c.v. of 2 mmol dm-3 NBDCr(CO)< 1n
CH2Cl2 solution, 0.1 mol dm-3 TBAPF6 supportingelectrolyte, v = 200 mV s_1; b) c.v. of above
solution containing 2mmol dm-3 Ph3P, v = 200 mV s~1.
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c) c .v. of solution a) containing 20mmol dm-3Ph3P, v = 200 mV s*1; d) c.v. of solution a)containing 50 inmol dm-3 PhaP, v = 200 mV s"1.
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Figure 5.9, a) c.v. of 2 mmol dm-3 NBDCr(C0)4 in
CH2C12 (10mls,.) solution containing 0.1 ml. of
t-butly 1socyan1de, 0.1 mol dm-3 TBAPFo supporting
electrolyte, v = 100 mV s_1; b) c.v. of above
solution showing problems of electrode fouling; c)
c.v. of 2 mmol dm-3 NBDCr(C0)4 in CH2C12 (10mls.)
solution containing 0.5 ml. of t-butly isocyanlde,
0.1 mol dm-3 TBAPFa supporting electrolyte, v = 100
mV s-1.
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CHAPTER SIX

INTERACTION CP INORGANIC REDOX SPECIES WITH POLYANIXJJffi

6.1 INTRODUCTION

Many conducting polymers contain counterions when in

their partially oxidised or doped state; these ions may well

be present after electrochemical growth of the polymer. In

general, the maintenance of charge neutrality in organic

conducting polymers upon potential cycling (either oxidative

or reductive) is achieved by the incorporation or expulsion

of ionic species. Ions may have a variety of affinities for

residing in the polymer film, and it may thus be possible to

exchange ions from solution with those in the film, similar

to ion-exchange columns. This affords an opportunity to

change the composition and nature of the film in a simple way

and to facilitate the immobilisation of electrocatalytic or

electrochromic species in the polymer.

Of the various conducting organic polymers, polyaniline

would appear to be promising "host lattice" or ion-exchange

polymer, especially for aqueous media, because of its

excellent water stability and durability. Ions may perhaps

be incorporated by either, film growth in the presence of the

ion or, ion-exchange, i.e. by potential cycling of the

preformed film in a solution of the desired ion.
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Aniline polymerisation is, however, pH dependent and

requires acidic conditions so that both protons and anions

are incorporated into the polymer. Thus one must prepare a

solution of (H+)yX^~ (acj) where X^~ is the desired
anion; if the acid is not available then it has to be

prepared by ion-exchange column techniques. Alternatively

one can study the competiton between the acid anion, chloride

say, and the anion of interest for intercalation into the

polymer.

During the course of this work several aspects of

polymer-anion interactions were studied. Initially

pre-formed polyaniline electrodes were cycled in various acid

solutions containing the anions of interest as well as the

acid anions. The factors studied included the history of the

polymer worked electrode i.e. the nature of the solution from

which the polymer modified electrode was formed; and anion

concentration.

The electrochemical polymerisation of aniline in various

acidified (e.g. HC1, H2SO4) solutions containing the
anions of interest was studied. Again factors such as

concentration of acid, concentration of anion, cycling

potentials were studied.

Finally polyaniline was formed from an acid solution of

H^Fe (CN) 5 and the electrochemical behaviour of this

polymer was studied and used to compare with the results of

the other aforementioned experiments.
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The main technique used to try and establish

incorporation was cyclic voltammetry, since the wave due to

the redox couple of immobilised Fe(CN)0^~ may be

observed. As the work progressed secondary electron

microscopy and X-ray analysis were used to examine the films

along with some FTIR and UV analysis.

In this chapter it will be shown that Fe(CN)g^~ can

be incorporated into PANi, and, depending upon how the PANi

is prepared it can exhibit wide ranging c.v. responses.

6.2.1 Polyaniline : General Review

Polyaniline (PANi) has been known since the 1860's4 but

was neglected until the current wave of interest in

conducting polymers began in 1977 with the rediscovery of

polyacetylene.

Polyaniline as a typical electroconductive organic

polymer was first prepared in 1980^. This publication

provided the stimulus for the extensive research interest

subsequently shown. Some idea of how this interest has grown

can be gauged by the fact that over 450 publications and

patents concerning PANi have been published since January
O

,

1986 . As a result a comprehensive literature survey of

all aspects of the chemistry/electrochemistry of PANi is

outwith the scope of this chapter and only those aspects of

PANi that concern the work carried out during the course of

this Ph.D. will be reviewed. For a fuller review of the
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literature the reader is directed towards reviews by

MacDiarmid and Crayston , and the references therein.

Although known for over a century^ it was not until

the mid 1980s that PANi could be characterised to any

reasonable extent. Polyanilines have been found to have a

base form of the general formula:-

yum
which contains y reduced and (1-y) oxidised repeat groups.

Obviously y can be varied continuously from 1, to give the

completely reduced form, to zero to give the fully oxidised

form. The terms leucoemeraldine, emeraldine and

pemigraniline are used to refer to the different oxidation

states of the polymer when y = 1, 0.5 and 0 respectively.

Although not as conducting as others such as

polypyrrole, polythiophene etc. widespread interest in PANi

stems from its good environmental properties, i.e. air and

water stability. The polymer is actually synthesized, and

is stable in aqueous acid solutions which complement its

unique chemical properties. Up until a few years ago PANi

was unique amongst its polyorganic electroconductive

counterparts in that protonic doping of the polymer leads to
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conductivity increases of between 9 and 10 orders of
c 5 i

magnitude , up to ca. 10 Jtcm . For other organic

polymers the "metallic" conducting state is reached by

partial oxidation or reduction of the polymer's -system®.
Protonic doping allows the conductivity of PANi to be

controlled by solution pH and indeed above pH 4 the polymer

shows no electrochemical response.

The attribute of PANi that has caused such an explosion

of interest with regards to battery technology^"® is its

ability when oxidatively doped (by electrochemical methods)

to switch itself off above certain potentials1®. This

behaviour is reversible provided one does not apply too high

a potential whence irreversible switching occurs. This has

been attributed to breakdown degradation of the polymer. Of

course PANi has received much attention with regards to other

applications such as electrochromic devices11, protective
• 19 . 1 ^

conducting coatings , and analytical sensors .

6.2.2 Electrochemical Preparation of PANi Coated Electrodes.

Polyaniline films have been grown onto a variety of
12 .

electrodes either by potential cycling, constant

potential or constant current electrolysis • It has been

found that potential cycling gives better films (tend to be

more stable over a greater length of time). The
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polymerisation has generally taken place from aqueous

solutions usually at pH 0 or 1 containing 0.1M mol
•j

. ,

dm aniline although more esoteric systems for

electrochemical polymerisation have been reported14-16.
It is agreed that the polymerisation of aniline onto an

electrode surface by C.P.E. can be considered as a two stage
7 17 1ft

process ' ' . One has initial polymerisation of

aniline to form a coating on the electrode followed by

further polymerisation onto the now PANi covered electrode.

The experimental evidence suggests that an initial tight film

of PANi is formed followed by the appearance of a powdery,

non-adhesive structure growing over the film surface. This

non-adhesive material eventually falls from the surface but

it would appear that the "tight film underneath grows

progessively.

If one forms a PANi coated electrode by potential cycling

the polymerisation is as above a two-stage process, though the

appearance of the non-adhesive product is avoided. The

electrochemical response from films prepared by either method

are to all intents and purposes the same.

An interesting facet of aniline polymerisation is that

it is mediated by using a pre-coated PANi electrode, i.e.,

polymerisation occurs at a lover potential than say a pure Pt
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19
electrode. Kitani has proposed a mechanism which

involves coupling between oxidised polymer and neutral

aniline as opposed to the usual radical-radical coupling

mechanism for the other organic polymers.

In terms of growth-rate if one employs potential cycling

then growth is linearly proportional to the number of

cycles2® while for CPE the potential at which electrolysis

takes place plays an important role in the films

development1®. It may be the case that if too high a

potential is applied the formed PANi may become partly

insulating and retard further polymerisation.

6.2.3 Electrochemical Properties of PANi films

The c.v. of a preformed PANi electrode depends on two

main factors

(a) pH of solution21-22.
(b) anions present1®-1®.
A typical c.v. of PANi consists of three apparent redox

couples at ca. 0.19V, 0.42V and 0.73V, vs SCE. Figure 6.1

shows a cyclic voltammogram of PANi grown from pH 0 HC1

solution and cycled in pH 0 HC1 solution. The intensities of

the three redox couples A/A', B/B', C/C' vary

depending on what acid the PANi was formed in1®'1®.
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Upon cycling the central peaks B/B' usually grow at

the expense of the other two peaks; this is thought to be due

to an increase in polymer cross-linking. In some cases this

central set of peaks may be missing or at least be very

small.

Peaks A/A' are found to be independent of pH (between

pH 1 and 4) and one can surmise that at these pH values

oxidation and reduction occurs without loss or gain of

protons. However between pH 1 and -2 these peaks shift by

59mV per pH unit suggesting the involvement of protons. The

second set of peaks B/B' have been found to be pH

dependent^ with decreasing by ca. 120mV per pH

unit as the pH is increased frctn -0.2 to 4. This is

consistent with a reaction involving the simultaneous loss

of 2 protons for the loss of one-electron. These results

suggest that different anions promote cross-linking of the

polymers and may play some part in the actual polymerisation

mechanism.

In consideration of the charging-discharging processes

within PANi two simplistic mechanisms can be

considered:-^' '

(i) elimination-addition reaction of protons

<C6»6N>n - ne~ (C6H5N>n + nH+'
(ii) doping-undoping reactions

(C6H4N)n + PX~ - Pe" ^ (C^N^pX".
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It is now clear that both mechanisms are in operation.

Orata and Buttry's^ novel experiment involving the use of

the quartz crystal microbalance indicates that the initial

oxidation observed is compensated by the loss of protons. It

would be interesting to know, since the above refers to a

pH 0 system, what in fact occurs at pH 1 where, as has been

already noted, there is no pH dependence for the initial

oxidation. Further oxidation of the polymer was followed by

incorporation of anions into the structure. While it is

clear that both of the above mechanisms hold it is still not

fully clear if any one process is responsible for the

experimental observations.
. 21

In terms of capacitive behaviour Kitani has shown

the*, the relation Q = CV holds for PANi i.e., both anodic and

cathodic charges are linear functions of the electrode

potential.

6.2.4 N,N-frSubstituted Polyanilines

The electropolymerisation of N,N-dialkyl-aniline

derivatives leads to the formation of "ionene polymers" with

quaternary ammonium sites in the polymeric backbone. These

polymers are electroinactive and typically have thicknesses
—ft —s

of 10 - 10 cm . Simply by cycling these films

in solutions of 0.2mol dm~^ CFgCOONa (pH 1.0, CF^COOH)
containing millimolar concentrations of metal complexes e.g.

Fe(CN)g^~/^~, Mo(CN)g^-/^~ the metal complexes could
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exchange into the cationic films. Once incorporated into the

film these anions were very difficult to dislodge. The

electrochemical behaviour of these incorporated anions is

very similar to their solution behaviour with, as perhaps

would be expected, a slight change in their values; this

change being due to the effect of the local environment of

the anions.

6.2.5 Morphology of PANi films1"7' 1®' 21, 2®' 2^.
Morphological studies of PANi are not as widespread as

might be expected. The results obtained would indicate that

the morphology of the films is determined by the acid

solution from which the film is formed. There would appear

to be three types of morphology

(1) granular

(2 net

(3) smooth

with the granular types of polymer having a higher

polymerisation rate followed by the net morphology and then

the smooth. From the results obtained there can be little

doubt that anions of the supporting electrolyte play a role

in the polymerisation while the film is electrochemically

depositing.

The difference in morphology has been attributed to the

growth speeds of the polymer which would suggest that all

films should eventually exhibit similar morphology after

various lengths of time.
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6.2.6 Suntnary

Despite the great deal of interest already shown in

polyaniline there still remains much more work to fully

understand the nature of the polymer. The technological

applications of PANi are widespread. Indeed PANi has been

called the conducting polymer for technology, but it should be

added that as yet there have been no significant commercial

applications. PANi batteries have been promised soon by

German, U.S. and Japanese companies. Without doubt the next

few years should prove very rewarding as fuller answers will

be found to add to our knowledge of the subject.

6.3 EXPERIMENTAL

The electrochemical instrumentation, cells and

electrodes, as well as the analytical techniques used have

all been described in Chapter 2.

Aniline was supplied by BDH and was vacuum distilled

twice and stored under nitrogen prior to use. Potassium

ferrocyanide and potassium ferricyanide were supplied by

Hopkins and Williams Ltd., both were used without further

purification. Molybdenum octacyanomolybdate was supplied by

Dr. J.A. Crayston and used as received. Hydrochloric and

sulphuric acid were supplied by May and Baker and were

reagent grade. They were diluted as necessary.

Trifluoracetic acid and the sodium trifluoroacetate were

supplied by Aldrich.
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Polyaniline can be prepared in several forms depending

upon the means of preparation. In order to minimise the

risks of this occurring within each set of experiments a

stock solution was made up (for polymerisation) consisting of

the correct quantities of materials. Thus for any set of

experiments all the solutions used originate frcni the same

batch i.e. for an experiment involving the use of various

concentrations of potassium ferrocynide the appropriate

solutions were made from the correct mass of ferrocyanide

plus the correct volume of stock solution.

The polymerisation of aniline was carried out as

follows, obviously the amounts of material used could be

scaled up or down as required.

(i) HC1 solution:- 2 mis of aniline were added to a solution

of 45 mis H2O containing 5 mis of HCl(l). The resulting
solution was stirred for 3-5 minutes.

(ii) H2SO4 solution - 2 mis of aniline were added to a

solution of 47.5 mis H2O containing 2.5 mis l^SO^Cl).
This led to the precipitation of a white material which

dissolved upon stirring the solution for 3-5 minutes.

(iii) H^FetCJOg solution:- the actual acid, H^FeCdOg was

formed by passing a 0.5M solution of K^Fe(CN)g through an

acidified Amerlite IR80 ion-exchange column. Both the column

and the receiving flask were protected from light as the

solution was found to be light sensitive giving rise to the
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formation of Prussian Blue and Berlin Green films. When the

eluent was of a constant pH (generally pH 0.6-0.9), 50 mis of

solution were collected. To this solution 2 mis of aniline

were added. With ^SO^ a white precipitate formed;

however, even after stirring for 10 minutes not all the

precipitate (identified as anilinium ferrocyanide from mass

spectrum) dissolved.

Similarly to the polymerising solutions the acid

solutions used were prepared by mixing 45 mis H2&5 mis
concentrated HCl(l) or 47.5 mis H20.:2.5 mis concentrated

H2SO4. These solutions are approximately pH 0 and when

required they were diluted by a factor of 10 to give ca. pH 1

solutions. During the reverse of this work solutions

referred to as pH 0 or pH 1 refer to solutions of the above

composition.

Acid solutions of ferro- or ferricyanide are very prone

to light-induced reaction to give Prussian Blue or Berlin

Green films. In the timescale of the electropolymerisation

carried out this was not thought to influence the

experiments. No chemical analysis was carried out for the

various reactions that were visibly occurring. For example,

an acidified solution of ferricyanide and aniline appeared to

give rise to a black precipitate and a very deep-green

coloured solution along with the usual formation of a
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Prussian Blue film. It was still possible to form

(electrochemically) PANi from this solution even after three

days.

Once the PANi films were formed they were thoroughly

rinsed in de-ionised H2O followed by inmersion in

acetonitrile and a final rinse in de-ionised water.

6.4 RESULTS AND DISCUSSION

6.4.1.1Prepared polymers

Polyaniline, unlike the heterocyclic organic polymers,

can have anions associated with the protonated imine (fully

oxidise form) or anine sites (fully reduced form) as well as

the positively charged oxidised polymer itself. The degree

of protonation of N-centres depends not only on the pH of

solution, but the oxidation state of the polymer. Following

the work of Oyama^with polymethylaniline films it was decided

to study the interaction of PANi (under similar conditions to

Oyama's work) with various anions.

Figure 6.2 (a), shows the formation of a PANi film from

the HC1 solution. The resulting film was then washed

thoroughly before recording its c.v. in a solution of 0.2m

OF3COO~Na:CF3COOH (pH 1.2), Figure 6.2 (b). The c.v.

of this film while being cycled in a 0.2M

CF3C00~Na:cf3cooh (pH 1.2) solution containing 5mM K^Fe(CN)0
is s\\in Figure 6.2(c). One can clearly see the peaks

due to the Fe(CN)^"^"couple. Cycling was carried out for
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15 minutes before removing the PANi-coated electrode, washing

it thoroughly and replacing it in the original solution.

Figure 6.2(d) shows the resulting c.v. from which it would

4-
appear no Fe(CN)^ incorporation into the film has occurred.

This result was typical of those found for this type of

experiment even using different anions, Fe(CN)^, Mo(CN)g
and cycling for longer periods of time, up to 6 hours, did not

show any signs of redox anion incorporation.

6.4.1.2 Growth in Fe(CN)g containing solutions
The morphology of the PANi film may have been preventing

the Fe(CN)g from incorporating into the structure so it
was decided to polymerise the PANi from solutions containing

Fe(CN)g anions. As previously mentioned anions appear to

affect the morphology of PANi films so in the previous

experiments the films have been grown from HC1 solution and

the films may have grown in such a way to facilitate the

incorporation of Cl~ anion. If Fe(CN)g^ is involved in

the polymerisation then this may thus facilitate

Fe(CN)£~ incorporation into the film.
Two PANi-films were grown onto the electrodes, Figure

6.3(a) shows a c.v. obtained while the film was growing from

pH 0 HC1 solution while Figure 6.4(a) shows the c.v. obtained

for a film growing in pH 0 HC1 solution containing 20mM

Fe(CN)g^~. After washing the Fe(CN)g^~ film and cycling
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in solution of 0.2M CF^COO^a*:CF3COOH (pH 1), as

before, no incorporation was observed. Figures 6.3(b) and 6.4(b)

show the actual c.v. of the two films in pH 0 HC1 solution

after the incorporation experiments. The film formed solely

from HC1 solution had not been cycled in any other solutions.

The response of both films is virtually identical and would

indicate no Fe(CN)g" incorporation has occurred.
These experiments were repeated using PANi-electrodes

formed from various HC1 :Fe(CN)g^~ solutions with the

[Fe(CN)g^~] = 20mM. No apparent incorporation was observed.
The use of low concentrations of anion was to model the

behaviour of ions with low solubility products. Seme of the

materials (catalysts, electrochromics etc.) may only be

sparingly soluble in H2O and incorporation into PANi may

greatly enhance their activity. In a final attempt to try

and incorporate anions by the above method PANi was grown

from (i) pH 0 HC1 solution, (ii) pH 0 HC1 solution containing

0.1m Fe(CN)g^~ (iii) pH 0 HC1 solution containing 0.1M

Fe(CN)g^~. Figures 6.5(a)-(d) show (a) the growth of
PANi, subsequent PANi response in pH 0 HC1 (b) after washing ,(c)

after standing in air for half an houi^, and (d) after standing

in air for 24 hours. Similarly Figures 6.6(a)-(d) show the

same response for solution (ii) while Figures 6.7(a)-(d)

show those for solution (iii).
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The appearance of peaks A/A', Figures 6.6(b) and 6.7(b)

would indicate that Fe(CN)g^~'^~ incorporation has occurred.

However, on the second sweep in both cases the intensity of

this central peak decreases. In Figure 6.5(b) one can see

the growth ofthe central peak indicating cross-linking. This

would signify any redox anions are being readily displaced

frcm the film. Indeed, and though not cross-linking after

only a few cycles the c.v. for the PANi formed from HC1

alone, Figure 6.6(d) and 6.5(d) respectively. What is apparent

from the data is that the electrode formed from the

Fe(CN)g^~ solution has no great environmental stability.
Indeed this was found to be a feature of PANi-formed from

Fe(CN)g^~ solutions. Why Fe(CN)g^~ should have this effect
is difficult to rationalise. If either Fe(CN)g^~ or

Fe(CN)g^~ anions are being incorporated into the polymer
film then at any given potential the ratio of

Fe(CN)g^~:Fe(CN)g^~ within the film should be constant
and one would expect both films to behave similarly. The

fact that the films do not may be due to the behaviour of the

Fe(CN)g^~ in the polymerising solution. As noted in the
Experimental Section Fe(CN)g interacts strongly with
aniline and it is probably interacting with PANi, perhaps

causing irreversible oxidation of the polymer leading to a

slow degradation of the PANi. IXie to lack of time this

behaviour was not fully investigated but some quite simple
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experiments should show if Fe(CN)g ~ causes irreversible
oxidation of PANi i.e., exposure of a fully reduced PANi film

to a solution of Fe(CN)g^~ will result in a colour change of
the PANi film should oxidation occur.

The three films shown were all prepared from solutions

containing the same concentration of aniline yet they show

quite different polymerisation rates; this may be due to

redox interactions between species or the multiply charged

anions retarding polymerisation by slow diffusion out of the

forming PANi film, i.e. transient incorporation of

FeCCN)^-/^- (discussed later).
Electrodes prepared from the above solutions were also

cycled in 0.2M CF3COO~Na+:CF3COOH (pH 1 solution)
containing various concentrations of anions but as before no

incorporation was observed, indeed loss of the observed

central peaks was witnessed on re-cycling in pH 0 solutions.

Experiments were carried out by placing PANi electrodes

in solutions of HC1 :Fe(CN)64- and CF3COONa:CF3COOH:Fe(CN)64~
and cycling the potential so that the pre-formed polymer was

never fully reduced. Films treated in such a way showed no

sign of Fe(CN)04- incorporation.
The above results would indicate that multiply charged

anions cannot be incorporated permanently into PANi films to

compensate for the charged (protonated) N-sites within the

polymer. One probably witnesses seme Fe(CN)g4- bound to
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surface sites on taking initial c.v.s in fresh acid solutions

although there is some evidence to suggest that transient

redox anion incorporation upon film growth may occur.

Unlike the polydimethylaniline (PDMA) films these ions

when incorporated can be readily replaced by other anions.

This is because in the PDMA case, cycling the electrode

potential does not affect the quaternary ammonium sites of

the polymer. However on cycling PANi such sites are involved

and cycling may lead to expulsion of protons and subsequently

anions. The results obtained here suggest that PANi will

then incorporate Cl~ or CF^COO" rather than the multiply
charged anions.

6.4.2 Effects of Potential Sweep Limits on PANi formation.

So far experiments indicate that multiply charged anion

incorporating (in competition with singly charged anion

incorporation) into a fully reduced PANi electrode containing

quaternary N-sites does not occur (or is at least only

transient). However this is not to say that these anions are

not incorporated into the oxidised polymer. The experiments

so far have indicated that PANi can interact (at least in a

redox sense) with multiply charged anions while it is

growing. During the course of this work the potential cycling

method has always ensured that the polymer was fully reduced

and thus any "redox" anions associated with the film would be
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as a result of anions associated with the protonated

N-centres. Thus if the polymer film is grown in a solution

containing these redox anions without fully reducing the

film, it should be possible to incorporate such anions into

the polymer, but will the polymer show a preference when

given a choice of anions?

Polyaniline is a multilayer structure so can one

"trap" anions into the primary-formed layers by not fully

reducing the film?

The first polymerisation experiments involved pH 0 HC1

solution containing 20mM Fe(CN)g^~; Figure 6.8(a) shows the

growth of this film while Figure 6.8(b) shows the subsequent

c.v. of the washed film in pH 0 HC1. It is obvious that

Fe(CN)0^- incorporation has occurred especially if one

compares Figure 6.8(b) to that of Figure 6.8(d). Figure 6.8(c)

shows the growth curve which is for a PANi film formed from

solely pH 0 HC1 polymerising solution. An important point to

note is that as the PANi-Fe(CN)g^~ is cycled the intensity
of peaks A/A' decrease while for the PANi-Cl*" film the

central peaks increase. One would expect that any Fe(CN)g^-
near or on the electrode surface would exchange into solution

with the conconmitment exchange of Cl~ into the polymer

film.
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These results suggest that the Fe(CN)g^-/4- redox couple

may be masked by the PANi redox response itself after cycling
of the film for any length of time, i.e. the growth of the

PANi peaks may hide the FetCN)^-/4- redox couple. To see if
this was so both the PANi-Cl- and PANi-Fe(CN)g4- electrodes

were placed in 1.0M KC1 solution and their c.v.s recorded

Figures 6.9(a) and (b). Both films show a very similar
response and when the electrodes are placed back in pH 0 HC1
solution one finds that the PANi-Cl- response has not

altered but the c.v. for the PANi-Fe(CN)g4-, Figure 6.9(c)
now resembles that for PANi-Cl-, although it could be

suggested that the ratio of the heights of the central peak
to the final peak implies that there is still Fe(CN)g4-
present but its reponse has now merged with that of the
polymer.

To investigate this further five PANi-coated electrodes

were prepared from

(i) pH 0 HC1 solution,

(ii) pH 0 HC1, ImM Fe(CN)64-
(iii) pH 0 HC1, 5mM Fe(CN)64-
(iv) pH 0 HC1, lOmM Fe(CN)64- and

(v) pH 0 HC1, 20mM (Fe(CN)g4- solutions.
These electrodes were all cycled in pH 0 HC1 solution for 15

minutes and their resulting c.v.s are shown, Figures 6.10(a)-

(e) respectively. All the films were grown frcm the same

- 184 -



number of cycles and the same aniline concentration was used.

One witnesses a definite trend in the appearance of the c.v.s

as related to the Fe(CN)0^~ concentration of the solution
from which they were polymerised. The ratio of peaks

(A/A':B/B') is seen to increase dramatically as the

concentration of FeCCN)^4- solution from which each film was

prepared was increased. Again one sees that as the

concentration of Fe(CN)g^~ was increased the polymerisation
rate decreased, as all these films were prepared from the

same number of cycles. The different appearance of these

c.v.s may be due to Fe(CN)0^~ incorporated into the PANi
interacting with the film.

At this stage it was impossible to tell, by cyclic

voltammetry if after cycling in pH 0 HC1, Fe(CN)0^~ still
remained in the film although it is apparent that the films

are influenced by the Fe(CN)0^~. [Note PANi was formed onto

the disk of a rotating ring disk electrode system from pH 0

HC1 solution containing 20 mM Fe(CN)0^~. The electrode

potential was then cycled in pH 0 solution to try and observe

a current at the ring from any Fe(CN)0^~ relaxed from the
film on cycling. No appreciable current was obtained as a

function of disk potential. This system was not extensively

studied and there is probable room for experimental

refinement.
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6.4.3 Surface Elemental Analysis and Morphological Studies of PANi

To date the studies have concentrated on the HC1

(Fe(CN)g4- system using cyclic voltanmetry. From the
results obtained it was decided to carry out a morphological

study of the polymers formed in such a system and to expand

the study to PANi formed from H2S04 (pH 0) and H^FeCCN)^
(pH = 1) solutions. These studies are still in their

preliminary stages but a report of the work so far will be

given.

Figures 6.11 (a)-(c) show the SEMs of PANi grown from

(i) pH 0 HC1,

(ii) pH 0 HC1, 5mM Fe(CN)64~
(iii) pH 0 HC1, 0.1M Fe(CN)64~
solutions where the films were fully reduced. The c.v.s.

will be shown and discussed later on in this section.

Figure 6.11(d) shows the SEM of PANi grown from solution (iii)

where the film was only partly reduced. X-ray analysis shows

that where a film was fully reduced there is no sign of any

Fe in the film but for the film where only partial reduction

took place there is a clear signal for the Fe electron,

Figure 6.12. As all these films were treated in the same way

then one can see that Fe(CN)g4- is definitely incorporated
into the PANi during formation of the polymer.
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Morphologically a conparison of Figures 6.11(c) and (d),

which are of films prepared from the same solutions and from

the same number of scans is quite startling. Both films were

obtained from the same number of cycles in the same solution

the only difference being the potentials between which they

were cycled. For Figure 6.11(c) the cycling limits were

-0.1V - 1.2V while for Figure 6.11(d) they were 0.4V - 1.2V.

This difference in potential limits has apparently led to

Fe(CN)0^~ incorporation and a considerably changed

morphological structure of PANi.

The three "fully reduced" films all show similar

features, fibrillar growth underneath the surface followed by

the beginnings of modular growth, all these structures tend

to be very porous. The other film, Figure 6.11(d) on the other

hand has a very dense fibrillar growth and appears rather

like a sponge. As to whether this difference in morphology

is due solely to the different potentials applied or to some

interaction of the incorporated FefCN)^- is not yet known.
It may be argued that Fe(CN)g^~ once incorporated into the
film is electrostatically interacting with the polymer to

confine its spatial configuration. As previously mentioned

PANi growth is thought to be initially fibrillar followed by

a change to nodular growth. The growth c.v.s of the four
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films are shown Figures 6.13 (a) - (d). These would indicate

that the growth characteristics of the films formed from

solution (iii) and (iv) are very similar, yet their

morphologies are completely different. These morphological

features require much fuller investigation but they would

indicate that the physical characteristics of the PANi films

can be altered, no experiments have as yet been performed to

see if the chemical properties of the films have been altered

and one can foresee plentiful scope for future work in this

field.

Polyaniline films were grown from

(i) H2S04, pH 0
(ii) H2S04, pH 0, 5mM Fe(CN)64~ and

(iii) H2S04, pH 0, 0.1M Fe(CN)64"
solutions^ analogously to the films formed from HC1.

Surprisingly all three films formed from the Fe(CN)g4-
solutions showed the presence of Fe from X-ray analysis.

This would indicate in the fully reduced polymer Fe(CN)g4"
is associated with protonated N-sites! To return to the

morphological aspects of this work the morphology fits into

an expected pattern. Figures 6.14(a) - (d) show the c.v.s of

the films growing while Figures 6.15(a) - (d) show the

respective SEM pictures for the films. The fastest growing

film, H2S04 only, has a nodular morphology, while that of
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the film grown from solution (ii) has a fibrillar morphology

with the beginnings of nodular growth. The films from

solution (iii) are growing the slowest and their morphologies

are much more fibrillar although analogoulsy to their HC1

analogues the morphology of the "partly reduced" film is

again denser, suggesting anionic interaction restricting the

movement of the growing polymer film.

Obviously these results, namely the incorporation of

ferrocyanide anions into a partly-reduced film require much

further study before a full rationale for this aspect of

behaviour can be presented. These results indicate that

Fe(CN)g^~ is incorporated into PANi during film formation.
Various, simple experiments have still to be performed. One

such experiment is the comparison of a PANi film formed from

pH 0 HC1 soltuion using cycling potentials of 0.4V - 1.2V.

Indeed most experiments to be performed are of this

comparison type. Similarly the films studied so far have

always been fully oxidised; what would happen if the film was

not fully oxidised (which is not necessary for

polymerisation) to the ion-exchange properties of PANi?

In terms of diffusion of Fe(CN)g^~ into PANi, four
PANi-modified electrodes were formed, two from pH 0 HC1

solutions and two from pH 0 H2SO4 solutions. The cyclic

voltairmograms of these films are shown in
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Figures 6.16(a) - (c). Figures 6.16(a) and (b) show the

growth of the films in HC1 solution, after growth (10 cycles)

the films were washed and one of the electrodes was cycled 10

times in pH 0.8 H^FetCNjg solution, Figure 6. l6( c). Both
electrodes were then cycled in pH 0 HC1 solution, Figures

6.16(d) and 6.16(e). These c.v.s for the similar experiments

on the PANi-electrodes formed from H2SO4 are shown,

Figures 6.17(a) - (e). The electrochemical response of the

films cycled in the Fe(CN)g4- have been dramatically altered.
Figures 6.16(d) and 6.17(d) are the c.v.s of the two films cycled

H^Fe(CN)g then cycled in their respective acids, pH 0 HC1
and H2SO4. Compare these to the two films, Figures 6.16(e)
and 6.17(e) of the two films that were not cycled in H^FetCN)^
which are reasonable PANi responses. The two films cycled in

H^FeCCN)^ are behaving like resistors although in the

I^SO^FetCN)^- case one does get a delayed c.v.
response. These results were typical of electrodes prepared

from these solutions. The only plausible explanation is that

the diffusion of Fe(CN)g4- anions into the PANi-film is
being hindered and is more pronounced in the film prepared

from HC1 solution. As well as the electrochemical response

being altered it was noticed that the electrochrcmic response

of the films cycled in H4Fe(CN)g was very slow compared
to normal. It would appear that it is possible to form PANi
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films that can be ion-selective and further investigation of

this aspect of PANi behaviour is required.

Finally, PANi films have been prepared from solutions of

H^Fe(CN)g. Figures 6.18(a) - (d) show the growth of four
films, two being fully reduced during growth and the other

two being partly reduced. The growth of the polymer is

masked by the redox response of the Fe(CN)g2-/^~ couple.
The films prepared in Figures 6.18(a) and 6.18(c) were cycled

in pH 0 H2SO4, Figures 6.19(a) and (b) show the resulting
c.v.s of these films after one and five scans. Similarly

Figures 6.19(c) and (d) show the response of the other two

films in pH 0 HC1 solution. The central set of peaks may

initially be assigned to the FetCN^2-/4- couple: however on

cycling the polymer one would expect to see a decline in

these peaks, due to replacement of Fe(CN)g^~ by Cl~ or

SO2- yet one sees quite complicated behaviour. [X-ray

analysis of these films shows the presence of Fe even after

cycling in HC1 or H2SO4 although no morphological studies
have as yet been carried out.]

No attempt to fully characterise these films has been

undertaken but one can see that although the films in

H2SO4 solution show changing c.v.s on cycling it in no

way compares to the behaviour of the films when placed in HC1

solution. It is too early to attempt to explain exactly what

is occurring but the signs of this work and perhaps the other

- 191 -



work carried out suggest that the central peaks observed in

the c.v. of PANi are in someway linked to the diffusion of

anions into and out of the polymer. Further work is again

required to fully exploit the findings of this work which

point to the behaviour of PANi being greatly modified by

anions.

6.5 SUMMARY AND CONCLUSIONS

In sumnary this research may have raised more questions

than it set out to answer. This of course is the nature of

the beast (research). There can be no doubt that the

behaviour of PANi is a multi-dimensional problem and trying

to unify all aspects of its behaviour will require much more

hard work but with the number of workers now reseaching into

the subject it perhaps is not far off. It can be concluded

that multiply-charged anions are unable to intercalate into

PANi films prepared from HC1 solutions but may be able to

incorporate into films prepared from H2SO4 solutions.
This may indicate that the charge of the anion may preclude

its intercalation into a polymer as the polymer may be unable

to alter its structure to accommodate and stablize the

charged species. Incorporation may be possible if that

species has been present during the formation of the polymer

thus modifying the polymer's characteristics/structure to

allow it to incorporate anions. The results of this work

suggest that multiply charged anions are readily replaced
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should they incorporate into a film, although it could be

that cycling does not exchange ions! (At least not on a short

timescale.)

Cyclic voltamettry does not provide any great insight

into the behaviour of PANI-Fe(CN)g^~ as it appears the redox

chemistry of Fe(CN)g4- is being masked by that of the

polymer. SE>i studies have been undertaken and the results

obtained point to anion interactions greatly influencing the

nature of the PANi. Future work will incorporate U.V. and

FTIR analysis using optically transpartent electrodes. Such

studies of PANi-Fe(CN)g^~ behaviour upon oxidation may

indicate the nature of the polymer-anion interaction.
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Figure 6.1 c.v. of PANi grown from standard pH 0 HCl:aniline
solution cycled in pH 0 HCl solution, v = 100 mV s~1.
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Figure 6.2, a) c.v. of PANi growth in pH 0 HC1: ani "I ine
solution, v = 50 mV s_1; b) c.v. of resulting film cycled in
0.2 mol dm-3 CF3C00"Na+iCFsCOOH (pH 1.2), v = 50 mV s"1; c)
c.v. of resulting film cycled in 0.2 mol dm-3
CF3C00"Na+:CF3C00H (pH 1.2) containing 5 mmol dm-3 K4Fe(CN)e, v
= 50 mV s_1; d) c.v. of resulting film cycled in 0.2 mol dm-3
CF3COO"Na+:CF3COOH (pH 1.2), v = 50 mV s"1 .
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Figure 6.3, a) c.v. of PANi growth in pH 0 HCl:aniline
solution, v = 50 mV s~1; b) c.v. of resulting film cycled in pH
0 HCl solution, v = 50 mV s-1.

- 196 -



E VoJU v*. S.C.E.

Figure 6.4, a) c.v. of PANi growth in pH 0 HC1:ani1ine soluti<
containing 20 mmol dm"3 K4Fe(CN)e, v = 50 mV s"1; b) c.v. of
resulting film after cycling in 0.2 mol dm"3 CF3COO"Na+:CF3CO(
(pH 1), v : 50 mV s-'.
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Figure 6.5, a) c.v. of PANi growing in pH 0 HC1:ani1ine
solution, v = 50 mV s~1; b) c.v. of resulting film upon cycling
in pH 0 HC1 solution, v = 50 mV s-'; c) resulting c.v. after
allowing film to stand in air for 30 minutes, v = 50 mV s_1; d)
resulting c.v. after allowing film to stand in air for 24
hours, v = 50 mV s_1.
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Figure 6.6,a) c.v. of PANi growing in pH 0 HC1:ani1ine solution
containing 20 mmol dm-3
K4Fe(CN)6, v = 50 mV s_1; b) c.v. of resulting film upon
cycling in pH 0 HC1 solution, v = 50 mV s-1; c) resulting c.v.
after allowing film to stand in air for 30 minutes, v = 50 mV
s"1; d) resulting c.v. after allowing film to stand in air for
24 hours, v = 50 mV s-1.
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Figure 6.7, a) c.v. of PANi growing in pH 0 HClranilinesolution containing 20 mmol dm-3 K3Fe(CN)e, v = 50 mV s~1; b)c.v. of resulting film upon cycling in pH 0 HC1 solution, v =50 mV s-1; c) resulting c.v. after allowing film to stand inair for 30 minutes, v = 50 mV s-1; d) resulting c.v. afterallowing film to stand in air for 24 hours, v = 50 mV s-1.
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Figure 6.8, a) c.v. of PANI growth in pH 0 HC1:ani1ine solution
containing 20 mmol dm-3 K4Fe(CN)6, film not being fullyreduced, v = 50 mV s~1; b) resulting c.v. of film in pH 0 HC1solution, v = 50 mV s~1; c) c.v. of PANi growth in pH 0HClraniline solution, v = 50 mV s _1, film not being fullyreduced; d) resulting c.v. of film from c) in pH 0 HCl
solution, v = 50 mV s~1.
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Figure 6.9, a) c. v. of PANi:Cl_ cycling in 1.0 sol
ds-J KC1, v = 50 sV s- 1 ; b) c.v. of PflNi:Fe(CN)»♦-
cycling in 1.0 sol ds"a KC1, v = 50 sV s-1 ; c) c. v.
of PANi:Fe(CN)i4" cycling in pH 0 HC1, v = 50 «V
S"«.
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Figure £>.10, a) c. v. of PANi prepared fros pH 0
HClraniline solution, v = 50 aV s"'; b) c. v. of PANi
prepared fros pH 0 HCl:aniline solution containing 1
saol da*1 Fe(CN)»4*, v = 50 iV s*1; c) c.v. of PANi
prepared froa pH 0 HCl:aniline solution containing
5aaol da*1 Fe(CN)t4*, v = 50 aV s"'.

- 203 -



E Volts vs. S.C.E.

30 . 6.10s

20 .

10
A B

i 0
1 ~10

-20
A'

B'

-30

-AO - I I l

0.2 0.4 O.S 0.8 1
E Volts vs. S.C.E.

Figure 6.10, d) c.v. of PftNi prepared fros pH 0
HCl:aniline solution containing lOssol ds*3
Fe(CN)i*", v = 50 s*1; e) c. v. of PflNi prepared
fros pH 0 HClianiline solution containing lOssol ds*3
Fe(CN)» *" , v = 50 sV s*1.
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Figure 6.11, a) SEM picture of PANi prepared fro« pH
0 HClraniline solution; b) SEM picture of PANi
prepared fro« pH 0 HCl:aniline solution containing 5
■ ■ol d«-» Fe(CN)44".
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Figure 6.11, c) SEM picture of PANi prepared froi pH
0 HCl:aniline solution containing 0.1 aol da'a
Fe(CN)t*-; d) SEM picture of PflNi prepared fro« pH 0
HCl:aniline solution containing 0.1 »ol d«"a
Fe(CN)4*-, fil« only partlyreduced.
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Figure £>.12, qualitative EDX analysis showing
presence of Fe in PflNi fill.
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Figure 6.13, a) c.v.of PANi growing froa pH 0
HClsaniline solution, v = 100 aV s**; b) c. v. of PANi
growth froa pH 0 HClraniline solution containing 5
aaol da-» Fe(CN)i4*, v = 100 aV s*1.
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Figure 6.13, c) c. v. of PftNi growth froa pH 0
HCl:aniline solution containing 0.1 aol da**
Fe(CN)4 4 *, v = 100 bV s* 1 j d) c. v. of PflNi growth
froB pH 0 HCljaniline solution containing 0.1 boI
dB*» Fe(CN)»4", v = 100 bV s"1, fila not being fully
reduced.
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E Volts vs. S.C.E.

E Volts vs. S.C.E.

Figure 6.14, a) c.v.of PflNi growing fros pH 0
Hi SO,:aniline solution, v = 100 «V s"1; b) c. v. of
PftNi growth fros pH 0 H.SO,:aniline solution
containing 5 ssol ds"1 FetCN),4", v = 100 s"1.
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Figure 6.14, c) c. v. of PflNi growth froa pH 0
HtSO,:ani 1 ine solution containing 0.1 aol di'1
FeCCN),4-, v = 100 iV s"1 j d) c. v. of PflNi growthfroi pH 0 H«SO,:ani1ine solution containing 0.1 solda*" Fe(CN),*-, v = 100 aV s"1, fila not being fullyreduced.
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Figure 6.15, a) SEM of PflNi grown froi pH 0
Hi SO,:ani1ine solution; b) SEM of PflNi growth froa pH
0 HfS04rani 1ine solution containing 5 aaol da*'
Fe(CN)»4".
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Figure £>.15, c) SEM of PflNi grown froi pH 0
H,SO,:ani1ine solution containing 0.1 aol dB"1
Fe(CN)»4~; d) SEM of PfiNi grown froB pH 0
Hi SO,:ani1 ine solution containing 0.1 boI db~j
Fe(CN)»4", filB not being fully reduced.
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Figure 6.16, a) c.v. of PANi growing froa pH 0HCl:aniline solution, v = 100 aV s-1; b) c. v. of PANigrowing froa pH 0 HCl:aniline solution, v = 100 aVs-^.a) ; c) c.v. of a typical PANi cycle in pH 0. QH« Fe(CN)» 4".
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Figure 6.16, d) c. v. response of fill cycled in pH
0.8 H« Fe(CN)»*", now cycled in pH 0 HC1, v = 100 eV
s*'; e) c. v. response of fill not cycled in pH 0.8
H« Fe <CN)44 *, now cycled in pH 0 HC1, v = 100 s*
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Figure 6.17, a) c. v. of PfiNi growing fro« pH 0
H,S04:aniline solution, v = 100 s*1.
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gure 6. 17, b) c. v. of PftNi growing fro« pH 0
30«:aniline solution, v = 100 «V s~'.a) ; c) c. v.
a tvDieal PflNi cvcle in dH 0.8 H«Fe(CN)»**.
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Figure 6.17, d) c.v. response of file cycled in pH
0.8 H*Fe(CN)t*-, now cycled in pH 0 H.S04, v = 100 ■V
s*1; e) c.v. response of fill not cycled in pH 0.8
H4 Fe(CN>44 *, now cycled in pH 0 HtS04, v = 100 iV
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Figure 6.18, a) c.v. of PONi growth froa pH 0.9
H«Fe(CN)i:ani1ine solution, v = 100 aV s*1; b) c.v.
of PfiNi growth froa pH 0.9 H.Fe(CN)»:ani1ine
solution, v = 100 aV s*1; c) c. v. of PPNi growth froa
pH 0.9 H.Fe(CN)t:aniline solution, v = 100 aV s*1,
fila not being fully reduced; d) c. v. of PflNi growth
froa pH 0.9 H.FetCN).:aniline solution, v = 100 aV
s**, fila not being fully reduced
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rigure 6.19, a) c.v. of fill prepared in 6.18 a) in
dH 0 H,SCU, first scan, v = 100 iV s-1; b) c. v. of
Fill prepared in 6.18 c) in pH 0 H»S0«, first scan, v
= 100 iV s-«.
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E Volts vs. S.C.E.

Figure 6.19, c) c. v. of fill prepared in 6.18 b) in
pH 0 HC1, first scan, v = 100 >V s-1 ; b) c.v. of fill
prepared in 6.18 d) in pH 0 HC1, first scan, v = 100
■V s-'.
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