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ABSTRACT 

Photochemical properties of sulphonated phthalocyanine complexes of 

aluminium, zinc, tin and silicon, and octa-carboxyphthalocyanine complexes of 

aluminium and zinc have been investigated. These water-soluble metallophthalocyanine 

(MPc) complexes, especially the sulphonated aluminium and zinc phthalocyanines, were 

found to be good photosensitisers for the transformation of the toxic mono-, tri- and 

penta-chlorophenols in aqueous solutions. The efficiency of MPc sensitiser towards 

photo-transformation of chlorophenols depends on its effectiveness to generate singlet 

oxygen as well as its photostability. 

Octa-substituted thiol-derivatised phthalocyanine complexes of cobalt, iron and 

zinc were synthesized and their spectral and electrochemical properties investigated. The 

photochemical properties ofthe zinc phthalocyanine complexes in non-aqueous solutions 

were comparable to those in literature. 

Ultrathin films of the octasubstituted thiol-derivatised phthalocyanine complexes 

of cobalt, iron and zinc were, for the first time, immobilized onto gold electrodes using 

the self-assembling technique. Surface electrochemistry indicates that the ultrathin films 

are surface-confined self-assembled monolayer (SAM) species. Gold electrodes modified 

with the redox-active SAMs of cobalt and iron phthalocyanine complexes proved to be 

potential electrochemical sensors for the detection of thiols (L-cysteine, homocysteine 

and penicillamine) and thiocyanate in aqueous solutions (pH 4). The limits of detection 

for the thiols and thiocyanate were in the range of - 10-7 and 10-6 mol dm·3
, respectively. 

The modification process was reproducible and the modified electrodes showed good 

stability and, if stored in pH 4 buffer solutions, could be used for the analysis of thiols 

and thiocyanate for about a month without the need for recalibration. Etching of gold 

marred electrochemical detection of cyanide with the MPc-SAM-modified gold 

electrodes. Interestingly, however, kinetic and equilibria studies revealed strong 

interaction of octabutylthiophthalocyaninatoiron (II), FeOBTPc, with cyanide in both 

DMF and DMSO solutions. 
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Chapter I: Introduction 

1.1 Metallophthalocyanines: General Introduction 

1.1.1 Historical Perspective 

Metallophthalocyanine (MPc) complexes are very versatile class of organic 

compounds that have established themselves as great commercial, industrial and 

biomedical materials.' They were discovered by accident in 1928 during the course of 

industrial production of phthalimide at the Grangemouth plant of the Scottish Dyes Ltd, 

which later became part of the Imperial Chemical Industries (ICI).2,3 The production 

process of phthalimide involves passing ammonia into a molten phthalic anhydride in 

glass-lined iron vessels. History has it that in the course of a certain preparation, the 

glass-lined vessel cracked thereby exposing the reaction to the outer steel casing. This 

exposure resulted in the formation oftraces of dark blue impurity in the phthalimide. The 

blue material was analysed at Imperial College by Linstead4 and found to be iron 

phthalocyanine (FePc), the structure of which was confirmed by Robertson5
,6 using X-ray 

diffraction techniques. Linstead named the compound 'phthalocyanine' (phthalo from its 

precursor, 'phthalic acid' derivative, and cyanine from the Greek word 'blue'). 

1.1.2 Structure of Metallophthalocyanine 

MetalJophthalocyanine is a planar, 18 1t-electron macro cyclic aromatic 

compound, consisting of four isoindole subunits linked together by aza nitrogen atoms.6 

Its structure {Figure 1.1 (A)} closely resembles that of the biologically important 

metalloporphyrin (MP){Figure 1.1 (B)), except: 

• porphyrins ring system is made up ofpyrrole units instead of the isoindole, and 

• carbon atoms instead of the nitrogen atoms link pyrrole units in porphyrins. 

2 
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Like the porphyrins, a host of metal cations, ranging from the groups I and II to the 

lanthanide and actinides,I,7-10 can be introduced into the central cavity of the 

phthalocyanine (pc). Today, more than seventy MPc complexes are known? 

(A) (8) 

N0-

Figure 1.1 : Geometric structures of (A) metallophthalocyanine and (B) metalloporphyrin 

complexes; M represents the metal center of the macrocycles. 

1.1.3 Synthesis of Metallophthalocyanines 

The common synthetic routes11 ,12 for the preparation of metallophthalocyanine 

complexes are shown in Scheme 1.1. Basically, these routes involve heating a mixture of 

metal salt (or metal) and (i) phthalic anhydride (1), or (ii) o-cyanobenzamide (2), or (iii) 

diiminoisoindoline (3) or (iv) phthalonitrile (4) in the presence of various reagents to give 

the MPc complex. The phthalic anhydride route requires inexpensive starting materials, 

thus making it the preferred route for large-scale production of MPc complexes.2 The 

phthalonitrile route, on the other hand, is expensive but gives high purity products. Thus, 

the phthalonitrile route is used for the synthesis of MPcs used for technology applications 

where high quality and high purity and not cost are the major considerations. Recently, 

3 
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reports on the use of microwave irradiation for the synthesis of MPc complexes have 

been reported. 13.14 The micro-wave technique is fast and eliminates the use of solvents. 

~o 
1 0 

urea, metal salt 

o 
~st, solvent 

~-...-: "" N;5?"~ /, ~NH2 
llA"C"N ------. 

urea, metal salt 

~ N N-
'\. ..-

N M N 

6l>b 
catalyst, solvent 

2 

urea, metal salt 

catalyst, solvent 

MPc 

CC
CN ...--------

............... metal salt, 
I h other reagents 

CN 
4 

Scheme 1.1: General synthetic routes for metallophthalocyanine.2,Jl,12 

Due to strong intermolecular cohesion, most unsubstituted MPcs are non-melting, 

insoluble solids. However, introduction of substituents on the Pc rings dramatically 

changes their basic properties, such as electrochemistry and solubility.15.20 A substituted 

MPc complex is obtained by cyclotetrarnerisation of the appropriate substituted 

phthalonitrile derivative, thereby making it possible for the introduction of up to four 

substituents into each of the four benzo subunits. For example, the soluble, peripherally 

octasubstituted MPc (MPcRg, where R = substituent) complexes (Scheme 1.2) are 

normally synthesized from the disubstituted phthalonitrile (5) and the metal salt. 17,21 
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R R 

R R 
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CN 
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N 
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Scheme 1.2: Synthetic route for peripherally octasubstituted MPcs from substituted 

phthalonitrile. 17
•
21 

Scheme 1.2 is popular22 for the preparation of the peripherally octasubstituted thiol­

derivatised metal-free, H2PC~, (where R = alkanethiols) and metallated (MPc~)23 

phthalocyanine complexes described in this thesis. 

Water-soluble MPc complexes are obtained by the introduction of sulphonic,24 

carboxylic25
.26 or phosphonic27 acid groups on the annellated benzene rings. Tetrasodium 

salt of metallo-tetrasulphophthalocyanine (MPCS4) is synthesized using the Weber and 

Bush method24 wherein the monosodium salt of the 4-sulphonic acid (6) and appropriate 

metal salt are refluxed in nitrobenzene in the presence of a catalyst, Scheme 1.3. Direct 

sulphonatiorrzs of unsubstituted MPc also leads to a water-soluble mixture of sulphonated 

complexes, equation 1.1 

MPc 
"SOII 

3 .. MPC(S03H)n 1.1 

where n = 1,2,3 or 4 

5 
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Introduction 

Scheme 1.3: Synthetic route for tetrasodium salt of metallotetrasulphophthalocyanine 

(MPcS.).24 

Octacarboxymetallophthalocyanine (MOCPc) complex is obtained from its tetra-

amide intermediate product, tetra-amidometallophthalocyanine (MT APc) using benzene-

1,2,4,5-tetracarboxylic dianhydride (pyromellitic dianhydride, 7) aod 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) as a catalyst,26 Scheme 1.4. Water-soluble MPcs 

containing non-transition metal centers are essential in photosensitized reaction such as 

photodynamic therapy (PDT) and photo-oxidation reactions in aqueous environments. In 

this work, Schemes l.3 - l.5 and equation 1.1 were employed for the preparation ofMPc 

complexes used for the photo-transformation of chlorophenols in aqueous solution 

(discussed in Chapter 4). 

Axial ligand substituents can be introduced onto an appropriate cation (example 

Fe2"') held within the central cavity of the MPc, Scheme 1.5. The axial-ligated MPc is 

obtained by refiUl,;ing the uncoordinated MPc in a coordinating solvent or other axial 

ligands (L).29,30 

6 
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Scheme 1.4: Synthetic route for water-soluble octacarboxy-metallophthalocyanine, 

MOCPc.26 
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Scheme 1.5: Synthetic route for axial-ligated MPcS.29
•
30 
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1.1.4 Electronic Absorption Spectra of Metallophthalocyanines 

Figure 1.2 shows the ultraviolet-visible (tN-Vis) absorption spectra of typical 

metallopthalocyanine (Figure 1.2A) and metalloporphyrin (Figure 1.2B). 

(A) (8) 

~ ~ 
0 0 
c c 
~ Q .. B .., .., 
(; -0 
~ ~ .., .., 
« B « 

Q 

300 400 500 500 700 800 300 400 500 600 700 800 

Wavelength I nm Wavelength J nm 

Figure 1.2: Typical electronic absorption spectra of (A) metallophthalocyanine and (B) 

metalloporphyrin. 

These spectra are characterized by distinct bands, which arise primarily from the 

11-11* transitions31 within the delocalised phthalocyanine or porphyrin ring system. The 

isolated single band in the far-red end of the visible region, which appears around 600-

700 nm regions, is known as the Q band. The less intense bands in the blue end of the UV 

region (near 300-500 nm) are called the B (or Soret) bands.32,33 The origins of these first 

two 11-11* transitions are depicted in Scheme 1.6. 

According to the Gouterman's four orbital model/ 4 the spectra ofMPc complexes 

are due to transition of electrons from the highest occupied molecular orbital (HOMO) 

(11) to the lowest unoccupied molecular orbital (LUMO) (11*). The Q and B bands arise 

from transitions from the HOMO, alu(1I) (Q band), and a2u(1I) and ~u (B bands) to the 

8 
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LUMO, eg orbital. 32 Unlike with MPc, the spectrum of a typical metalloporphyrin (MP) 

shows a weak Q and an intense B band. This discrepancy is because the HOMOs of the 

Phthalocyanine Porphyrin 

e g e g 

b 2u b 2u 

b 1u b 1U 

e g LUMO e g LUMO 
Q B1 Q B 

a 1u HOMO a 2u HOMO 
B2 a 1u e g 

a 2u e g 
b 2u b2u 

a 2u 
a 2u 

Scheme 1.6: Electronic transitions for phthalocyanines and porphyrins showing the origin 

of the Q and B bands. 

phthalocyanines are widely separated (alu lies well above the a2u) while those of the 

porphyrins are accidentally degenerate (alu and a2u are very close together). This 

accidental degeneracy in porphyrins results in extensive configuration interaction for 

transitions to the same eg (LUMO).32,34 Thus, phthalocyanines exhibit significant red shift 

in energy and intensification of the Q band relative to the B band, compared to the 

porphyrins. These spectral features explain why porphyrins are red in colour while 

phthalocyanines are either blue or green. Also, since phthalocyanines are made up of 

isoindoles rather than pyrroles, they have longer conjugated pathway around the ring 

structure and therefore absorb at wavelengths longer than porphyrins. The Q band of 
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porphyrins occurs in the regIons of - 650 run, while for phthalocyanines longer 

wavelengths are observed. 

uv -Vis spectra of MPcs are mostly recorded in solutions such as concentrated 

acids, coordinating {such as pyridine, dimethyl formamide (DMF) and dimethyl 

sulphoxide (DMSO)} and non-coordinating {benzene, tetrahydrofuran (THF) and 

chloroform (CHCh)} solvents. In addition, both vapour phase spectra32 and solid phase 

spectra, as thin films35 and crystals36 have been reported. There are other absorption 

bands observed in the spectra of MPc, which have been assigned to the charge transfer 

transitions (CTT). If the central metal has d-orbitallying within the HOMO-LUMO gap 

(Scheme 1.7) there is a possibility for the CTT, either metal to ligand (MLCT) or ligand 

to metal (LMCT). CTT mostly occur as weak absorption bands in the near infrared (NIR) 

region or between the Q and B bands, normally in the 400-500 nm regions.8
,32,37 

MLCT --- ---- --- --------,------ - d,' (a , .) 

B, B, Q 

------- ------ t--- -;- ----- ---- -- --- -
--- -- ---f- ---t- ---j- --- --------- ---

d ( eg) 

LM C T 

Key: = Ring energy levels 

- - ------ - = Central metal ion energy levels 

Scheme 1.7: Charge transfer transitions (CIT) between metal and phthalocyanine ring. 
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At this juncture, it is important to note that axial coordination of different ligands 

to MPcs and their resulting spectral changes has been an important and specialized area 

of research.30,38-56 Owing to their excellent coordinating and catalytic activities, 

phthalocyanine complexes of cobalt and iron have been the most intensively 

studied.30,38,56 As a modest contribution to this interesting field, this work also 

investigated the interaction of cyanide with novel thiol-derivatised FePc complexes. 

1.1.5 General Applications of MetaUophthalocyanines 

Rarely in history has there been one type of molecule that has such a wide variety 

of applications as the phthalocyanine (Pc). Most ofthe applications of Pc complexes stem 

from their diverse chemica~ structural, electronic and optical properties. Because oftheir 

remarkable chemical stability, beautiful bright blue to green co lours, high tinctorial 

strength and excellent fastness to light,2,3 phthalocyanines have been used mainly as 

dyestuffs for jeans and other clothings, inks in ballpoint pens, and paints for plastics and 

metal surfaces. Today, they have been shown to possess properties that have attractive 

applications including ink jet printing,2 electrophotography,2,57 photocopying and laser 

printing,2,3 electro chromic display devices,58-60 optical computer re-writable discs and 

information storage systerns,61-63 liquid crystal display devices,64,65 photovoltaic cells,66,67 

fuel cells,68 molecular electronics,69 semi-conductor devices,70-73 electronic and chemical 

sensors,14-76 catalysis,48,77-82 photosensitisation, 83-86 in particular photodynamic therapy 

(PDT).84,87-91 Such is the interest in these macro cyclic complexes that much work has 

been focused on the formulation of thin films of phthalocyanines using techniques such 

as Langmuir-Blodgett (L_B),73 ,92-96 spin_coating95.97 and, more recently, the fabrication of 

11 
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phtbalocyanine mono layers Via self_assembling.95,96,98-104 The areas of application 

mentioned above are by no means an exhaustive, or even close to comprehensive list of 

new areas of technology where phtbalocyanines are being applied. New applications of 

Pc complexes are reported on a constant basis. 

1.1.6 Aim of Thesis 

The major thrust of this thesis is the search for potential applications of 

hydrophilic sulphonated MPcs and hydrophobic thiol-derivatised MPcs in the fields of 

• Photocatalysis: Photosensitized transformation of chiorophenols, which are 

known industrial and environmental pollutants. 

• Electroanalysis: Development of electrodes modified with ultrathin films; self­

assembled monolayers (SAMs) of MPc complexes suitable for possible detection 

of molecules of biological and environmental importance; thiols (L-cysteine, 

homocysteine and penicillamine) and cyanides (thiocyanate and cyanide)_ 

12 
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1.2 Overview of Properties of Chlorophenols, Cyanide, Thiols 

and Thiocyanate. 

1.2.1 Chlorophenols 

The chlorinated phenols, 4-chlorophenol (4-CP), trichlorophenol (TCP) and 

pentachlorophenol (PCP), (Figure 1.3) are well_knownl05-108 recalcitrant pollutants of 

¢ 
CI 

4 - Chlorophenol (4-CP) Tri chlorophenol (TCP) 

CI~CI 
CI V CI 

CI 

Pentachlorophenol (PCP) 

Figure 1.3: Molecular structures of chlorophenols studied in this work. 

waste and natural waters. Because of their toxicity, persistence and bioaccumulation in 

aquatic organisms, they are listed among top priority pollutants by both the European 

Union lO9 and the United States of America. 110 The polychlorophenols (TCP and PCP), are 

commonly used in a wide variety of agricultural and industrial applications as pesticides, 

germicides, fungicides, herbicides, molluscides, algicides and insecticides_Ill They 

became commercially important in the 1930s but were only recognized as environmental 

pollutants in the 1960s. 112 Hitchman et aL 112 have elegantly reviewed the various methods 

for the degradation of chlorophenols. These range from biological to photochemical 

processes. 

The toxicity and resistance of chlorophenols to degradation increase with the 

number of halogen substituents.llO-115 As a model pollutant, 4-CP is the most studied of 

all the chloropheno Is, and has also become a standard for evaluating experimental 
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parameters for photocatalysis and exammmg the mechanism and efficiency of 

degradation of chlorophenols and other chlorinated aromatics. 1 16-129 

There have been several reports on the degradation of chlorophenols under UV 

irradiation. II 1.130-133 Unforttmately, direct irradiation ofthese complexes in water has been 

fotmd to generate some intermediate compotmds (e.g., polychlorinated dibenzo-p­

dioxins) that are as toxic or even more toxic and persistent than the parent pollutant. On 

the other hand, the use of semi-conductive photocatalysts (such as Ti02) and 

photosensitisers 116.134-137 has resulted in the production of less harmful photoproducts. 

Tetrasulphophthalocyaninatoiron (II), FePcS4, has been intensively employed as a 

catalyst in the chemical oxidation of chlorinated phenols using hydrogen peroxide (H20 2) 

or potassium monopersulphate (KHSOs) as oxidant.138-143 In these studies,138-143 the 

products of trichlorophenol oxidation were reported as dichlorobenzoquinone, 

chloromaleic acid, chlorofumaric acid, maleic acid, fumaric acid and several oxidative 

coupling products. Phthalocyanine complexes containing non-transition metal centers 

have proved to be very efficient photosensitiser for use in PDT84.87-91 but their use in 

photosensitized transformation of chlorophenols has received little attention. In neutral 

solutions, the final product of phenol and 4-chlorophenol photo-oxidation using MPc 

photosensitisers in the presence of oxygen is p_benzoquinone.8s.86 In alkaline solutions, 

the p-benzoquinone is further degraded to carbon dioxide, maleic and I or fumaric acids. 

Aim of thesis 

In this thesis, the use of sulphonated AlPc, ZnPc, SiPc and SnPc as photocatalysts 

for the degradation of chlorophenols in aqueous solutions is explored. Sulphonated SiPc 

14 
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and SnPc complexes have not been reported; hence their synthesis and photosensitising 

properties are reported in this work. 

1.2.2 Cyanide 

Cyanide, either free or bound to metals, is released into the environment through 

various activities such as electroplating, metal fmishing, petroleum and chemical 

industries, and mining operations. I44 The extreme toxic effects of cyanide poisoning, 

which start from dizziness, then fainting and fmally death, are well known. I44 Deaths 

arising from cyanide poisoning are compatible with blood cyanide concentrations of 1.0 -

2.0 mg rl and above, This explains why many environmental authorities such as the 

Australian and New Zealand Environmental and Conservation Council (ANZECC), limit 

the maximum allowable concentration ofCN' in fresh and marine waters to 5.0 ~g rI, 

The extreme toxicity of CN' in humans partially arises when it binds to the iron 

(III) porphyrins in the respiratory enzyme, cytochrome oxidase,I45 and prevents 

respiration, There are several clinical methodsI46 for treating cyanide poisoning. In the 

USA, for instance, sodium nitrite l47 is injected intravenously to cause the oxidation of the 

poisoned blood' s iron (II) haemoglobin into the high cyanide-affmity iron (III) 

methaemoglobin form. 148 This is followed by the injection of sodium thiosulphate which 

serves as a massive sulphur source for the body' s rhodonase enzymes that transforms the 

CN- into the less toxic thiocyanate, SCN'. 

MPc complexes, especially those of iron and cobalt, are known to coordinate with 

CN', FePc complexes, in particular, have received much attention because of their strong 

tendency to undergo axial ligation with CN' 30,46,47 Also, FePc is usually considered 
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analogous to the haem group ofhaemogloblin and myoglobin, hence the study of its axial 

coordination with cyanide is of utmost importance in the search for anti-cyanide drugs. 

One of the major reasons for the extensive studies of the axial reactivity of FePc 

complexes with biomolecules is the belief that it may contribute to a better understanding 

of the reactivity of the structurally related and biologically important porphyrins. 

Kinetics and equilibria for the axial exchange reaction between cyanide and MPc 

or metalloporphyrin complexes in non_aqueous30.46.47 and aqueous 53 environments are 

known. Axial-ligation in MPc and porphyrin complexes is known43
.4

4 to be step-wise, 

which results in the formation of a highly reactive five-coordinate intermediate. The 

overall ligand substitution may be conveniently represented by reactions 1.2 and 1.3, 

where Land E represent the leaving and entering ligands, respectively. L is usually the 

solvent molecule (e.g. DMF and DMSO) while E is the target ligand (e.g. CN) 

L(MPc) + L 1.2 

L(MPc) + E (L)(E)MPc 1.3 

The rate law for axial exchange reactions 1.2 and 1.3 is generally given38 by equation 1.4. 

k,k,[E] + k_,k_,[L] 
kOb' = k_,[L] + k,[E] 

1.4 

Since solvent L is always in excess, it can be assumed that k.J [L] » k2 [E], then equation 

1.4 may be written as equation 1.5, 

1.5 

which can further be simplified to equation 1.6 
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1.6 

Representing k1k2Ik_1[L] = kr and k..2 by kr equation 1.6 becomes 

1.7 

The kr values for the coordination of CN- to Fe"Pc were reported30 as 17.5 and 0.2 dm·3 

mor l 
S-I for the first and second CN', respectively; while the equilibrium constants, K, 

were 3.0 x 103 and 5.7 x 102 drn3 morl for the first and second CN-, respectively. 

Aim of thesis 

There has been no study on the effects of the axial reactivity of cyanide with FePc 

substituted with alkanethiol groups. To this end, and as a step towards the development of 

anti-cyanide drugs, this research work in part examines the equilibra and kinetics of the 

interaction of cyanide with FePc complex substituted with sulphur group, and compares 

the results with those previously reported for FePc complexes.30,46,47 

1.2.3 Thiocyanate 

Thiocyanate (SCN') is found in many industr ial and biological applications.149-152 

Although it is less toxic than CN', it is harmful to aquatic life and has been known to 

block the iodine uptake by thyroid gland. As a detoxification product of hydrogen 

cyanide (HCN), thiocyanate in the body fluids has been used to monitor HCN from 

tobacco smoke, fire atmospheres and certain vegetables containing cyanogenic 

glucosides.1 49 A chemical test to distinquish between smokers and nonsmokers is 

essential in many epidemiologic studies. Thiocyanate has proved to be a good "smokers' 
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implicator" since high levels of it (in the range of - 10-5 
- 10-3 mol dm-3

) in biological 

samples such as saliva and urine correlate to excessive cigarette smoking. 149
-
152 

Although colorimetry and spectrophotometry have been used to detect 

thiocyanate, the use of potentiometric techniques based on ion-selective electrodes (ISEs) 

has been attracting great attention. Recently, graphite electrodes coated with polyvinyl 

chloride (PVC) containing transition metal macro cycles (including MPcs) have been used 

for the detection of the thiocyanate ion, SCN- in biological fluids. 150
,15 1 

Aim of thesis 

There has not been any study on either the electrocataiytic activity of electrodes 

modified with SAMs of alkylthio-substituted MPc complexes or their catalytic activity 

towards thiocyanate detection. One of the aims of this thesis is to study the 

electrocatalytic behaviour ofthe SAMs of the thiol-derivatised CoPc and FePc complexes 

towards detection of thiocyanate with a view to improving sensitivity. 

1.2.4 Thiols: Cysteine, Homocysteine and Penicillamine 

The thiols (R-SH), cysteine and its derivatives (Figure 1.4), play important roles 

within physiological systems, and are also present in various cosmetics and 

pharmaceutical preparations. 153·157 Cysteine {(R)-2-amino-3-mercaptopropanoic acid} is 

a sulphur-containing a-amino acids, which is one of about 20 amino acids commonly 

found in natural proteins. Cysteine is a crucial substrate for protein synthesis, and rate­

determining precursor for glutathione. Glutathione is the most abundant non-protein thiol 

and it is known for its wide-ranging functions within the cell including regulation of cell 
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growth and maintenance of immune function and scavenging of free radicals and 

peroxides, 153,155 which helps protect the brain and liver from damage due to alcohol and 

HS COOH 

"--< 
NH2 

L-Cysteine 

HS 

~COOH 
NH2 

Homocysteine 

HS\L'._lOO H 

\ "'NH
2 

Penicillamine 

Figure 1.4: Molecular structures of thiols (L-cysteine, homocysteine and penicillamine) 

studied in this work. 

drugS. 157 The ability of cysteine and glutathione to scavenge free radicals has been a 

major significance in medicine. The depletion of cysteine and glutathione in the body is 

accompanied by premature arteriosclerosis, leukaemia, cervical cancer, liver disease, 

sepsis, diabetes and several other disorders.1 53-155,158 Abnormally high levels of cysteine, 

in particular, in body fluids have been implicated in the pathological conditions such as 

Alzheimer' s and Parkinson' s diseases, acquired immune deficiency syndrome (AIDS) 

related dementia and stroke. '53 Although it is being contestedl55 whether monitoring 

cysteine or glutathione in isolation can give definitive evidence for the onset of any ofthe 

above debilitating conditions, nevertheless it has been postulated that these thiols can be 

powerful biomarkers in post diagnosis supervision of patients, in that monitoring their 

levels within physiological fluids could provide the clinician hard data from which to 

gauge the effectiveness or response of the patient to subsequent treatments. 

Homocysteine (Figure 1.4) has recently risen to greater prominence because of its 

implication in cardiovascular disease rather than its antioxidant properties. Homocysteine 
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is a critical regulatory intermediate during the methionine metabolism and a precursor for 

cysteine. 153 Plasma homocysteine concentrations in the (5 - 15) x 10.0 mol dm·3 range are 

considered normal in fasting subjects. Slightly higher plasma homocysteine levels, 

known as hyperhomocysteinemia, are associated with greater risk of cardiovascular and 

cerebrovascular diseases. Major causes of moderate homocysteinemia are chronic renal 

failure and deficiencies in specific vitamins including folate, vitamins BI2 and B6
153,254 

On the other hand, very high concentrations of homocysteine in plasma and urine are a 

clinical indicator of the genetic disease commonly referred to as homo cystinuria, whose 

sufferers are known to be highly susceptible to heart diseases. Although the use ofplasma 

homocysteine as a biomaker for an individual's susceptibility to homo cystinuria is not 

common, efforts are being made towards the developments of protocols to enable easy 

detection of this thiol in physiological and pharmaceutical products.155 

Penicillamine (~,~-dimethylcysteine; 3-mercaptovaline) (Figure 1.4) is the acid 

degradation product of ~-lactam antibiotics. It is a chelating agent, which is widely used 

in medicine for the elimination of copper in the treatment of Wilson's disease, heavy 

metal poisonings and many other diseases such as cystinuria and rheumatoid 

hri · 156159160 N d ffi . th d ~ . ,. I I' b' I . I fl 'd art tis. " ew an e IClent me 0 s lor momtonng Its eve s ill 10 oglca ill s 

and pharmaceutical preparations are of current interests. 

Several methods that have been used for the analysis of the above thiols, and 

these include chromatography, fluorimetry, and electrochemistry. 154·156,160 However, most 

of these methods are not necessarily simple. Many electrochemical studies have been 

devoted to the study of these complexes using bare electrode materials such as 

mercury,161-1 66 platinum and gold/61,167-169 carbon,170 and boron-doped diamond,171 and 
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electrode materials modified with metalloporphyrin and metallophthalocyanine 

complexes.55,78,172.177 At most conventional electrodes, the oxidation of these thiols 

occurs at extreme positive potentials coupled with slow electron transfer. However, when 

MPc-chemically modified electrodes (MPc-CMEs) are employed, a considerable 

reduction in the oxidation potentials of these thiols, with a remarkable acceleration in the 

rate of electron transfer, is observed. 176, I78 

The greatest obstacles that still hamper the applications of most MPc-CMEs to 

biological analysis of species, such as L-cysteine and its derivatives, include rapid loss of 

sensitivity due to leaching or deactivation of MPc catalysts, and poor detection limits 

(arising from large background currents). 

Aim of thesis 

There has been no study on the application of electrodes modified with SAMs of 

alkylthio-substituted MPcs for the oxidation of thiols. This work, for the first time, 

attempts to probe into the self-assembling features of these MPc complexes on gold 

electrode as well as their electro catalytic behaviour toward the oxidation of cysteine and 

other thiols. Since the FePc and CoPc are the most active complexes for thiol 

electrooxidation,172 this study is devoted to alkanethiol-derivatised phthalocyanine 

complexes of Co and Fe only. 
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1.3 Photochemical Processes: An Overview 

1.3.1 Basic Concepts 

Photochemistry is concerned with the biomolecular interaction of a quantum of 

light and a molecule (chromophore) and the subsequent chemical and physical changes 

which result from this interaction.91.179.181 The photophysical processes, which follow 

molecular excitation by light absorption, can be conveniently represented using the so-

called Jablonski diagram, Scheme 1.8. Illumination of the chromophore (e.g. MPc) with 

hv fI ic 

isc 

-'" .......,r--~.r--,/"""~02(1Agl+ Sub --.~Sub(ox) 

, /1 
iC: 

, i 

1 ~_ 
ph 

Scheme 1.8: Simplified Jablonski diagram showing the various modes of excitation and 

relaxation in a chromophore. hv = energy of absorption, So = ground state energy level, 

SI = excited state energy level, fl = fluorescence, ph = phosphorescence, isc = intersystem 

crossing, ic = internal conversion. 

light of appropriate wavelength, leads to energy of absorption (hv), and subsequently to 

excitation from the ground state energy level (So) to the excited state energy level (SI)' 

To place itself in equilibrium with the surrounding medium, the excited molecule soon 

loses its excitation energy by deactivation via radiative (energy loss in the form of light) 

and radiationless (energy loss in the form of heat, shown by the dotted arrows) processes. 
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These physical deactivation processes can be any of the following; fluorescence (fl), 

phosphorescence (Ph), intersystem crossing (isc) and internal conversion (ic). Whereas 

isc involves a change of spin, ic does not. The radiative, triplet to singlet transitions are 

quantum mechanically "forbidden" since a change of spins is required, they however 

occur to a very small extent. Therefore, triplet excited states generally have longer 

lifetimes (- order of seconds) than the singlet excited states (10.10 - 10~ seconds).180 In 

oxygenated environments, the chromophore easily transfers its energy to ground state 

triplet molecular oxygen, 302 or 02 eLg), to yield the excited state singlet oxygen, 102 or 

ol ~g), which can react with organic substrate (Sub).83.91.182.183 

The concept of energy transfer can be represented by equation 1.8, where D* is 

the excited molecule. 

A + 0* --....,.~ 0 + A* 
1.8 

In this process, an excited donor molecule, D*, collapses to its ground state with the 

simultaneous transfer of its electronic excitation to an acceptor molecule, A, which is 

thereby promoted to an excited state.179
•
180 Thus, photosensitization may simply be 

described as a process whereby a molecule or an atom absorbs radiant energy, becomes 

electronically excited in the process, and then passes the energy onto another molecule or 

atom, without itself reacting. 

Quantum Yields: 

Quantum yield (<1» is a measure of the how much any photoproduct (X) is 

produced per quanta of light absorbed,179 mathematically defined by equations 1.9 and 

1.10). 
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number of molecule (X) formed I cm3s-1 

C!> x = -----:---::-------'::---"--,---,----,----.­
number of quanta absorbed I cm3s-1 

I.e. C!> x = _d=..[X]-"-.I_d_t 
labs 

Chapter 1: 

where labs is the amount of photon oflight absorbed by the sensitiser. 

Introduction 

1.9 

1.10 

The 'overall quantum yield' is to a photochemist what 'overall yield' is to an organic 

chemist. Owing to the major role singlet oxygen plays in both PDT and photo-oxidation 

processes, the interest of scientists is focused on the singlet oxygen quantum yield (<1>,,). 

For usable sensitisers, the <1>" value should lie between 0.2 and 0.8. Other quantum yields 

such as the fluorescence (<1>F) and the triplet states (<1>,) of the MPc sensitisers are also 

important, since their values directly or indirectly affect the values for <1>". 

1.3.2 Basic Pbotocbemistry of MetaUopbtbalocyanines 

Irradiation of phthalocyanine dimers at wavelengths shorter than 300 run (UV 

region) is knownl84 to induce photoredox dissociations leading to monomeric 

phthalocyanines with oxidized or reduced metal centers or ligand radical species. UV 

irradiation of the monomers, on the other hand, induces redox reactions that have been 

characterized as abstractions of hydrogen from the solvent or appropriate hydrogen 

donors, shown by equation 1.11. 

hv 
MPc _ ..... __ .. _~_. *MPc 

SH2 
---;.~ MPc-H' + SH' 1.11 

These hydrogen abstractions have been related to the population of a reactive n1t* state 

by the absorption ofUV light. An important characteristics of the photoprocesses induced 
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with visible light absorptions is that quantum yields of product formation are larger than 

those determined with UV light. 

Phthalocyanine complexes of the non-transition metals are very useful class of 

sensitisers because of their chemical stability and high absorption wavelengths in the 650 

-700 nm. The excited singlet states of phthalocyanine In_n* have a higher energy (1.8-

1.9 eV) than the triplet states 3n_n* (l.l - 1.3 eV), but their lifetimes are only several 

nanoseconds. Thus, the triplet states 3n_n* are more significant for photochemical 

reaction. Titanium dioxide (Ti02) semiconductor is one of the most efficient 

photo catalysts for the degradation of chlorophenols. 116·128 Due to its large band gap (Eg :: 

3.2 eV), its use in photocatalytic processes is limited to the UV regions where only 

approximately 4% of the solar radiation can be utilized. To overcome this advantage, 

photosensitisers (such as metallophthalocyanines85,86) that absorb in the visible region are 

used. 

The photochemical reactions of MPc complexes that generate excited singlet 

oxygen, O2 C Llg) (which is the oxidative species in photo-induced oxidative 

processes83.91.182,183) are represented in Scheme 1.9. Singlet oxygen is generated by 

energy transfer from the excited triplet state of the photosensitiser eMPc*) to ground 

state triplet oxygen, 302 or 02 el:g), through the so-called Type II photo-oxidation 

process. The energy required for the triplet to singlet transition in oxygen is 0.98eV (-94 

kJ mor l
), which corresponds to a wavelength of - 1270 nm.84,182.183 This implies that a 

relatively low energy is required to obtain singlet oxygen. For efficient generation of 

singlet oxygen, the MPc photosensitiser energy should be higher than that of the O2 C Llg). 

This prerequisite holds for MPc complexes with triplet energies ranging from 1.12-1.31 
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eV (- 26-30 Kcal mor') for MPcs containing non-transition metal and heavy metal 

centres. For example, the triplet energies for the tetrasulphophthalocyanine complexes of 

aluminium (AIPCS4) and zinc (ZnPCS4) are 1.20eV and 1.l2eV, respectively.'82 

hv isc 
MPc--.~1MPc· _ 

TYPE I 

• 
.. 

TYPE II 

MPc+' +~-. 

MPc +~-. 

~ (lLg) + 3MPc· --... 1MPc +OzC~g) 

~(1~g)+&b --.... &b(OX) 

Scheme 1.9: Type I and Type II photoreaction mechanisms in a metallophthalocyanine 

(MPc) photosensitiser. 

In Type I process, 3MPC* can react directly with organic substrate (Sub) or 

molecular oxygen by electron transfer to generate the reduced MPc- ' or oxidized MPc+', 

respectively. Types I and II reactions depend on substrate and oxygen concentrations, 

respectively. It is generally believed that the route via singlet oxygen (Type II) is the 

predominating process in PDT and photo-oxidation of many biological and 

environmental substrates. 

The excited singlet oxygen, O2 (' t.g), is the species involved in the photocatalytic 

degradation of phenols using MPc complexes as catalysts, hence its chemistry relevant to 

photolysis is discussed in the following section. It is hoped that this will help the reader 

appreciate the importance of this mo lecule in the photo-oxidation processes. 
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1.3.3.1 

Singlet Oxygen 

Basic Chemistry 

Chapter 1: Introduction 

The ground state oxygen possesses two unpaired electrons located separately in the 

outermost antibonding orbitals (Scheme 1.10). In the presence of a magnetic field, the 

spins ofthe electrons can be revealed to be in one of three possible configurations; both 

spins aligned up, both spins aligned down, or one up and one down. Because of these 

three possible states the ground state of oxygen is called a triplet state.91 The two 

degenerate half-filled molecular orbitals of the oxygen create an electron "sink", which 

explains why oxygen will accept an electron from the excited photosensitiser. The 

extreme reactivity of singlet oxygen, on the other hand, is due to the pairing of two 

electrons into one of the 1t*2p antibonding orbital (Scheme 1.10). 

In the ground state, the electrons are distributed according to the Hund's rule, in 

the px and py antibonding orbitals. However, since these orbitals are degenerate and 

electrons have aligned spins, the quantum numbers of each electron are identical and thus 

are forced to occupy separate orbitals to comply with the Pauli exclusion principle. 

Interaction with excited photosensitiser causes the spin of one electron to invert, making 

its quantum numbers unique, allowing them to pair together into the antibonding orbital 

which destabilizes the molecule. The lifetime of 02 e L'.g) is larger in organic solvents (-

10 - 100 Ils) than in aqueous environment (- 2 Ils) because the energy ofO-H stretching 

in water molecules nearly equals the excited state energies of 02 (I L'.g). The energy 

dissipates as heat by the stretching and vibrational motions of water molecules.91 
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Scheme 1.1 0: Molecular orbital diagrams showing the electronic distribution in triplet 

and singlet oxygen (top). Lewis structure showing the Zwitterion character of singlet 

oxygen (bottom). 

1.3.3.2 Singlet Oxygen Quantum Yields 

As has been indicated earlier, the major determining factor for assessing the 

effectiveness of any MPc as a photosensitiser is the overall singlet oxygen quantum yield, 

<l>A. Some of the factors, which affect the efficient generation of singlet oxygen by MPc 

complex, include: 

(i) Aggregation: The photosensitizing effectiveness of MPc complexes is 

b . II d db' . I ' 32 84182 185-187 A . su stantta y re uce y aggregatIOn ill so utlon. . .. ggregatton 

reduces the lifetimes of the excited MPc complex, most probably due to 

enhanced radiationless excited state dissipation, 182 and therefore reduces 
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the <1>6 value. Aggregation in MPc is charaterised by such spectral effects 

as band broadening, blue shift of the Q band and splitting of the Q band. 

Aggregation is a result of four main processes,32 viz: direct linkage 

between two or more phthalocyanine rings (i.e. intramolecular 

interaction),188 covalent bonding between the metals as ~-oxo-links 

(especially MPc complexes of Fe and Si),68.189 sand-witch type 

complexation where two MPcs share one central metal,190.192 or by weak 

association whereby the peripheral substituents hold two rings in space. 193 

(ii) Photobleaching: This is the destruction or degradation of the 

photosensitiser molecule by light-mediated processes. The rate of 

photobleaching or its quantum yield (<1>p) is a measure of the stability of 

the MPc sensitiser in a given environment.91 Photobleaching generally 

depends on factors such as structure, concentration, solvent and light 

intensity. There have been different reports on the dependence of 

photo bleaching on oxygen, with some researchers showing dependence on 

singlet oxygen,194.195 independence on ground state oxygen,196.197 or 

indifferent to either conditions. 195 

The <1>6 value can be determined via physical and chemical means.198-200 In this 

work, the <1>6 values of various water-soluble phthalocyanine complexes of aluminium, 

zinc, tin and silicon were determined using photochemical methods. In photochemical 

method, a solution containing photosensitiser (MPc), oxygen and quencher (a singlet 

oxygen sensitive compound, also known as singlet oxygen scavenger or quencher) is 

irradiated and the decay of the quencher is followed spectroscopically. The chemical 
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quenchers employed were 1,3-diphenylisobenzofuran (DPBFioO in DMF and tetrasodium 

a,a'-(anthracene-9,lO-diyl) bimethylrnalonate (ADMA)198 in aqueous media. These 

quenchers are pure and efficient complexes that react quickly with singlet oxygen as soon 

as it is produced. Other chemical quenchers that can be used in organic solvents for this 

purpose include furans, derivatives of anthracene, guanine and bilirubin.2oo-202 Kraljic and 

EI Mohsni203 have also devised the use ofN,N-dimethyl-4-nitrosoaniline (abbreviated as 

RNO) as chemical quencher for singlet oxygen in aqueous solution. 

The decay of the quenchers can be directly correlated to <h using equations 1.12 -

1.16, where Q represents the quenchers, DPBF or ADMA; 

02 (l11g) 
kd 

• 02 (3Lg) (Natural decay) 1.12 

02 (l11g) + Q 
kr 

• Oxidation Products (Chern ical reaction) 1.13 

02 (111g) + Q 
kq 

02 eLg} + Q (Physical quenching) 1.14 .. 
MPc + 02 (l11g) .. 02 eLg} + MPc (Physical quenching) 1.15 

MPc + 02 (l11g) .. Oxidation products (Chern ical reaction) 1.16 

where kd is the natural decay constant of singlet oxygen, k, and kq represent the rate 

constants for the chemical reaction and physical quenching of singlet oxygen by the 

quencher, respectively. DPBF and ADMA are known198,200 to be mainly chemical 

quenchers hence equation 1.14 may be ignored. The interaction of the MPcs with singlet 

oxygen is negligible compared to the rate of reaction of the latter with the quenchers, thus 

equations 1.15 and 1.16 can also be ignored. 
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The rate of disappearance of the quencher, Q in the presence of O2 e 6.0 is given 

by equation 1.17 

1.17 

Applying the steady-state approximation for [02 e 6.J], and then rearranging 

gives equation 1.18 

1.18 

Substituting equation 1.18 into 1.17 gives 1.19 

-d[Q] <tl k,[Q]I.", 

dt • kd + k,[Q] 
1.19 

Equation 1.10 may be written as equation 1.20 for the quencher 

1.20 

Substituting 1.20 into 1.19 and cancelling out labs gives 1.21 

k,[Q] 
<tl Q = <tl. kd + k,[Q] 1.21 

At high [Q], the reaction kinetics is zero, i.e. independent of [Q]; a situation not 

suitable for this work. For the desired first order kinetics, low [Q] (_ 10-5 mol dm·3) was 

employed. Thus, it can be assumed that ~ » kr [Q], and equation 1.21 becomes equation 

1.22 

1.22 

In the presence of any MPc sensitiser, equation 1.22 may be written for <l>~P' as equation 

1.23 
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m MP, m MP, kd I 23 
'" ~ - '" Q krlQ]MP, . 

where <l>~P' and [Q]MP' are the quantum yield and concentration of the quencher in the 

presence of the MPc, respectively. Equation 1.23 may also be written for a reference (e.g. 

ZnPc) whose <l>" is known as equation 1.24. 

1.24 

The ratio of the equation 1.23 over 1.24 (the comparative methodI85,20o) gives equation 

1.25. 

1.25 

The reference MPc complexes used in this work are those of AlPcSmix (<l>" = 0.38 in 

water) and ZnPc (<l>" = 0.56 in DMF). <l>Q can be obtained using the relationship2oo 

shown in equation 1.26 

1.26 

where Co and C, are the concentrations of the quencher prior to and after irradiation, 

respectively. Co and Ct may be conveniently replaced by absorbances, Ao and At. V is the 

volume of the sample in the cell; t is the irradiation or photolysis time. labs is given as 

aSI 
I,b. = N 

A 

1.27 

where ex is the fraction of light absorbed, S is the cell area irradiated, I is the light 

intensity from the lamp and NA is the Avogadro 's constant. Assuming that S and V are 
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the same, then substituting 1.27 into 1.26, and then 1.26 into 1.24, equation 1.28 IS 

obtained. 

1.28 

The value of! is constant if the same interference filters are used for both reference and 

sample, and so can be cancelled out in equation 1.28. 

1.3.4 Photodegradation Studies of Chlorophenols 

Photo degradation of monochlorophenols ill aqueous solution85,86 and 

trichlorophenol in organic solution204 using MPc sensitisers is known. Although the 

photo-transformation kinetics of chlorophenols were not reported by these authors,85,86,204 

the route via singlet oxygen (Type II, Scheme 1.9) is the dominating process in sensitized 

photo-oxidation processes.84.91.135,200 In the 1970s, Foote and co_workers,205.206 showed 

that phenolic compounds, such as a.-tocopherol and triphenylphenol, scavenge O2 C Ll.g) 

more by physical quenching than by chemical reaction (i.e. kq> kr) in organic solvents. 

Tratnyek and Holgne207 obtained rate constant, kr, for O2 C Ll.g) reaction with various 

chlorophenols, but failed to establish the quenching constants (kq) for these species in 

water. To provide a qualitative insight into the mechanism of the reaction of 

chlorophenols with O2 C Ll.g) in aqueous environment, it is important to provide a means 

of predicting the respective values of both kr and kq. 

Replacing Q with chlorophenol (Chp) in equation 1.21 without neglecting 

physical quenching (kq), the quantum yield for the transformation of a chlorophenol 

(<I>Chp) may be given as equation 1.29. 
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kJChp] 
1.29 

Rewriting equation 1.29 as its double reciprocal and rearranging gives equation 1.30. 

1.30 

According to the equation 1.30, a plot of 1/ <t>ChPversus 1 / [Chp] gives the slope as 

k.J / kr<t>6. The kr value can be obtained from the slope ifkd and <D/\ are known. The total 

rate constants (kr+ kq) can then be obtained from the intercept, (kr+ kq) / kr<D6. 

In addition to the Type II pathway (Scheme 1.9) photodegradation of phenols and 

chlorophenol substrates (Sub) can occur through the formation of superoxide anion 

radical (Oz-) by photo-induced electron transfer (i.e. the so-called Type I mechanism), 

equations 1.31 - 1.34. 

3M Pc' + °2 • MPc+' + °
2
-' 1.31 

MPc +. + Sub .. MPc + Sub(OX) 1.32 

° -, 2 + Sub-H .. HO -
2 + Sub 1.33 

Sub(ox) ' H02 - Sub ' 
• • further reactions 1.34 

Type I mechanism has also been proposed by Kasuga et aI. Z04 for the photo-

degradation of trichlorophenol in aerated organic solvents using tetra-tert-butyl zinc 

phthalocyanine, equations 1.35 - 1.40. 
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MPc+' + ° -. 2 -----.. 
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H02 ' + TCP-

TCP- + MPc+' ____ _ 
• TCP' + MPc 

TCP' + HO . 
2 ------;.~ Oxidised products 
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1.35 

1.36 

1.37 

1.38 

1.39 

1.40 

Introduction 

In this case, the superoxide anion radical (02-') generated by photo-induced electron 

transfer from the excited metallophthalocyanine (MPc*) complex, attacks the unionized 

TCP molecule to give its anion (TCP") and the reactive hydroperoxyl radical (H02) The 

photocatalytic activity of MPc complexes towards transformation of chlorophenols in 

water has not received much attention. 

From the above knowledge, the photochemistry part of this research work is aimed at: 

• Synthesizing water-soluble MPc complexes and investigating their 

photosensitizing properties towards the generation of singlet oxygen as a first step 

towards their effectiveness as photosensitisers. 

• Studying the applicability of these complexes towards the photo-degradation of 

chlorophenols in aqueous solutions. 

• Investigating relative efficiencies of Type I and Type II photo-oxidation processes 

(since both of them may operate simultaneously) towards the photosensitized 

transformation of chlorophenols. 
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1.4 Electrochemistry: An Overview 

1.4.1 Basic Concepts 

Electrochemistry may generally be defined as the study of chemical reactions to 

produce electric power or, alternatively, the use of electricity to effect chemical processes 

or systems.208 Thus, electrochemical techniques are simply the interplay between 

electricity and chemistry, namely the measurements of electrical quantities, such as 

current, potential, and charge, and their relationship to chemical parameters. The use of 

these electrical measurements for analytical purposes has found a wide range of 

applications in industrial quality control, biomedical analysis and environmental 

monitoring.209 

Unlike many chemical measurements, which involve homogeneous bulk 

solutions, the fundamental electrochemical reactions are heterogeneous in nature as they 

take place at interfaces, usually electrode-solution boundaries. The electrode creates a 

phase boundary that differentiates otherwise identical solute molecules; those at a 

distance from the electrode, and those close enough to the surface of the electrode to 

participate in the electron transfer process.208-21O 

The work described in this thesis employed two electro analytical techniques, 

cyclic voltarnmetry (CV) and Osteryoung square wave voltammetry (OSWV). They were 

employed in the characterization of alkanethlol-derivatised metallophthalocyanine 

complexes and investigation of the surface electrochemistry of gold electrodes modified 

with the self-assembled mono layers of these metallophthalocyanines (MPc-SAM), as 

well as the electrocatalytic oxidation of thiols and thiocyanate using these MPc-SAM 
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modified gold electrodes. A closer look at the electrode processes and these two 

electro analytical techniques follows. 

1.4.1.1 The Electrode-Solution Interface 

The defInitive picture of the electrode-solution interface, also known as the 

"electrical double layer", is given in Figure 1.5. The currently accepted model was 

produced by Stern, 210-214 and is a development from the Helmholtz model (which regards 

the interface as a single capacitor) and the Quoy-Chapman model (which explains the 

interface as a Boltzman distribution of ions). 

IH P 

, 

Specifically adsorbed anion 

Solvated cation 

Electrode ::-7'-..-'d~ O~ 0 Solvent molecule 

-:~o~ 00~ 
+: 0 (.t) 

, ,0 ~ , , , , 
Xl X 2 

Diffuse (Guoy) layer 

Figure 1.5: Model of the electrode-solution double layer region 

As shown in Figure 1.5, the electrical double layer is a complex structure of 

several distinct parts. The inner layer (closest to the electrode) where the contact-

adsorbed ions (not fully solvated) and solvent molecules sit is called the Inner Helmholtz 

Plane (IHP). The outer layer, the Outer Helmholtz Plane (OHP) is the imaginary plane 

passing through the solvated cations. The solvated cations are nonspecifIcally adsorbed 
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(i.e. noncontact-adsorbed) and are attracted to the surface by long-range coulombic 

forces. These planes cannot be measured exactly, nor do they strictly exist, but the 

distance from the electrode to the IHP (Xl) will be the radius of the ion and to the OHP 

(X2) will be about two water molecules plus the radius ofthe cation?09.211 Both IHP and 

OHP represent the compact layer, which is strongly held by the electrode, and can 

survive even when the electrode is pulled out of the solution.209 The layer, a three­

dimensional region of scattered ions, which extends from the OHP to the bulk solution, is 

referred to as the 'diffuse layer' or Guoy layer. The ion distribution in the diffuse layer is 

a consequence of the balance between the disorder caused by the random thermal motion 

and order due to the electrostatic force of the attraction and repulsion from the electrode 

surface. Beyond the diffuse layer, it becomes impossible for the ions in the homogeneous 

bulk solution to 'feel' the presence of the electrode.210 

1.4.1.2 Classification of Electrochemical Techniques 

Electrochemical techniques can be divided into two classes: bulk and interfacial 

techniques. Bulk techniques are based on the phenomena that occur in the core of the 

solution, for example, conductimetry. By contrast, interfacial techniques are based on the 

phenomena taking place at the electrode-solution interface. 

Interfacial techniques are further classified into equilibrium (e.g. potentiometric 

measurements) and dynamic methods. The dynamic methods are sub-classified into 

controlled-potential and controlled-current methods. The controlled-potential methods are 

indisputably more popular and include a vast array of techniques such as voltarnmetry, 

bulk electrolysis and chronoamperometry. The controlled-potential techniques involve 
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current measurement, while potential is controlled. In this research, all electro analytical 

experiments were performed using the controlled potential techniques. The advantages 209 

for using these techniques include high sensitivity and selectivity towards electro active 

species, wider linear range, portable and low cost instrumentation. 

1.4.1.3 Faradaic and Non-Faradaic Processes 

In controlled potential experiments, a current response corresponding to the 

concentration of the analyte oxidized or reduced at the electrode-solution interface is 

obtained. This current response is obtained by monitoring the transfer of electrons during 

the redox process of the target analyte as represented by equation 1.41: 

Ox+ ne- Red 1.41 

where Ox and Red represent the oxidized and reduced forms of the analyte, respectively, 

while n is the number of electrons transferred. The current resulting from the oxidation or 

reduction of the analyte is termed the Faradaic current since it obeys the Faraday's laws. 

For a thermodynamically controlled reversible process the applied potential of the 

electrode (E) is given by the well-known Nernst equation, equation 1.42 

E E ' 2.303RT I Co, = + og--
nF CR,d 

1.42 

where EO = standard potential of the redox couple 

R = universal gas constant 

T = temperature (K) 

n = number of electrons transferred 

F = Faraday's constant 
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NB: At 25°C, 2.303RTfF = O.05916V. 

In contrast to Faradaic currents, non-Faradaic currents arise from processes that 

do not involve electron transfer reactions across the electrode-solution interface, that is 

no oxidations or reductions occur.208-211 Non-Faradaic currents originate mostly from the 

electrical capacitance present at the interface. The electrical double layer behaves like an 

ordinary (parallel plate) capacitor. Like any capacitor, the charge (q) is directly 

proportional to the effective potential (E) according to equation 1.43 

C=!i. 1.43 
E 

where C stands for the capacitance (in Farads, F) 

1.4.1.4 The Electrochemical Cell 

A three-electrode electrochemical cell (Figure 1.6) is usually employed ill 

dynamic electrochemical experiments. The working (or indicator) electrode, W.E., is 

W.E. R.E. 
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Figure 1.6: A diagrammatic representation of a conventional three-electrode cell 
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where the electrochemical reaction being studied takes place. R.E. is the reference 

electrode, while counter electrode, C.E., completes the electric circuit. The best reference 

electrode is one whose potential does not shift from equilibrium (i.e. non-polarisable) . To 

maintain low current densities and, thus, minimize its polarization, reference electrode 

with very large surface area is used. The complete elirnination of reference electrode 

polarization is only feasible with modern potentiostatic instrumentation based on 

operational amplifiers. The potentiostat maintains a potential difference, LlE, between the 

R.E. and W.E. and supplies the current, i, needed for affecting the changes occurring at 

W.E. 208,211 

There are several reference electrodes employed in electro analytical experiments, 

silveri silver chloride (AgIAgCl) being the most popular. This consists of a piece of silver 

wire anodized with silver chloride in a glass tube. The wire is in contact with 

concentrated KCl or NaCI solution. A semi-permeable salt-bridge protects the electrode 

from the bulk ofthe solution.215 Counter electrodes are commonly platinum wire, loops, 

gauze or foil. Working electrodes are commonly mercury, carbon and 'inert' metals, 

particularly platinum and gold. 

1.4.1.5 Mass Transport Processes 

The movement of charged and neutral speCIes ill electrochemical cells is 

fundamentally important. The three modes of transport to the electrode surface are 

diffusion, migration and convection?08-21 4 

Diffusion is mass transport resulting from the spontaneous movement of analyte 

species from regions of high concentrations to those of lower ones, with the aim of 
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minimizing concentration differences. Diffusion can be described using mathematics, 

hence it is easier to treat a wide variety of electrochemical phenomena. The rate of 

diffusion of any chemical species is related to its diffusion coefficient, D (~ 10-5 cm2 
S·I 

for most small organic or inorganic molecules or ion).208 Fick's second law (equation 

1.44) allows the calculation of changes in concentration with time. 

Oc = D.(~) 
Of ox 2 

1.44 

where c = concentration of diffusing species, t = time and x = distance 

Migration is the movement of charged particles under the influence of an electric 

field. In most voltammetric experiments, the contribution of migration to mass transport 

of the target analyte is eliminated by the addition of large excess of easily ionisable salt 

(supporting electrolyte). The supporting electrolyte dissociates to produce inert anions 

and cations, which become the migration current carriers thus releasing the electro active 

analyte (if charged) from migration effects.208 

Convection is a mass transport due to movement of the solution as a whole. It is 

driven by stirring, solution flow, rotation or vibration of electrode. 

1.4.2 Cyclic Voltammetry 

Cyclic voltammetry is a most widely applied electro analytical technique for 

examining the nature or route of an electrochemical reaction in detail. Its popularity 

stems, among others, from its relative experimental simplicity and ability to offer a rapid 

location ofredox potentials of the target electro active species, and convenient evaluation 

of the effect of media on the redox processes.208, 216 The experiment allows one to scan 

the potential of a stationary working electrode in an unstirred solution back after reaching 
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a certain value, Es, the so-called switching potential. The resulting current-potential plot 

(represented in Figure 1.7) is ter:med a cyclic voltammogram. As exemplified in the 

-.-~ ... 
c e 
~ 

;:J 
o 

E". 
Red -----... Ox + ne-

(iv) 

Scan direction (ii) 

(i )J.-.::::::::::::::::::::!'-:"--

E"" 
Ox + ne- ---. Red 

Potential, E I V vs AgIAgCI ---. 

Figure 1.7: A typical cyclic voltammogram. 

diagram, the reductant (Red) is oxidised in the forward scan to its oxidized (Ox) species, 

which in tum is re-reduced during the reverse scan. Information obtainable from cyclic 

voltarnmogram include the anodic (Epa) and cathodic (Epc) peak potentials, and anodic 

(ipa) and cathodic (ipe) peak currents. Cyclic volarnmetric processes could be reversible, 

quasi-reversible and irreversible. 

1.4.2.1 Reversible Process 

A reversible electrochemical process is the one in which the electro active species, 

oxidized (or reduced) in the forward scan is reduced (or oxidized) in the backward / 

reverse scan (equation 1.45). 
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Red Ox + ne- 1.45 

Reversibility is an indication that the process is in equilibrium, meaning that the Nernst 

equation is obeyed at all potentials. A typical voltammogram for a reversible process is 

shown in Figure 1.7. In the Figure, the starting point (i) is selected such that no current 

flows when the circuit is closed. From point (i), the voltage is scamted in the anodic 

direction; when point (ii) is reached, oxidation of 'Red' starts and the current increases 

with increasing electrode potential until point (iii), where depletion of substrate at the 

electrode leads to decrease in current and the observation of a peak. The direction of the 

voltage sweep is changed at point (iv) and a peak is observed at (v) on the cathodic 

sweep, which corresponds to the reduction of 'Ox'. Since there are no coupled chemical 

reactions in this case, no other cathodic peaks are observed and the second cycle can 

differ from the first only slightly due to changes in concentrations of Red and Ox at the 

electrode. The kinetics of electron transfer is fast such that mass transport is the 

determining rate, even at small overpotentials. Reversibility is a direct and 

straightforward mamter of probing the stability of an electroactive species. An unstable 

species reacts as it is formed and thus producing no current wave in the reverse scan. A 

stable species, on the other hand, remains in the vicinity of the electrode surface and 

produces a current wave of opposite polarity to that of the forward scan. In Figure 1.7 for 

example, the flow of Faradaic current is not observed until at a potential in the (ii) region 

is reached. If the potential were to be reversed at this point (ii) and returned to the initial 

value (i), a flat voltammogram having approximately constant levels of anodic (forward 

scan) and cathodic (reverse scan) currents would be observed. These currents are due to 
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the capacitive charging current of the working electrode's double layer, which can be 

estimated using equation 1.46: 

C=M 
2v 

1.46 

Where C(F) is the capacitance, ~i (A) is the difference between the cathodic and anodic 

currents, and v is the scan rate (Vs·I
). 

At 2SoC, the peak current of a reversible process is given by the Randles-Sevcik 

equation, 1.47 

1.47 

where ip = peak current (A) 

n = number of electrons transferred 

A = electrode area (cm·2) 

C = concentration (mol cm·3) 

D = diffusion coefficient (cm2 
S·I) 

v = scan rate (Vs· l
) 

A linear plot of ip vs v l12 indicates that the currents are controlled by planar 

diffusion to the electrode surface. The ratio of the anodic (ipa) to the cathodic (ipc) 

currents is equal to one for a totally reversible process. Deviation from unity indicates the 

presence of chemical reaction involving either Ox or Red, or both. The average of the 

two peak potentials gives the half-wave potential (£112), i.e. the potential where the 

current is half of its limiting value, equation 1.48. 

1.48 
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where Epa and Epc are the anodic and cathodic peak potentials, respectively. E 112 may also 

be represented by 

1.49 

The formal potential of the redox couple (Eo,) can be estimated from the equation where 

the ratio of the diffusion coefficients, DOx and DRed, is approximately unity. The 

separation between two peak potentials, LlEp, for a reversible couple is given by equation 

1.50 and can be used to obtain the number of electrons (n) transferred. 

1.50 

lllip is independent of the scan rate, and at 25°C equation 1.50 can be simplified to 

equation 1.51. 

M = RT = 0.059V 
P nF n 

1.51 

At appropriate conditions (i.e. at 25°C, first cycle voltarnmogram) the standard rate 

constant (kO) for the heterogeneous electron transfer process can be estimated.208.217 

1.4.2.2 Irreversible Process 

An irreversible cyclic vo ltammetric process shows a single oxidation or reduction 

peak, with a weak or no reverse wave. When a reverse wave is present, it is widely 

separated from the forward scan. Irreversibility arises from the sluggish electron 

exchange of redox species with the working electrode,218 thus making the Nernst 

equation invalid. The peak current, ip, for irreversible process is given by equation 1.52. 

1.52 
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where a. is the rate of electron transfer. For a totally irreversible system, t.Ep is calculated 

from equation 1.53: 

M =Eo' _ RT [O .78_ln~ln(anF)Yz ] 
P anF D Yz RT 

1.53 

where all the symbols are as already defined above. At 2SoC, the peak potential (Ep) and 

the half-peak potential (EI/2) differ by 0.048/0.n. 

1.4.2.3 Quasi-Reversible Process 

Unlike the reversible process in which the current is purely mass transport-

controlled, currents due to quasi-reversible process are controlled by a mixture of mass 

transport and charge transfer kinetics.209
,216 Because mass transport plays a part in 

controlling the concentration of the redox couple, the expressions outlined for reversible 

processes above also apply for quasi-reversible.2I6 The slight differences in three cyclic 

voltarnmetric processes are summarized in Table 1.1. 

1.4.2.4 Electrocatalysis Using Cyclic Voltammetry 

Electrocatalysis using cyclic voltarnmetry is characterized by an enhancement of 

either the cathodic or anodic currents, or an absence of a reverse peak, and 1 or a shift in 

redox potentials to lower values?09 Hypotheticcal cyclic voltammograms showing the 

electro catalytic behaviour of a catalyst (e.g. an MPc molecule with an electro active 

central metal) towards the oxidation of an analyte (A) are shown in Figure 1.8. 55
•
76

,78.82 
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Table 1.1: The diagnostic criteria for reversible, irreversible and quasi-reversible 

cyclic voltammetric processes. 

Parameter 

Epc-Epa 

• / 112 
lp v 

Cyclic Voltammery Process 

Reversible 

Independent 

ofv 

~ 59 n mV at 2SoC 

and independent 

ofv 

Constant 

Equals 1 and 

independent 

ofv 

Irreversible 

Shifts cathodically 

by 30/un mV for a 

10-fo Id increase in V 

Constant 

No current on the 

reverse side 

Quasi-reversible 

Shifts with v 

May approach 

60/n mV at low v 

but increases as v 

mcreases 

Virtually 

independent 

ofv 

Equals 1 only for 

u=O.5 

The active form of the MPc (M(lIl)pc) is generated which then reacts with the analyte. In 

cases where the chemical reaction is fast, and all the analyte is electro-oxidised (Aoxidised), 

there will be a very small or no return peak. Electrocatalysis in Figure 1.8 is characterized 

by enhancements in current and shifts of potential to lower values. 
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Figure 1.8: Hypothetical cyclic voltammogram showing catalytic behaviour of a catalyst 

(e.g. MPc) towards the electro-oxidation of an analyte. 

1.4.3 Square Wave Voltammetry 

Square wave voltammetry is a technique, which depends on excitation functions 

that combine the features of a large amplitude square wave modulation with a single 

staircase waveform. During each square wave cycle, the current is sampled twice, at the 

end of the forward and reverse scans. When the current function (oi = i1-i2) is plotted 

against the average potential of each waveform cycle, peak-shaped voltarnmograms are 

obtained. This current function is symmetrical around the half-wave potential meaning 

that the peak potential occurs at the El/2 value of the redox couple.208,2 1 9,220 The scan rate, 

v, of a square wave voltammetry experiment is given by equation 1.54. 

v=/-M, 1.54 

where fis the square wave frequency (Hz) and t.Es is the potential step size. 
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The major advantages of this powerful electrochemical technique include the use 

of faster scan rates compared to conventional differential pulse voltarnmetry, superior 

ability to reject capacitive charging currents and excellent sensitivity. Its popularity is on 

the increase by the availability of software packages capable of digital simulations of the 

corresponding current -potential waves. In this research, a computer-aided Osteryoung 

square wave voltarnmetry was employed. 

1.4.4 Spectroelectrochemistry 

As the name suggests, spectroelectrochemistry is a technique that relies on the 

coupling of optical and electrochemical methods. The development of optically 

transparent electrodes (OTEs) 209) 11 ,212) 18) 21)22 has made it possible to observe spectral 

changes simultaneously with electrochemical perturbations. 

There are three groups of OTE: (a) metal minigrids, which comprises several 

wires of platinum, gold, silver, etc.; (b) thin films of semiconductors or metals or glass 

and ( c) reticulated vitreous carbon. Thin layer cells that incorporate these electrodes are 

termed optically transparent thin layer electrode (OTTLE) cells. The technique is 

extremely useful for studies such as the elucidation of reaction mechanism, kinetics of 

formation and decay of species, and UV -Vis spectra of electro generated species in 

solutions. The working volumes of OTTLE cells range between 30-50 ~L and complete 

electrolysis takes place in few seconds,z09,21l) 14 The number of electrons transferred 

during the redox process can be determined using the Faraday's law, given by equation 

1.55 

n=l 
FVc 

1.55 
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where Q = amount of charge passed (C), V = volume ofOTTLE cell (L). Other constants 

are as defined previously. 

1.4.5 Electrochemistry of Metallophthalocyanines 

The redox chemistry of MPc complexes is commonly observed using 

electrochemical,16.20,223-225 (particularly cyclic voltammetry), photochemical,226-228 or 

spectroelectrochemical methods.32,191 ,227,228 The neutral form of MPc exists as a dianion, 

designated as Pc( _2).231 Reduction and oxidation reactions can occur at either the Pc ring 

or central metal or both. Oxidation at the Pc ring in MPc( -2) occurs by successive loss of 

one or two electrons from the HOMO resulting in the formation of the [MPc(-I)t and 

[MPc(O)f+' cation radicals, respectively. The formation of [MPc( -I)t creates a hole in 

the alu(n) level, thus permitting an allowed transition from the low-lying, eg(n) level. The 

presence of [MPc( -1) t is normally characterized by the loss in the intensity of the Q 

band, formation of weak bands in the 700-825 nm region, and a broad band near 500 nm. 

The band around 700 nm is usually associated with the dimerisation of the radical 

species,z32.237 

Reduction of the Pc ring occurs by the successive gain of one to four electrons by 

the LUMO of the MPc complex, resulting in the formation ofMPc(-3), MPc(-4), MPc(-5) 

and MPc( -6) species.223,23 I,238.247 Scheme 1.11 shows the energy level for one-electron 

ring reduced or ring oxidized MPc complex. 
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Scheme 1.11: A simplified energy level diagram of ring-oxidized and ring-reduced 

metallophthalocyanine species. 

Depending on its position on the Periodic Table, the central metal ion of the MPc 

mayor may not undergo redox processes. The main group MPcs (example, ZnPc and 

MgPc) and transition metal MPcs (example, NiPc) whose metal ions have no accessible 

d-orbitallevels lying in the HOMO-LUMO gap are redox-inactive with respect to their 

metal centers. 16,223,243.246,248.250 Thus, all redox processes occur exclusively on the Pc 

rings for these complexes. The potential separation between the fIrst ring oxidation and 

fIrst ring reduction (t:.EO) in voltammetric experiment is about 1.6V for non-transition 

metal phthalocyanines, which corresponds to the magnitude of the energy difference 

between the HOMO and LUMO.32,243 

On the other hand, the redox processes of the redox-active transition metal MPcs 

(such as the FePc and Co Pc complexes) occur both on the metal and the Pc rings, 

depending on the factors within the environment such as solvent, electrolyte, axial 
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ligands and ring substituents.8,33.223,247,251 ,252 Metal oxidation or reduction is characterized 

by a shift in Q band without much reduction in intensity.253 

1.4.6 Electrocatalytic Properties of Metallophthalocynines 

Owing to their dual1t donor-acceptor function, MPcs have established themselves 

as electrocatalysts per excellence. 172
,254-260 They have been known to exhibit good 

electrocatalytic activity (both in homogeneous and heterogeneous phases) towards 

various technologically important redox reactions. The catalytic activity is mediated by 

redox process centered at the central metal and/or ring 254-260 and electro catalytic 

activities are normally observed at potentials close to the formal potential of the MPc. 

The established55,76,78,82,255,257 mechanism for the metal oxidation-mediated catalytic 

oxidation of an analyte (A) to an oxidation product (A.,x) is given by equations 1.56 and 

1.57. 

M(II)PC(-2) 

M(l II)PC(-2) + A 

1.56 

1.57 

For a ring oxidation mediated process,173 equations 1.58 - 1.60 have been proposed for 

L-cysteine oxidation using phthalocyanine complexes of rhodium (RhPc) and ruthenium 

(RuPc). 

MPc(-2) 1.58 

+. 
2[MPc(-1)('----- ([MPc(-1)] )2 1.59 

+. 
([MPc(-1)] )2 + A -~ .. ~ MPc(-2) + Aox 1.60 
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1.5 Chemically Modified Electrodes 

According to International Union of Pure and Applied Chemistry (IUP AC),261 a 

chemically modified electrode (CME) can be defined as "an electrode made of a 

conducting or semiconducting material that is coated with a film of a chemical modifier 

and that by means of Faradaic (charge transfer) reactions or interfacial potential 

differences (no net charge transfer) exhibits chemical, electrochemical, andlor optical 

properties of the film". In other words, the attachment of specific molecule to the surface 

of an electrode imparts on the electrode some chemical, electrochemical or other 

desirable properties not available at the unmodified electrode.261-264 

In this work, gold working electrodes modified with MPc-SAMs were studied; 

hence a closer look at the CMEs follows. 

1.5.1 General Methods of Modifying Electrode Surfaces 

Electrode surfaces are modified using the following methods: 

Chemisorption 

In this method, the chemical film is strongly and ideally irreversibly adsorbed 

(chemisorbed) onto the electrode surface.261-266 Electrode modification using self­

assembled monolayer (see discussion in Section 1.5.2) falls into this category. 

Covalent Bonding 

This method employs a linking agent (e.g. an organosilane) to covalently attach 

one to several monomolecular layer of the chemical modifier to the electrode 

surface. 261,267,268 
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Composite 

The composite method is simply the rruxmg of chemical modifier with an 

electrode matrix material. The fabrication of carbon paste electrodes is based on this 

method.257,269.273 

Polymer Film Coating 

Coating of electrode surfaces with polymer films is perhaps the most versatile 

approach of modifying electrode surfaces. The following are some of the techniques used 

to deposit polymer films onto electrode surface.261
,264 

(a) Dip-dry coating: the immersion of the electrode in a solution of the polymer 

for a period sufficient for spontaneous film formation to occur by adsorption. 

Thereafter, the electrode is withdrawn from the solution and the solvent is 

allowed to dry off. 

(b) Drop-dry coating (or solvent evaporation): a few droplets of the polymer 

solution are applied to the electrode surface and the solvent allowed to dry 

out. 

(c) Spin-coating (or spin-casting): involves the evaporation of a drop of a 

polymer solution on an electrode surface by rotating at high speeds using 

centrifugal force. 

(d) Electropolymerisation: the electrode surface is immersed in a concentrated 

solution (- 10-3 mol dm-3
) of the modifier solution followed by repetitive 

voltammetric scarming within a specific potential window. The first scan is 

different from the subsequent scan indicating the formation of new species 
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(polymer) on the electrode surface as opposed to simple 

electrodeposition.255,274,275 

Langmuir-Blodgett Technique 

Invented by Langmuir and Blodgett in the 1930s, this technique involves forming 

an ordered monolayer or multiplayer films at the air/water interface (in a special trough) 

and then transferring the films to the substrate (electrode) surface.95,96,264 This technique 

was [trst satisfactorily applied to phthalocyanine complexes in the early 1980s by 

Roberts' group92 at Durham. 

1.5.2 Self-Assembled Monolayer-Modified Electrodes: An Overview 

General: 

The self-assembling technique may simply be defined as the spontaneous 

adsorption of an appropriate molecule (such as a thiol species) from its solution directly 

onto the surface of an appropriate substrate (such as gold), forming an ultrathin 

film.208.276,277 Self-assembled mono layers (SAt'vis) have succinctly been described as 

"organized molecular assemblies or ultrathin films (one molecule thick) whose 

spontaneous formation and stability depend on favourable, if weak, intermolecular forces, 

as well as forces between each of the individual component molecules and the solid 

substrate or support".208 Interest in SAMs has been focused mostly on the following 

systems: chlorosilanes on silicon or glass,277-281 carboxylic acids on metal oxides 282,283 

and organosulphur (thiols, sulphides, disulphides, and related moieties) compounds on 

gold,z66,284.305 
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SAMs are an incredible means of extending the function of an electrode. The self­

assembling technique has been recognized for over 50 years306 but has not been as 

popular as the Langmuir-Blodgett (L.B) technique. The interest in SAM was revived in 

the early 1980s by Sagiv and co_workers,278,279 and Allara and NUZZO .
284 However, it was 

the different articles in 1987 by various groups 285-289 and in 1988 by Whitesides and co­

workers290-295 that have resulted in the flood of research on thiol SAMs today. 

The self-assembling technique offers a number of advantages over other film 

formation techniques. These advantages include:307 

(a) The adsorption to the electrode surface is spontaneous; resulting m 

thermodynamically equilibrated fmal film structures. 

(b) SAM film is less susceptible to desorption since the adsorbate is covalently linked 

to the substrate. 

(c) The adsorbate does not have to be 'compatible' with water, unlike for example the 

L.B. technique. 

(d) No special equipment is required for SAM, hence less expensive to fabricate. 

(e) The orientation of the film (lying flat or standing perpendicular to the substrate) 

can be controlled, for example by the formation of mixed monolayer. 

Thiolates on gold: 

From the standpoint of electrochemistry, it is believed208.276.277 that the most 

important class of SAMs is formed by the chemisorption ofthiolates on gold (Figure 1.9). 

Apart from gold, other coinage metals such as silver, platinum and copper can also serve 
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as effective support materials for organosulphur SAMS.281 ,308,309 The choice of gold for 

thiol SAMs is based on the following considerations:310 

(a) Gold is a relatively inert metal; it does not have a stable oxide under ambient 

conditions,z66.310 

(b) Gold has a strong specific interaction with sulphur that allows the formation of 

mono layers in the presence of many other functional groupS.310 The bond strength 

between sulphur and gold atom is in the range of 40-50 kcal mor l 311,312 This high 

affinity of gold for sulphur also permits the incorporation of a diverse range of 

functional groups into the SAM or onto the exposed surface of the SAM.266 

-+-- Surface group 
(may be electroactive) 

~--- Alkyl chain 
(Interchain attractive 

Interaction) 

iSS Y i Y i Y ..... 1---- Thiol head group 
,..._.1...1-1..1_.1.... -1..._.1.... _.L._.l...., (Strong chemisorption) 

Gold electrod e 

Figure 1.9: Representation of a thiolate-on-gold SAM. 

(c) Long-chain alkanethiols form densely packed, crystalline or liquid crystalline 

mono layers on gold. Attractive van der Waals forces between the alkyl chains 

enhance the stability and order of the SAM. These chains are tilted slightly from 
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the substrate surface (- 20-30°), resulting in the formation of a densely packed, 

highly ordered monolayer (Figure 1.9). 

The detailed chemistry concerning the nature of the bond between the gold surface 

and the thiol, and the reaction leading to that bond has been a subject of much 

interest?08,276,277,JOJ,J09.JlO,313 However, it is generally accepted that the gold-thiolate bond 

is due to the cleavage of the S-H bond. The sulphides (i.e. thioethers, as in this work), on 

the other hand form mono layers on gold surfaces with the C-S bonds intact.JOJ,J09 

The properties of SAMs as described above are very attractive in many fields in 

which phthalocyanines are being applied. Thus, the major part of the work described in 

this thesis is based on self-assembling properties of alkanethiol-derivatised 

metallophthalocyanine complexes (MPc-SAMs) on gold electrodes for potential 

applications in electro analysis. The following discussion is on SAMs of phthalocyanines 

and alkanethiols. Specific references on the structurally similar complexes, porphyrins 

deposited on gold surfaces will be noted where appropriate. 

1.5.2.1 Thiol-Derivatised Phthalocyanine Self-Assembled Monolayers 

In the last 15 years, the modification of gold electrodes with SAMs of 

alkanethiols has been studied.266,284.J05 The field has also been reviewed by various 

workers.28,266,JI2,J I4,JI5 However, because of the difficulty and multistep reactions 

involved in their synthesis, phthalocyanines substituted with sulphur groups are rather 

few. 22,2J,97,J I6 Hence, the response of electrodes on which thiol-derivatised 

phthaIocyanines have been assembled has not received much attention. It is mainly the 

research groups of Cook 98-101 and Lieberman, 102-104 which are actively involved in the 
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synthesis ofthiol-deriavatised phthalocyanines for the fabrication ofSAMs. Cook and co­

workers98
•
101 have made phthalocyanine complexes that contain one pendant !hiol 

functional group. However, the noticeable limitation of such complexes is that the large 

phthalocyanine molecules are attached to the substrate by one tether, and consequently 

the rings are tilted at various unpredictable angles to the surface of the substrates. To 

force the phthalocyanine rings to lie flat to the surface (as in this work), Li et a1. 102
.
104 

have either arranged short thiol tethers around the periphery of the phthalocyanines or 

attached such short tethers to the central metals ofthe phthalocyanines. 

1.5.2.2 Blocking and Electroactive Monolayers 

One important feature of an alkanethiolate SAM is its ability to limit access of 

solution-phase molecules (both electrolyte ions and redox couples) to the electrode 

surface. When this barrier phenomenon is observed, the electrode is said to be 

'passivated' or 'blocked' by the monolayer.208
,276,277 Thus, the shortest distance between 

the electro active species in solution and the electrode is increased by a length similar to 

the thickness of the monolayer. This increase in distance severely affects the 

heterogeneous electron transfer, imposing a tunneling mechanism. Applications of a 

blocked electrode include:208,276,277 

(a) Enhancement of the Faradaic current of the adsorbed species relative to the 

charging current in voltarnmetric analytical experiments. 

(b) The possibility to study electron tunneling over a well-defmed distance and 

through a well-defined medium. 
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(c) Fabrication of blocking monolayer with chemically selective sites, which is the 

basis of an electrochemical sensor. 

There are two basic approaches to the formation of an electro active monolayer.266 

Either a redox center is bonded to preformed SAM or the redox center is modified to 

contain thiol moieties, which bond to the gold surface. The redox center, like the 

enzymes, can be attached onto the preformed SAMs via electrostatic binding or covalent 

attachment. The most extensively studied electro active SAMs are probably those 

containing ferrocene redox centers, due to the synthetic accessibility of these 

complexes.208,276;1.77 

Li et a1. 102-104 have synthesized metallophthalocyanine complexes of copper and 

silicon containing eight peripheral short thiol legs with the objective of fabricating 

electronic devices. Recently, several workers317-319 have formed flat-oriented metal 

phthalocyanine and porphyrin mono layers by first forming a thiol-derivatised SAMs 

containing peripheral N-donor atoms (such as amine and pyridine) and then attaching the 

metal phthalocyanine and porphyrin complexes to the nitrogen group via axial 

coordination to the central metal. Pilloud et al.307 have successfully attached iron 

porphyrins to a preformed monolayer of dirnercaptoaikanes. Several other 

metalloporphyrins have also been anchored to gold surfaces.320-321 

1.5.2.3 Conditions for a Successful Monolayer Formation 

Basically, the integrity of a quality SAM can be ascertained by 

(i) Coverage: the coverage achievable on the electrode surface by a thiol 

adsorbate is a monolayer (e.g. MPc - 10-10 mol cm-2).208;1.6S;1.76;1.77,322-328 
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(ii) Substantial reduction of interfacial capacitance (in the range 1-5 llF cm·2 for 

most alkanethiol SAMs) to values more than an order of magnitude smaller 

than the typical capacitance for bare gold.276,277 

(iii) Non-existence of pinholes and defects. A pinhole IS a site at which the 

electrode surface is exposed to the electrolyte, while a defect is a site at which 

molecules or ions can approach the electrode surface at a distance shorter than 

the normal thickness of the SAM. Unfommately, most SAMs are associated 

with a certain density ofpinholes or defects.208,276,277 

Thus, to achieve the most blocking or highly oriented monolayer on gold substrate, 

the following factors are considered in the self-assembling process:276,277 

(a) Substrate morphology: 

The topography of the underlying gold surface influences the integrity of the 

SAM.255,276,277,329 Studies have shown that the most important criterion for obtaining a 

SAM with minimum defects is a surface with the lowest microscopic roughness. A recent 

report by Losic et al.329 has established that the important factor in fabricating a defect­

free SAM is not the amount of alkanethiol adsorbed but the number of grain boundaries 

in the surface. Roughness leads to SAMs with poor uniformity as well as far less stability 

to electrochemical cycling. 

(b) Cleaning Procedures: 

Cleaning procedures for the gold substrate include 

(i) Strong heating in gas-air flame to the point of incandescence.33O
,331 
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(ii) Immersion of the substrate in so lutions of powerful oxidants. Three popular 

oxidizing cleaners are 

• The" Piranha" solution (3:1 ratio of concentrated H2S04 and 30% H20 2 

heated to ca. 100DC). 

• Chromic acid (potassium or sodium dichromate in concentrated H2S04 at 

room temperature) is used when the substrate may be damaged by the 

"Piranha" solution?96 

• Dilute "aqua regia" (3:1:4 ratio of concentrated HC~ concentrated RN03 

and water). 332 

The substrate is thoroughly wetted with water after exposure to either of these 

oxidants. 

(iii) Exposure to argon ion plasmas and oxygen plasmas, or ozonelUV radiation 

removes organics efficiently from the gold surface.276
,277 

(iv) Electrochemical cycling: A fmal check of surface cleanliness is obtained by 

placing the electrode in ca. 0.5 mol dm-3 H2S04 and scanning the potential 

between - 0.5 and +1.5V vs AgIAgCI.276,277,329 Repeated scanning removes 

any organic contaminant left preceding cleaning treatments, Terminating the 

potential scan at a potential negative of the 'oxide-stripping peak', i.e. the 

cathodic peak due to gold (Figure 1.10) ensures that the gold surface is oxide­

free. Clean gold is characterized by a sharp rise in anodic current to a peak 

near + l.l V vs standard calomel electrode (SCE), a single oxide stripping 

peak near + O.9V vs SCE, and a reproducible cyclic voltarnmogram (CV) on 

successive scans?76,277,313 
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°gold oxide stripping peak" 
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Figure 1.10: Typical cyclic voltammogram obtained for a bare gold electrode in 0.1 mol 

dm') H2S04 at scan rate = 100 mY S·I. 

(c) Thiol Purity: 

The influence of impurities present in the adsorbate on the behaviour of a SAM is 

not well known. However, electroactive impurities that co-adsorb onto the SAM are 

readily detected by cyclic voltammetry.276,277 

(d) Deposition Solvent: 

All common organic solvents (such as ethanol, toluene, tetrahydrofuran and 

methylene chloride) have been employed for SAM preparation. Ethanol is a choice 

solvent for most thiols because of its faint odour, low toxicity, and availability in pure 

form and ability to reduce gold oxide. Unfortunately, most metallophthalocyanine 

complexes are insoluble in ethanol, thus limiting their deposition from other organic 

solvents, for example, toluene or toluene/methylene chioride. 103
,104 The choice of solvent 

is most critical when mixed monolayer is prepared since the composition of the SAM is 

dependent on both the solvent and deposition solution.276,277,313 
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(e) Deposition Concentration, Time and Temperature: 

Typically at millimolar concentrations, a thiol monolayer assembles on gold in 

seconds at room temperature. Longer deposition times are required for lower 

concentrations of the thiol (- 10-6 mol dm·3 range) because of mass transport limitations 

of the thiol to the surface. Longer deposition times at room temperature allow the 

monolayer to rearrange into a more highly ordered structure. The use of higher 

concentrations (> 10.3 mol dm·3
) ofthiols and temperature (ca. 60°C) has been reported 276 

for the formation of mixed SAMs. 

(f) Monolayer Annealing: 

Thermal annealing (or heating) of the SAM during or after self-assembly helps 

break out the metastable disordered states of the SAM.276 Monolayer annealing can also 

be carried out using cyclic voltarnmetry. In this method, the SAM-coated electrode is 

subjected to a cyclic voltammetry experiment and then re-immersing the electrode in the 

deposition solution. Multiple immersions followed by cyclic voltarnmetry experiments 

lead to a noticeable drop in the oxide stripping current, and hence pinhole area. The 

cyclic voltarnmetry experiment is believed to shock the SAM so that subsequent 

immersion can cause adsorption of more thiols and a restructuring of the existing chains. 

1.5.2.4 Characterization of SAM-Modified Electrodes 

A number of techniques are being employed for the characterization of 

chemically modified electrodes, especially the SAM-modified electrodes. 

Electrochemical methods, particularly cyclic voltarnmetry, provide an effective means for 
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interrogating the integrity of a SAM on gold electrode. For electro active SAMs, diffusion 

has no influence on the cyclic voltammetry experiment, since the redox centers are close 

to the electrode surface. Thus, unlike in experiments with diffusion-controlled currents, 

the peak current, ip (ftA), is directly proportional to the scan rate, v (VS·I) equation 

1.61.276,277 

. n'F'Ar 
1 = V 

p 4RT 
1.61 

where A is the surface area of the electrode surface (cm2), 1 is the surface coverage (mol 

cm·2) given by equation 1.62. 

1=~ 
nFA 

1.62 

All the symbols have their usual meaning. It is important to note tbat even though the 

electrode surface may appear perfectly flat, the presence of microscopic surface steps, 

ho les, kinks, and terraces yield a real surface area that is larger than the geometric area.3J3 

The cathodic to anodic peak: separation (t.Ep) is theoretically zero for the surface-

confmed electro active species, while the peak: is symmetrical with a peak: half-width 

(t.Efwbm) of3 .53R / nF, or 90.6 / n mV at 25°C. 

The coverage can also be estimated by both reductive (equation 1.63) and 

oxidative (equation 1.64) desorptions in 0.5 mol dm') KOH. 

Au-SCnX + ne-+ M+ ---; .. ~ Auo + XC S - M+ 
n 

1.63 

1.64 

where 1(' cation from the electrolyte is usually included in the desorption equation 

because the peak: is sensitive to the identity of the cation. 
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The total interfacial capacitance, CT, which IS approximately equal to the 

monolayer capacitance, Cm, is given by equation 1.65. 

I", 
CT '" C =­

m vA 
1.65 

where ich is the charging current (J.!A) while A is the surface area of the electrode. For 

most alkanethiol SAMs, Cr lie in the 1-5 J.!F cm·2 range, more than an order of magnitude 

smaller than the typical capacitances for bare gold.276
,277 CT is an essential tool for 

examining the ion permeability through the SAM, since it provides the answers as to how 

"closed-packed" and "defect-free" the monolayer is.289
,J07,J29 The lower the CT value the 

less defects there are in the SAM, and hence the lower the permeability to the ions of the 

electrolyte. CT is usually independent of the scan rates. 

The absence of pinholes in SAMs is usually indicated by the inhibition of gold 

surface oxidation, probably by the exclusion of water.276
.2

77 The area under the well-

defined reduction peak commonly referred to as the "oxide removal or stripping peak" 

(see Figure 1.10) is regarded as the true measure of the total pinhole area available for an 

undisturbed penetration of ions present in the working solution. Comparison of the total 

charges under the oxide striping peak at the bare gold (QBare) and the SAM-modified gold 

electrode (QSAM) gives the so-called "ion barrier factor" (designated herein as Cbf), 

equation 1.66: 

r -1- QSAM 
ibf -

QB", 
1.66 

The total charge, Q(J.!C) is obtained by integrating the currents (J.!As·I ). The blocking 

manifestation of a SAM can also be determined by either the inhibition of metal 

deposition (using CUS04) on gold electrode or the suppression of simple Faradaic 
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processes of redox probes such as RU[(NH3)6]3+, 

F e[ (H20 )6]3+.208),76.277.286 

Characterization methods, which are based on nonelectrochemical 

techniques95.96.IOI-I04.276.277.298 include the reflection-absorption infrared spectroscopy 

(RAIRS), X-ray photoelectron spectroscopy (XPS), surface enhanced raman 

spectroscopy (SERS), atomic force microscopy (AFM), scanning tunneling microscopy 

(STM), scanning electron microscopy (SEM), ellipsometry, and electrochemical quartz 

crystal microbalance (EQCM). 

1.5.2.5 Applications of SAM-Modified Electrodes 

Considerable interest has lately been placed on SAMs of organothiols on gold 

surfaces both from analytical prospects and fundamental studies points of view. 

Fundamentally, they have been used for studying the theory of heterogeneous electron 

transfer.334.335 From the analytical point of view, they have extensively been applied in 

the fabrication of a variety of biosensors,302·336 irnmunosensors,l37-339 DNA hybridisation 

biosensors,340 enzyme biosensors 266.341 and metal ion sensors.305 SAMs are especially 

relevant to electrochemical phenomenon ill corrosion, electroanalysis and 

electro catalysis. Although, actual application of MPc-SAMs has barely been reported, 

new thiol-derivatised Pcs have been designed, synthesized and formulated as SAMs for 

potential applications in electronic devices 102-104 and chemical sensing.98-IOI.342.343 

Inspite of the popularity of the MPcs as efficient electro catalysts for the detection 

and analysis of a variety of molecules, their use as electro active SAMs still remain 

unexplored. The search for new electro active thiol-derivatised MPc-SAMs for actual 
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application in electro analysis and electro catalysis constitutes the major aim of this part of 

research work. To this end, new alkanethiol-derivatised MPc complexes of Fe and Co 

centers were synthesized, characterized and fabricated as SAMs on gold electrodes. Their 

practical applications as electrochemical sensors were also investigated using the 

biologically important molecules, L-cysteine and its derivatives (homocysteine and 

penicillamine) as well as the thiocyanate. 
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Summary of Aims of Thesis 

The aims of the thesis are summarized as follows: 

a) Synthesis and comparative study of the photosensitizing properties of water­

soluble, sulphonated and carboxyphtbalocyanine complexes of aluminium, zinc, 

tin and silicon. 

b) The study of the kinetics of photo-transformation of the environmentally 

important 4-chlorophenol and polychlorophenols in water in tbe presence of 

water-soluble metallophthalocyanine photosensitisers. 

c) Synthesis and investigation of the photochemical and electrochemical properties 

of alkanethio l-derivatised metallophthalocyanine complexes for potential use as 

electrocatalysts. 

d) Fabrication and development of surface electrochemical techniques for 

characterizing thiol-derivatised metallophthalocyanine complexes inunobilized 

onto gold electrodes as self-assembled mono layers (SAMs). 

e) Development of gold electrodes modified with the SAMs of alkanethiol­

derivatised metallophthalocyanine complexes of iron and cobalt, for use in the 

detection of the biologically important thiols (L-cysteine, homocysteine and 

penicillamine), thiocyanate and cyanide. 

f) The study of the kinetics and equilibria of interaction of alkanethiol-derivatised 

iron and cobalt phthalocyanine complexes with cyanide in non-aqueous 

enviromnent. 
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2.1 Materials 

Dimethylsulphoxide (DMSO), dimethylformamide (DMF), cobalt acetate, zmc 

acetate, ammonium chloride, silver nitrate, sodium hydroxide, iron (II) chloride 

tetrahydrate, potassium ferro cyanide, potassium ammonium sulphate, perchloric acid, 

ethanol, sulphuric acid, nitric acid, ethanol, methanol, acetonitrile (high pressure liquid 

chromatography, HPLC, grade), fuming sulphuric acid (30% S03), chloroform (CHCb), 

toluene, tetrahydrofuran (THF), potassium nitrate, and potassium chloride were 

purchased from SAARCHEM (PTy) Ltd (South Africa). Potassium cyanide (KCN) was 

purchased from May & Baker. Sodium perchlorate (NaCI04) was from BDH. Potassium 

bromide was from Merck. Potassium thiocyanate (KSCN) and thionyl chloride (SOCh) 

were obtained from Riedel-de-Haen AG. 4-Sulphophthalic acid, 4-chlorophenol (4-CP), 

trichlorophenol (TCP), pentachlorophenol (PCP), 1,4-benzoquinone (p-benzoquinone), 

2,5-dichloro-I,4-benzoquinone, 2,3,5,6-tetrachloro-I,4-benzoquinone ( chloranil), 

4-chlorocatechol, 4-chlororesorcinol, L-cysteine, homocysteine, penicillamine, 

butanethiol, 4-methylthiophenol, 4,5-dichlorophthalic acid, diphenylisobenzofuran 

(DPBF), diazabicyclo-octane (DABCO), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) 

cetyltrimethylammonium chloride, sodium azide, forrnamide, thionyl chloride, acetic 

anhydride and potassium carbonate were purchased from Sigma-Aldrich. Hydroquinone 

was obtained from May & Baker while phenol was from BDH. Tetrasodium 0.,0.­

(anthracene-9,10-diyl) dimethylmalonate (ADMA) and zinc phthalocyanine (ZnPc) were 

gifts respectively from Drs. V. Negrimovsky and V. Derkacheva (from Organic 

Intermediates and Dyes Institute, Moscow, Russia). Aluminium phthalocyanine chloride 

(ClAIPc) was purchased from Eastman Kodak. DMF was freshly distilled after drying 
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over alumina, before use. DMSO was dried over alumina before use. 

Tetrabutylammonium perchlorate (TBAP) was recrystallized from ethanol and used as an 

electrolyte for all electrochemical measurements. Ferrocene (BDH) was recrystallised 

from ethanol before being employed as an internal standard for electrochemical 

measurements. All pH phosphate buffer tablets and powders were purchased from Sigma­

Aldrich. 

2.2 Instrumentation 

Proton Nuclear Magnetic Resonance eH NMR) spectroscopy, UV-Visible 

spectroscopy, Fourier Transform Infrared (FTIR) and elemental analyses were used to 

characterize the synthesized complexes. lH NMR (400 MHz) were recorded using the 

Bruker EMX 400 NMR spectrometer in CDCb. UV-Visible spectra were recorded using 

a Varian 500 UV-Vis-NIR spectrophotometer and FTIR spectra (KBr pellets) were 

obtained on a Perkin-Elmer spectrum 2000 FTIR spectrometer. Elemental analyses were 

performed with a Carlo Erba NA 1500 Nitrogen Analyzer at the University of the 

Western Cape, Cape Town, South Africa. 
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2.3 Synthesis 

2.3.1 Synthesis of Metallo-tetrasulphophthalocyanine Complexes, (MPCS4), 

(Scheme 2.1A). 

Monosodium salt of 4-sulphopthalic acid (6)?40 

The synthesis of 6 is summarized in Scheme 2.1A. A mixture of 30% 4-

sulphophthalic acid 8 (24.6 g, 0.1 mol) and NaOH (4.0 g, 0.1 mol) was placed in a flask 

and left for 24 hours to allow the product to crystallize out of the solution. The pale pink 

product was filtered off under pressure, washed with water and allowed to dry in the 

open. Yield: (24.4 g, 91%). IR [(KBr) vrnax/cm'I]: 3436, 3078, 2652 and 2535 (O-H), 

1745 and 1700 (C=O), 1598, 1575, 1493 and 1437 (C-C), 1398, 1378, 1284, 1246 and 

1170 (C-O and/or O-H), 1070, 1043,975,912,857,826,792 and 720 (C- H). 

Metallo-tetrasulphophthalocyanine complexes (MPcS4) 24,141 

A mixture of monosodium salt of 4-sulphophthalic acid 6 (4.32 g, 16 mmol), ammonium 

chloride (0.47 g, 9.0 mmol), urea (5.80 g, 97 mmol), ammonium molybdate (0.068 g, 

0.06 mmol), and required metal salt (4.8 mmol): {i.e. AICh for aluminium (III) 

tetrasulphopthalocyanine AlPCS4 (9) and ZnS04 for zinc (II) tetrasulphopthalocyanine 

ZnPCS4 (lO)} was ground together in a mortar until homogeneous. Nitrobenzene (4 cm3
) 

was placed in a three-necked round-bottomed flask fitted with a thermometer and a 

condenser and heated to 180°C. The solid mixture was added slowly to the heated 

nitrobenzene under stirring over a period of I hour at 180-200°C. The mixture was heated 

for 7 hours at 200°C. The dark solid cake was fillely ground in a centrifuge tube and 

washed several times with methanol until the odour of nitrobenzene was no longer 
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detected. The resulting powder was dissolved in 100 cm3 of 1.0 mol dm3 HCI saturated 

with NaCI and briefly heated to boiling. The mixture was cooled to room temperature, 

flitered, dissolved in 0.1 mol dm·3 NaOH (70 cm3) and then heated to 80°C. After a quick 

separation of the solid impurities by centrifugation, NaCl (27.0 g) was added to the slurry 

filtrate and heated at 80°C with stirring until the evolution of ammonia gas was complete 

(detected with litmus paper or stirring rod previously dipped in conc. Hel). The 

crystallized product was separated by centrifugation and this last process was repeated 

twice. The product was then washed with 80% ethanol until it was chloride-free (detected 

by testing with 1.0 mol dm·3 AgN03). The product was heated under reflux in 20 cm3 

absolute ethanol for 4 hours, cooled to room temperature and filtered. The final product 

was dried in an oven at - 120°C overnight. 

AIPCS4 (9): Yield: (80%). Anal.: Calcd. for C32H12N8012S4N~AI(CI).8H20: C, 34.08: H, 

2.49: N, 9.95%. Found: C, 33 .01: H, 1.73 : N, 9.98. IR [(KBr) vrnaJ cm-1j : 3461 (O-H), 

1638 (C=C), 1577, 1523, 1497,1399, 1342, 1193, 1148,1111,1076,1032 (S=O), 925, 

830, 755, 699. 

ZnPcS4 (10): Yield: (44%). Anal. : Calcd. for C32H12N8012S4N~Zn.3H20: C, 36.94: H, 

1.16: N, 10.78%. Found: C, 36.01: H, 0.73: N, 10.66. IR [(KBr) vrnaJcm·1j : 3448, 1638, 

1577, 1523, 1397, 1338, 1195, 1148, 1111, 1076, 1037 (S=O), 925, 830, 755, 699. 
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( A) Tetrasodium salt of Metallo-tetrasulphophthalocyanine complexes 

V eOOH 
NaOH V eOOH 

I ----. I 
HO,S .Q eOOH NaO,S .Q eOOH 

8 6 

( B) Sulphonated Metallophthalocyanine complexes 

MPc 
Oleum 

-----;.~ MPcS",x 

15, M =AI, 16, M =Zn 
17, M = Sn, 18, M = Si 

( C) Octacarboxy Metallophthalocyanine complexes 

Urea , DBU, 
metal salt 

20, M =AI 
21, M = Zn 

• 

M = AI, Zn 

Experimental 

Scheme 2.1: Synthesis of water-soluble metallophthalocyanine complexes.24
,26,28,141 
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2.3.2 Synthesis of Sulphonated Metallophthalocyanine Complexes 

Contaiuing Mixtures of Differently Substituted Complexes, MPcSm;x, 

(Scheme 2.1B) 

Bis(hydroxy)phthalocyaninatotin(IV}, {(OHhSnPcj (12) (Scheme 2.2). 344 

The synthesis is a two-step process involving firstly the preparation of the 

dichiorophthalocyaninatotin(IV) complex (Cl)2SnPc (11) and then hydrolysing it to the 

~CN 

~CN 
4 

1 
NaOH I 
Pyridine 

12 

1 
NaOH I 
Pyridine 

Scheme 2.2: Synthetic routes for bis(hydroxy)pbthalocyanine complexes of tin and 

silicon.344 
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(OH)2SnPC (12) complex (Scheme 2.2). The (Cl)2SnPc was obtained using literature 

methods344 by reacting anhydrous SnCh (40 mmol) with phthalonitrile 4 (124 mmol) in 

I-chloronaphthalene (200 cm3
) under reflux for about 4 hours. After slowly cooling to 

room temperature, the solution was filtered and the resulting solid washed with benzene 

in a SOliliet apparatus for 24 hours giving 94% yield. The pure purple crystalline product 

(11) was hydrolyzed by mixing it (3 .1 5 g, 4.48 mmol) with NaOH (0.69 g, 17.25 mmol), 

dissolved in a mixture of pyridine (17 cm3
) and water (65 cm\ and heating under reflux 

for 5 hours. After slowly cooling the mixture, the blue solid (OH)2SnPC (12) was filtered 

off, washed with water and dried. Yield: (55-60%). The complex gave satisfactory 

spectroscopic data as reported in the literature.344 

Bis(hydroxy)phthalocyaninatosilicon(IV) [(OH)~iPcJ (14) (Scheme 2.2).344 

Unlike the tin complex, the [(OH)2SiPC] follows the 1,3-diiminoisoindoline 3 

rather than the phthalonitrile route (Scheme 2.2) .344 The 1,3-diiminoisoindoline 3 was 

obtained by heating under reflux a mixture of phthalonitrile 4 (0.75 g, 6.00 mmol), 

methanol (7 cm3
) and sodium methoxide (0.013 g) for 7 hours, while bubbling ammonia. 

The mixture was filtered and the green product precipitated from methanol with water 

(20 cm3), filtered and dried at 60°C in vacuo. A mixture of complex 3 (0.62 g, 4.30 

rnrnol) and dry quinoline (2 cm3) was stirred at room temperature for 10 min, after which 

SiC4 (0.2 cm3
, 2.8 mmol) was added and heated under reflux in a nitrogen atmosphere. 6 

mol dm·3 HCl (20 cm3
) was then added to the mixture, the resulting product was filtered 

and treated in a Soxhlet extractor with methanol until a clear extract was obtained. The 

pure product, (Cl)2SiPc, (13) was dried at 110°C, then its fine powder was hydrolysed by 
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heating under reflux, in a 1: 1 mixture of pyridine and 25% NaOH (20 cm3) for 10 hours. 

The mixture was then filtered, washed with water and dried at 110°C overnight to give 

pure (OH)2SiPC (14) complex. Yield: (55-60%). The complex gave satisfactory 

spectroscopic data as reported in the literature.344 

General suI phonation procedure (Scheme2.1 B). 28 

Following literature methods,28 the required unsubstituted MPc complex {M = 

aluminium (ClAlPc) or zinc (ZnPc) or tin [(OH)2SnPc) (12) or silicon [(OH)2SiPC) (14)} 

(0.20 rnrnol) was placed in a round-bottomed flask, stirred and heated to 100°C. Oleum or 

fuming sulfuric acid (0.50 cm3 containing 30% S03") was slowly added and the mixture 

stirred vigorously at 100°C. After 25 minutes, the mixture was quenched by adding about 

4 g of crushed ice onto it. The resulting mixture was adjusted to pH 7.0-7.5 using 1.0 mol 

dm-3 NaOH solution to give a deep blue solution. The solution was evaporated to dryness 

and the residue Soxhlet extracted using methanol (20 cm3) for 12 hours. Finally, the 

solvent was removed by evaporation and the solid product oven-dried at 100°C. 

AlPcSmu (IS): Yield: (78%)_ IR [(KBr) vrnax/cm- l
): 3432 and 3200 (O-H), 1730, 1634 

and 1498, l398, l332, 1231, 1173, 1113, 1031 (S=O), 916, 753, 724. UV-Vis [PH 7, 

Arnaxlnrn (log E»): 348 (4.74) and 675 (5.26); 

ZnPcSmu (16): Yield: (56%). IR [(KBr) vrnax/cm-I): 3447 and 3210 (O-H), 1733, 1624, 

1545, l390, 1220, 1205, 1144, 1088, 1040 (S=O), 979, 905, 746, 716. UV-Vis [PH 7, 

Arnax/nrn (log E»): 343 (4.68) and 667 (5_38). 

SnPcSmix (17): Yield: (64%). IR [(KBr) Vrn.,/cm-l
) : 3462 and 3206 (O-H), 1728, 1583, 

1398, l308, 1198, 1136, 1078, 1040 (S=O), 884, 850, 808, 746, 716, 634, 566. UV-Vis 

[PH 7, Amax/nm (log E»): 348 (4.96) and 691 (5.24). 
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SiPeS mix (18): Yield: (42%). IR [(KBr) vmaxlcm·I]: 3466 and 3418 (O-H), 1642, 1618, 

1573,1386, 1288, 1193, 1133, 1040 (S=O), 896, 830, 620. UV-Vis [PH 7, Ama,/nrn (log 

e)]: 315 (5.88) and 672 (5.23). 

2.3.3 Synthesis of Oeta-earboxymetallophthaloeyanine Complexes, 

(MOCPe) (Scheme 2.1 C). 26 

A mixture of benzene-l,2,4,5-tetracarboxylic dianhydride (pyromellitic 

dianhydride, 7) (3.75 g, 17.25 mmol), urea (19.5 g, 0.33 mol), DBU (0.1 g, 0.7 mmol) 

and metal salt (23.5 mmol): {i.e. AICl) for octacarboxyphthalocyaninatoaluminium(III), 

(AlOCPc) (20) and zinc acetate for zinc(II) octacarboxyphthalocyaninatozinc(II), 

(ZnOCPc) (21)} was placed in 100-mi two-necked flask fitted with a reflux condenser 

and a thermometer and heated at 250°C under reflux for about 20 minutes, the reaction 

mixture was fused after this time. The fused product was washed with water, acetone and 

6 mol dm-3 HC!. After drying, the tetra-amide product (19) (2.70 g) was heated under 

reflux with 20% H2S04 (2.70 cm3
) for 3 days. The product was washed with 200 cm3 

portions of 5% H2S04, 100 cm3 portions of water and then acetone by centrifugation. 

After drying in air, the blue product was purified by multiple chromatography on an 

alumina column using 2% aqueous NaOH as eluent and reprecipitated each time with 

20% HC!. The pure product (20 or 21) is filtered and then dried at 110°C overnight. 

AIOCPe (20): Yield: (8.8%). Anal.: Calcd. for C4oHsNs0I7Na9A!.2H20: C, 42.03: H, 

1.06: N, 9.81%. Found: C, 41.93: H, 1.36: N, 9.78%. IR [(KBr) vmax/Cm·I]: 3416 (O-H), 

3230 (C-H), 1700 (C=O), 1638, 1619, 1500 and 1448 (C-C), 1379, 1284, 1247 and 1188 

(C-O and/or O-H), 1158, 1128, 1073, 1044, 1013,994,907,823 and 720 (C-H). UV-Vis 

[PH 10, Amax/nm (log e)]: 356 (4.90) and 690 (5 .26); 
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ZnOCPc (21): Yield: (12%). Anal.: Calcd. for C4oHgNgOI6NagZn.2H20: C, 42.06: H, 

1.06: N, 9.81%. Found: C, 42.23: H, 0.98: N, 9.69%.IR [(KBr) vmaxlcmo1 ): 3416 (O-H), 

3230 (C-H), 1698 (C=O), 1638, 1619, 1570 and 1448 (C-C), 1394, 1283, 1246 and 1181 

(C-O and/or O-H), 1086, 1040, 1013,979, 906 and 720 (C-H). UV-Vis [PH 10, Amax/run 

(log E»): 348 (4.96) and 690 (5.26). 

2.3.4 Synthesis of Thiol-Derivatised MetaUophthalocyanine Complexes 

2.3.4.1 Synthesis of 4,5-dichlorophthalonitrile (26) (Scheme 2.3}.22 

4,5-Dichlorophthalic anhydride (23) 

Following established literature methods/2 a mixture of 4,5-dichlorophthalic acid 

(22) (25 g, 0.106 mmol) and acetic anhydride (35 cm3
) was heated urider weak reflux for 

5 hours while slowly distilling off of acetic acid. After cooling, the white crystalline 

product was filtered and thoroughly washed with petroleum ether (40-60°C) and then air-

dried. Yield: (21.6 g, 92%). IR [(KBr) vmaxlcmo1): 1824, 1782 (anhydride) 

4,5-Dichlorophthalimide (24) 

A suspension of 4,5-dichlorophthalic anhydride (23) (22 g, 0.100 mmol) in 

formarnide (30 cm3
) was heated under reflux for 3 hours. After cooling, the precipitate 

was filtered, washed with water and then air-dried to give a light yellow product. Yield: 

(21.lg, 98%). IR [(KBr) Vmax/cm·1): 1775, 1713 (imide) 

4,5-Dichlorophthalamide (25) 

A suspension of 4,5-dichlorophthalimide (24) (20 g, 0.91 mmol) was stirred in 

25% ammonium hydroxide solution (300 cm3
) at room temperature. After 24 hours, 33% 
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ammonium hydroxide solution (100 cm) was added and stirring was continued for 

another 24 hours. The precipitate was filtered, washed with water and dried at 60°C to 

give a yellowish product. Yield: (15.3 g, 72%). IR [(KBr) vmaxicm- ']: 1657, 1620 

(amide). 

CI=G¢"" 0 OH Acp 
~ OH reflux,5h CI 

22 0 

C1:C<° I NH CI h 

24 0 

NH40H I H20 

r.t.,48h 

CI)CQ° I 0 CI h 

23 0 

o 

CI:c¢"" NH2 
h NH2 CI 
26 0 

reflux, 3h 

S_O_C_I,_, D_M_F_ ClyYCN 
0-5OC. 5h CI~CN 
r.t .. 24h 

26 

Scheme 2.3: Synthetic route for dichlorophthalonitrile?2 

4,5-Dichlorophthalonitrile (26) 

Freshly distilled thionyl chloride (70 cm) was added under stirring, and in the 

presence of nitrogen gas, to dry distilled DMF (100 cm) at O°C. After 2 hours, 4,5-

diehlorophthalamide (25) (15 g, 0.065 mmol) was added and the mixture stirred for 5 

hours at 0-5°C, and then at room temperature for 24 hours. The mixture was then added 

to ice water (- 500 cm\ filtered and washed with water (5 x 100 em). Finally the 

product was recrystallised twice from methanol and then dried giving a light yellow 4,5-

diehlorophthalonitrile (26). Yield: (8.74 g, 71 %). IR [(KBr) vmax/cm-1
]: 2236 (nitrile). 
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2.3.4.2 Synthesis of Disubstituted Thiol-derivatised Phthalonitriles (Scheme 2.4) 

4,5-Dibutylthiophthalonitrile (27)?2,23 

Dry DMSO (15 cm3
) contained in flat-bottomed flask was first heated to 45°C 

under stirring in the presence of dry nitrogen gas for about 5 min. Butanethiol (3 cm3
, 28 

mmol) was added immediately, then after 2 minutes, 4,5-dichlorophthalonitrile (26) (1.10 

g, 5.58 mmol) was added. The solution was refluxed for 15 minutes, then dry fine-

powdered K2C03 (8 x 40 mmol, every 5 min) was added. The mixture was stirred at 45°C 

ClyyCN 

~ CI CN 
Butan~lhiOI' 26 ~ercaPloelhanOI 

DMSO I K,co3 DMF I Na
2
C0

3 

1h, 45OC 1h, 45' C 

~SO"" CN 4·Melhyllhiophenol HO~SYYI "" CN 

h DMSO I K,C03 HO~ ~ 
~S CN 1h, 45OC S CN 

27 29 

~ 
~SyyCN 
~ (YS CN 

N 28 

Scheme 2.4: Synthetic routes for the thiol-derivatised phthalonitrile complexes used in 

this work22,23 

for an extra 40 minutes. After cooling the product was poured into a mixture of ice chips-

water (- 350 g). The precipitate was filtered, and recrystallised from 85 cm3 methanol to 

give a white product (27), which was dried between filter papers. Yield: (1.46 g, 86%). 
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IR [(KBr) vrnaxicm-'): 3077, 2958, 2929 and 2871 (CH), 2228 (C=N), 1562, 1509, 1459, 

1376, 1342, 1266, 1226 (RSR), 1116, 932, 893, 865, 734, 686, 528. 'H NMR [CDCl), 

400 MHz): /) 7.43 (s, 2H, benzene), 3.10 (t, 4H, SCH2), 1.74 (m, 4H, CH2-CH2-CH2, 1.53 

(m, 4H, CH2-CH2-CH2-CH3), 0.98 (t, 6H CH3). 

4,5-Di (4-methyl phenylthio) phthalonitrile (28).22.23 

The same synthetic procedure as for complex 27 above was employed, except for 

the use of 4-methylphenylthiol instead ofbutanethiol. Yield: (1.93 g, 93%). Anal.: Calcd. 

for C22H'6S2N2: C, 70.97: H, 4.30: N, 7.53%. Found: C, 70.38: H, 4.18: N, 7.48%. IR 

[(KBr) vmax/cm-'): 3237, 1638, 1618 and 1563 (Ph), 1492, 1459 and 1394 (CH3-), 810 

(1,4- Ph), 732, 708 and 628 (S-Ph). 'H NMR [CDCl), 400MHz): /) 7.36 (d, 4H, phenyl), 

7.26 (d, 4H, phenyl), 7.01 (s, 2H, phenyl), 2.23 (s, 6H, methyl). 

4,5-Di(hydroxyethylthio}phthalonitrile (29).345-347 

Dry DMF (15 cm3) contained in a flat-bottomed flask was first heated to 50°C 

under efficient stirring and in the presence of dry nitrogen gas. After about 5 min, 2-

mercaptoethanol (1.5 g, 19.2 mmol) and 4,5-dichlorophthalonitrile (26) (1.68 g, 8.54 

mmol) were added. After 15 min, dry fine-powdered Na2C03 (24 x 40 mmol, every 5 

min) was added. The reaction mixture was stirred at 50°C for an extra 48 hours and then 

after cooling the reddish-brown mixture was poured into a mixture of ice chips-water (-

350 g). The precipitate was filtered to give a sticky solid. Yield: (1.86 g, 78%). IR [(KBr) 

vrna."Icm-'): 3420 (OH), 2924 and 2878 (C-H), 2221 (C=N), 1558, 1482, 1459, 1410, 

1269, 1223, 1112, 1056, 1006,930,884,822,620. 
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2.3.4.3 Synthesis of Metal-free Octasubstituted Thiol-derivatised Phthalocyanine 

Complexes, (Scheme 2.5, Route 1).22 

The required 4,5-disubstituted thiol-derivatised phthalonitrile complex (27 or 28) 

(l mmol) was heated under reflux in pentanol (50 cm3) in the presence ofDBU (l mmol) 

for 48 hours. After cooling, methanol (50 cm3) was added and the green precipitate 

filtered off by centrifugation. The Impure phthalocyanine products, 

octabutylthiophthalocyanine, H20BTPc (30), octa( 4-methylphenylthio )phthalocyanine, 

H20MPPc (31) were respectively purified in a Soxhlet apparatus using methanol and then 

acetone and dried at 60°C. 

H 20BTPc (30): Yield (64 %). IR (KBr), vrnax/cm·1: IR (KBr) Vrnax/cm-1: 2956, 2926 and 

2867 (CH2), 1591 (Ph), 1462, 1406, 1371 and 1332 (CH3CH2CH2CH2-), 740, 700 (S­

CH2). UV-Vis (CHCi}, A.max/nm): 329, 360, 447, 671, 700, 732. 

H 20MPPc (31): Yield (72 %). IR (KBr), vrnax/cm·1: 3238, 1638 and 1618 (Ph), 1490, 

1402 and 1370 (CH3-), 805 (1 ,4- Ph), 745, 700 and 622 (S-Ph). UV-Vis (CHCi}, 

A.max/nrn): 344, 438, 644, 675, 710,737. 

2.3.4.4 Synthesis of Octasubstituted Thiol-derivatised Metallophthalocyanine 

Complexes, (Scheme 2.5) 

Octabutylthiophthalocyanine complexes of zinc (32) and cobalt (33), (MOBTPc) 

(Scheme 2.5, Route II) 

A DMF suspension (10 rnl) of the H20BTPc (30), (- 0.1 mmol) and the metal 

acetate (0.2 mmol) was heated under stirring (130°C with for about IS minutes for zinc 

complexes, ZnOBTPc (32) and at 180°C for about 60 minutes for cobalt complex, 

CoOBTPc (33). After cooling to room temperature, the solution was poured into ice-
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-

37, L = DMF, R = C.Hg 
38, L= eN, R = C4Hg 
39, L = CN, R = C2H.OH 

Ethylene glycol 
150'C,24h 

CoC12 

V 

32, M = Zn, R = -C.Hg 
33, M = Co, R = -C.Hg 
34, M = Zn, R = -C6H.CH3 

Scheme 2.5: Synthetic routes for the thiol-derivatised metal-free and metallated 

phthalocyanine complexes used in this work.22,23,29,237,316,345-347 
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water mixture (20 ml). The precipitated product was collected by centrifugation and 

washed with water and methanol. The green products were purified by chromatography 

on a silica gel column with chloroform or chloroformIDMF mixture (9: I) as eluent. 

ZnOBTPc (32): Yield (88%). Anal: Calcd. for C64HsoNsS8Zn: C, 59.86: H, 6.39: N, 

8.73%. Found: C, 59.73: H, 6.36: N, 8.35. IR (KBr) vmax/cm-1
: 2956, 2926 and 2867 

(CH2), 1591 (Ph), 1462, 1406, 1371 and 1332 (CH3CH2CH2CH2-), 740, 700 (S-CH2). IH 

NMR [CDCh, 400MHz]: 8 7.60 (s, 8H, Pc), 3.10 (t, 16H SCH2), 1.74 (m, 16H, CH2-

CHz-CH2, 1.53 (m, 16H, CHz-CH2-CH2-CH3), 0.98 (t, 24H CH3). UV-Vis (CHCh, 

Arnax/nrn (lOgE): 328 (4.73), 363 (4.89), 637 (4.64), 708 (5.36) 

CoOBTPc (33): Yield 0.076g (62%). Anal: Calcd. for C64HsoNsSsCo: C 60.24, H,6.28, 

N,8.78 Found: C,60.22, H,7.19 N,8.67. IR (KBr) vmax/cm-1
: 2958, 2926, 2856, 1596, 

1543, 1504, 1412, 1379, 1320, 1262, 1215, 1094, 1094, 1070, 1024, 965, 868, 803, 750 

and 705. UV-Vis [CHCh, Arn.,Jnm (lOgE)]: 324 (5.01), 423 (4.38), 704 (5.06). 

Octa(4-metlzylplzenyltlzio)plztlzalocyaninatozinc(/I), ZnOMPPc (34) 

The same procedure as for the ZnOBTPc (32) was adopted, except 31, instead of 

30, was employed. Yield (83%). Anal: Calcd. for CssHnNsSsZn: C, 67.63: H, 4.61: 

N ,7.17%. Found: C, 67.57: H, 4.41: N, 6.96. IR (KBr), vrnax/Cm-1: 3238,1638 and 1618 

(Ph), 1490, 1402 and 1370 (CH3-), 805 (1,4- Ph), 745, 700 and 622 (S-Ph). IH NMR 

[CDCh, 400MHz]: 8 7.98 (s, 8H, Pc), 7.43 (d, 16H, phenyl), 7.31 (d,16H, phenyl), 1.24 

(s, 24H, methyl). UV-Vis (CHCh, Amax/nm (log e): 328 (4.68), 363 (4.85), 640 (4.60), 

715 (5.30). 
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Oclabutylthiophlha/ocyaninaloiron(Il), (FeOBTPc) (35) 

(Scheme 2.5, Route III) 
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Better yields were obtained for this complex by direct synthesis rather than using 

the unrnetallated complex. A mixture of 4,5-dibutylthiophthalonitrile (27) (0.10 g, 0.33 

rnrnol.), FeCh.4H20 (0.02 g, 0.08 mrnol) and urea (0.032 g, 0.5 mrnol) was heated and 

stirred at 150°C for 90 minutes under nitrogen atmosphere. After cooling to room 

temperature, the reaction mixture was treated with hot ethanol and filtered by 

centrifugation. The dark green crude product was purified using column chromatography 

by first dissolving in chloroform and then eluting from silica gel column with chloroform. 

The first band was collected and the solvent removed under reduced pressure to give pure 

product (35). Yield: (0.09 g, 88 %). Anal.: Calcd. for C64HgoNgSgFe.8H20: C, 54.24: H, 

6.78: N, 7.91%. Found: C, 54.58: H, 6.47: N, 7.91. IR [(KBr) vrna.,Jcm· I
]: 3447, 2958, 

2863, 1589, 1500, 1455, 1412, 1375, 1325, 1263, 1215, 1185, 1073,960, 865, 803, 746, 

700. UV-Vis [(DMSO, A.rnax/nrn (log E)]: 348 (5.88) and 676(4.97); UV-Vis [(DMF, 

A.maJnrn (log E)]: 356 (5.08), 449 (4.59), 620 (4.61), 684 (5.06). 

Ocla(hydroxyethy/thio)phtha/ocyaninaloiron(Il), (FeOHETPc) (36) 

(Scheme 2.5, Route III). 

FeOHETPc (36) was prepared following similar procedure as for the FeOBTPc 

(35) above. A mixture of 4,5-(hydroxyethylthio)phthalonitrile, 29 (0.50 g, 1.78 mrnol.), 

FeCh.4H20 (0.09 g, 0.36 rnrnol) and urea (0.04 g, 0.63 rnrnol) was heated and stirred at 

150°C for 90 minutes under nitrogen atmosphere. After cooling to room temperature, the 

reaction mixture was heated for about 10 minutes in ethanol and filtered by 
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centrifugation. It was then washed with hot ethanol several times until the yellow 

coloration was removed. This was followed with successive washings in hot water, 

methanol, acetone and finally in diethylether (once) before drying in vacuo at 80°C for 2 

hours. Yield: (0.33 g, 66%). Anal.: Calcd. for C4g~gNgSgFe.10HzO: C, 42.48: H, 3.S4: 

N, 8.36%. Found: C, 42.49: H, 3.S2: N, 8.S0. IR [(KBr) vrnax/cm-']: 3411 (OR),2920-

28S0 (CHz), 1710, IS93, 1410, 1330, 1280, 1070, 9S0, 873, 74S, 700, 605. UV-Vis 

(Varian SOO) [(OMSO, Amaxlnm (log g)]: 3S4 (S.7S) and 68S(4.84); UV-Vis [(OMF, 

Amax/nm (log g)]: 348 (S.IO), 4S0 (4.20), 620 (4.S8), 68S (S.08). 

Bis( dimethylformamide}octabutylthiophthalocyaninatoiron(II}, ((DMF) lFeOBTPc} 

(37) , (Scheme 2.5, Route IV) 

This complex was prepared by stirring FeOBTPc (35) (O.OS g, 0.040 mrnol) in 

OMF (IOml) at 100°C for 3 hours under nitrogen atmosphere. The resulting green 

solution was evaporated under vacuum resulting to a dark green solid, which was then 

washed with water, acetone and then dried in vacuo to give the pure product (37). Yield: 

(0.046g, 93%). Anal.: Calcd. for C7oH94NIOOzSgFe.2HzO: C, 57.78: H, 6.47: N, 9.63%. 

Found: C, 57.63: H, 6.51: N, 9.52. IR [(KBr) vrnax/cm-']: 3425, 2927, 2867, 1688, 1593, 

1500, 1460, 1413, 1378, 1325, 1215, 1189, 1120, 1073, 958, 880, 850,781 , 746 and 70S. 

UV-Vis [(OMF, Amaxlnm (log g)] : 356 (5.08), 449 (4.59), 620 (4.61), 684 (5.06) 
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Bis(cyano)octabutylthiophtha/ocyaninatoiron(JI), (CN)2FeOBTPc), (38) 

(Scheme 2.5, Route IV) 

Experimental 

The FeOBTPc (35) (O.OS g, 0.04 mmol) was mixed with excess potassium 

cyanide (O.OS g, 0.77 mmol) and refluxed in DMF (S cm3
) for 3 hours under nitrogen 

atmosphere. The brilliant green solution was evaporated to dryness and the so lid washed 

with hexane. The solid was then recrystallised twice from acetone to give the pure green 

complex (38). Yield: (0.041 g, 82%). Anal.: Calcd. for K2C66HsoNlOSsFe.10H20: C, 

SO.02: H, 4.98: N, 8.83 %. Found: C, SO.07: H, S.06: N, 8.8S IR [(KBr) Vrnax/cm·I]: 3433, 

2958, 2869,2169 (VFe-CN), IS92, IS12, 1458, 1407, 1381, 1216, 1131, 1073,960,872, 

804,781, 747 and 701. UV-Vis [(DMSO, A.maxInm (log e)]: 368m, 408w, 44Sw, 468w, 

620m and 686s (S.10); UV-Vis [(DMF, "'max/nm (log e)]: 366m, 408w, 44Sw, 468w, 

620m and 686s (5.08). (Where m = medium, w = weak and s = strong absorptions). 

Bis(cyano) octa(hydroxyethylthio)phtha/ocyaninatoiron(JI), (CNhFeOHETPc, (39) 

(Scheme 2.5, Route IV) 

The method used for the (CN)2FeOBTPc (38) complex described above was also 

employed for the synthesis of (CN)2FeOHETPc (39). IR [(KBr) vmax/Cm·I]: 3407, 3163, 

2950,2732,2298,2169 (Vfe-CN), 2093, 2062, 2073,1628, IS12, 1404, 1310, 1216, 1120, 

1063,1039,1007,832,780,753 and 703. UV-Vis [(DMSO, "'max/nm (log e)]: 368m, 

443w, 462w, 622m and 690 (S.10) 
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Octa(hydroxyethylthio)phthalocyaninatocobalt(Il), (CoOHETPc) (40).316.347 

(Scheme 2.5, Route IV) 

EXperimental 

A mixture of 4,5-(hydroxyethylthio )phthalonitrile (29) (0.30 g, 1.07 mmol.), 

anhydrous CoCh (0.04 g, 0.36 mmol) and urea (0.04 g, 0.31 mmol) and ethylene glycol 

(6 cm3) was heated and stirred at 160°C for 24 hours under nitrogen atmosphere. After 

cooling to room temperature, the reaction mixture was heated for about 10 minutes in 

ethanol and filtered by centrifugation. The dark-green precipitate was treated with boiling 

acetic acid, water and acetone, and fmally purified by chromatography from silica gel 

colurrm with DMSO as eluent. Yield: (0.09 g, 30%). The complex gave satisfactory 

spectroscopic data as reported in the literature.316.347 
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2.4 Methods 

2.4.1 Singlet Oxygen Determination and Photobleaching 

The photochemical experiments were carried out in a 1 cm pathlength 

spectrophotometric cell, fitted with a tight-fitting stopper using the set-up shown in 

Figure 2.1. Typically, a volume of 3.0 cm3 of the solution (with or without bubbled 

oxygen)containing the MPc photosensitiser (-10-6 mol dm-3
) , or MPc plus the appropriate 

singlet oxygen quencher (ADMA or DPBF '" 3x10-5 mol dm-3) , was added to the cell and 

Light 
source 

Convergence 
lens 

Water 
filter 

Glass 
filter 

Interference UV -Vis 
filter cell 

Figure 2.1: A diagrammatic representation ofthe photochemical set-up used in this work. 

then photo lysed in the Q band region of the dye. The set-up in Figure 2.1 is comprised of 

the General Electric Quartz line Lamp (300W), 600 nm glass cut-off filter (Schott) to 

eliminate light of wavelength less than 600nm, water filter to filter off the UV and far 

infra red radiation and interference filters (Intor 670 nm with bandwidth 20 nm was used 

for the water-soluble MPc complexes while the 700 nm and 40 nm bandwidths was used 

for the organic solvent-soluble thiol-derivatised ZnPc complexes (32 and 34). Light 

intensities at these wavelengths (- 3-5 x 1016 photons S-lcm-2) were measured with a 

92 



Chapter 2: Experimental 

Power meter (Lasermate/A LD 30, Coherent Auburn, USA). The light intensity was 

recorded in J S·I A-I (where A is the surface area of the detector) but was first converted 

M =hc 
at wavclcrgili A It 2.1 

where E = Energy oflight 

h = Plank's constant 

c = Speed oflight 

A. = Wavelength of the interference filter 

The number of photons of light transmitted per second per unit square centimeter was 

obtained by dividing the total energy (E) read by the power meter by the energy at the 

wavelength of interest, A.. 

The wavelength of interference filter was chosen such that it was close to the Q-

band absorption of the metallophthalocyanine being studied. To determine the fraction of 

light that passes through the filter and is actually absorbed by the MPc complex, equation 

2.2 was used. 

2.2 

where a = fraction of the overlap integral of the light absorbed by the MPc sensitiser 

Tfilter = light transmitted through the interference filter (as a fraction of unity) 

T MPe = light transmitted through the MPc solution. 

Table 2.1 shows a sample result obtained in this work for determining a using equation 

2.2., where a = 0.66. Appropriate solutions (PH 10 aqueous solution and DMF for the 
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water-soluble MPc complexes (9, 10, 15 - 18) and organic solvent-soluble thiol­

derivatised ZnPc complexes 32 and 34, respectively) were used to determine the 

quantum yields of singlet oxygen and photobleachlng in air (without bubbled oxygen) 

and oxygen (bubbled oxygen) using the relative method with AlPCS4 as reference and 

ADMA as singlet oxygen scavenger (for water-soluble MPc complexes), while ZnPc 

was used as reference and DPBF as chemical quencher for singlet oxygen for the water­

insoluble MPc complexes. 

Table 2.1: 

A/nm 

650 

660 

670 

680 

690 

700 

Calculation of the fraction of light (a) absorbed by a typical MPc 

photosensitiser. 

T filter TMPc I-TMPc T filter (1-T MPc) 

0.1508 0.527 0.473 0.0713 

0.7511 0.179 0.821 0.6167 

0.7546 0.119 0.881 0.6648 

0.7293 0.250 0.750 0.5470 

0.3506 0.717 0.283 0.0992 

0.3683 0.891 0.109 0.0402 

2: = 3.1047 2: = 2.0392 

To avoid possible chain reactions induced by ADMA and DPBF in the presence of 

singlet oxygen the absorbance of these quenchers were maintained at approximately 0.6 

(-3xl0·s mol dm·3) as reported elsewhere.2oo Solutions of the MPc photosensitiser 
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(absorbance ca. 1 at the irradiation wavelength, - Ixl0-5 mol dm·3
) containing the 

appropriate quencher were prepared in the dark and irradiated in the Q band region using 

the setup described above. All experiments were performed at room temperature. 

2.4.2 Photosensitized Transformation of Chlorophenols 

The photo-transformation study was carried out with a set-up (Figure 2.1) similar 

to that used for the determination of quantum yields of singlet oxygen and 

photo bleaching described above. The solutions to be photolysed were introduced in a 

lcm path length UV-Vis cell fitted with a tight-fitting stopper. Typically, a volume of3.0 

cml of the solution containing the metallophthalocyanine photosensitiser (_10-6 mo I dm-3
) 

and polychlorophenol (TCP or PCP, 2.0 x 10.5 to 7.0 X 10-5 mol dm-\ was added to the 

cell and then photo lysed in the Q band region; oxygen was bubbled through the cell for 

20 min before each illumination period. 

Photo-transformations of the substrates were analysed by both electronic 

absorption spectrophotoscopy and reverse phase high-pressure liquid chromatography 

(HPLC). The separation of substrates and photoproducts were achieved using a mobile 

phase consisting of an acidified mixture of 60 : 40 water: methanol (for the 4-CP) and 

acidified methanol, acetonitrile and water in the ratio of 20:30:50 for the 

polychlorophenols (TCP and PCP). The volume of injected samples was 20 f.ll, and the 

elution rate was O.lcml min-I. Spectra-Physics HPLC apparatus, spectra series PIOO, 

equipped with an analytical column GL Wakosil CIS (150 x 1 mm) and connected to 

variable wavelength UV-Vis detectors (set at A. = 254 nm) was employed. A Perkin­

Elmer 561 chart recorder was connected to the HPLC apparatus. Electronic absorption 
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spectra were recorded with a Cary 500 UV-Vis-NIR spectrophotometer. The pH 

measurements were carried out with the Beckman ~ 50 pH meter. 

2.4.3 Kinetics and Equilibria of Interaction with Cyanide 

Equilibrium and kinetic studies for the interaction between cyanide and thiol­

derivatised phthalocyanines of Fe and Co were run at constant temperature (25.0 ± 0.5°C) 

aod monitored with the Varian 500 UV-Vis-NIR spectrophotometer. A detailed study 

was undertaken using the (DMF)2FeOBTPc (37) complex. Cyanide binding was followed 

by monitoring the increase in the absorption intensity at 686 run following the addition of 

cyanide to a DMSO solution of FeOBTPc (35) or DMF solution of complex 37. The 

latter is, of course, equivalent to studying cyanide binding to complex 35 in DMF. 

Typically, a known volume of the DMSO or DMF solution of the phthalocyanine 

complex was added to a I em pathlength spectrophotometric cell, then a known volume 

of the DMF or DMSO solution of the potassium cyanide was added to the cell and the 

chaoges in absorption spectra monitored with time. For the kinetic studies the 

concentration of the MPc complex was maintained at - 3x10~ mol dm-l. The 

concentration was determined from the extinction coefficients of the Q band of complex 

37 in DMF {c684 = (1.2 ± 0.1) x 105 dml morl em-I} and complex 35 in DMSO {c676 = 

(9.4 ± 0.1) x 104 dml morl em-I}. The cyanide concentrations, determined by titration 

with silver nitrate/48 were varied from 1.8 x 10-4 to 3.0 X lO-l mol dm-l . Since the 

concentrations of cyanide were larger than those for the phthalocyanine complexes, 

pseudo-first-order conditions were assumed for the kinetic studies. 
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2.4.4 Electrochemical Methods 

Electrochemical data for the solution electrochemistry of the thiol-derivatised 

MPc complexes were obtained under purified nitrogen gas with BioAnalytical System 

(BAS) 100 B/W Electrochemical Workstation. For characterization of the MPc 

complexes, cyclic voltammograms (CVs) and Osteryoung square wave voltammograms 

(OSWVs) were collected using a convention\ll three-electrode set-up (Figure 1.6) with a 

glassy carbon electrode (GCE, 3.00mm diameter) as a working electrode, a platinum wire 

counter electrode, and a silver wire pseudo-reference electrode. All potentials were 

referenced internally to the ferrociniurnlferrocene (fc+/fc) redox couple. The potentials of 

the fc +/fc couple were measured against the silver-silver reference and the half-wave 

potential (EJI2) values obtained were subtracted from the E1I2 values vs Ag wire for MPc 

complexes to give EJ12 vs fc+/fc for MPc, as described before.349 The potential for the 

fc+/fc couple has been reported 224 to be 0.46 V vs saturated calomel electrode (SCE) in 

DMF. The EJ12 values for fc+/fc vs SCE were added to EJ12 for MPc complexes vs fc+/fc 

to give EJ12 vs SCE. TBAP (0.1 mol dm·3
) was used as supporting electrolyte. The 

concentration of the MPc complexes was maintained at I x 104 mol dm'3 in DMF. The 

parameters for the OSWV were: step potential 4 mY; square wave amplitude 25 mV at a 

frequency of 15 Hz. All experiments were done under nitrogen atmosphere, with nitrogen 

5.0 from MESSER. Spectroelectrochemical experiment was used to characterize 

ZnOMPPc (34). An optically transparent thin-layer electrode (OTTLE) cell was 

constructed as described by Hartl and Denek. 222 The working and counter electrodes of 

the cell were platinum grits while a piece of silver wire served as a pseudo-reference 

electrode. The OTTLE cell was connected to a BAS CV 27 voltammograph. Solutions of 
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the ZnOMPPc (34) were introduced into the cell and electrolysis was perfonned at the 

appropriate potentials. Spectral changes arising from the electrolysis were monitored with 

UV -Vis-NIR spectrophotometer. 

2.4.5 

2.4.5.1 

Self-Assembling Technique 

Apparatus 

Solid phase electrochemistry experiments were also recorded using a 

BioAnalyticai System (BAS) 100 B/W Electrochemical Workstation. However, for the 

conventional three-electrode system (Figure 1.6) used, the working electrode was either 

bare gold (r = 0.8 nun, BAS) or the thiol-derivatised MPc-SAM-modified gold electrode. 

An AglAgCl (3.0 mol dm-3 KCl) was used as a reference electrode and a platinum wire 

wound into a spiral as a counter electrode. The gold electrode was modified using the 

self-assembling technique described below. The same parameters for the OSWV used for 

the solution electrochemistry were also employed here. A WTW® pH meter was used for 

pH measurements. All experiments were performed at 25.0 ± 0.5 °C. 

2.4.5.2 Electrode Pre-treatment and Formation of MPc Self-Assembled Monolayer 

(MPc_SAM}. 276,277,307,329,330 

Prior to use, the gold electrodes were first polished using aqueous slurries of 

alumina «10 micron) on a SiC-emery paper (type 2400 grit), and then to a mirror finish 

on a Buehler felt pad. The electrode was then placed in ethanol and subjected to 

ultrasonic vibration to remove residual alumina particles that are trapped at the surface. 

Finally the electrode was etched for about two minutes in a hot "Piranha" solution {1:3 
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(v/v) 30% H20 2 and concentrated H2S04} and then rinsed with copious amounts of 

ultrapure Millipore water followed by ethanol and the deposition solvent. A 1 :3:4 HN03 1 

HCII H20 solution was sometimes used in place of the "Piranha" solution, since both 

serve the same purpose. This treatment serves to eliminate possible organic contaminants 

on the electrode. The cleanliness (removal of the gold oxides) of each electrode surface 

was fmally established by placing the electrode in 0.5 mol dm-3 H2S04 and scanning the 

potential between -0.5 and 1.0V vs AglAgCI at a scan rate of 50 mV S·l until a 

reproducible scan was obtained. This pre-treatment procedure is known276
,329 to give an 

electrode with the best surface for adsorption of SAMs of alkanethiols. Following this 

pretreatment, the electrode was rinsed with toluene and immediately placed in a 5 ml of 

toluene solution of the thiol-derivatised MPc (1.0 x 10-3 mol dm-3
) for 24 hours at 

ambient temperature. Upon removal from the deposition solution, the electrodes were 

thoroughly rinsed with toluene prior to electrochemical experiments. Other common 

solvents such as dichloromethane, THF, chloroform are also suitable for use as deposition 

solvents for the CoOBTPc (33), FeOBTPc (35), ZnOBTPc (32) and ZnOMPPc (34) 

complexes. The deposition solvent used for the CoOHETPc (40) and FeOHETPc (36) 

complexes was DMSO. 
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3.1 Synthesis and Spectroscopic Properties 

Table 3.1 is a summary list of the metallophthalocyanine (MPc) complexes 

studied in this thesis. 

Table 3.1: List ofmetallophthalocyanine (MPc) complexes studied in this thesis, 

their abbreviations and numbers as well as their Q band maxima. 

MPc Complex MPc Complex Q band maxima I nm 
Abbreviation* Number 
AlPCS4 9 675 (PH 7, 10) 

ZnPCS4 10 667 (PH 7, 10) 

AlPcSmix 15 675 (PH 7, 10) 

ZnPCSmix 16 667 (PH 7, 10) 

SnPCSmix 17 691 (PH 7, 10) 

SiPCSmix 18 671 (PH 7, 10) 

AIOCPc 20 690 (PH 10) 

ZnOCPc 21 690 (PH 10) 

H20BTPc 30 700, 732 (CHCb) 

H20MPPc 31 710,737 (CHCb) 

ZnOBTPc 32 708 (CHCb) 

CoOBTPc 33 704 (CHCb) 

ZnOMPPc 34 715 (CHCb) 

FeOBTPc 35 684 (DMF), 676 (DMSO) 

FeOHETPc 36 685 (DMSO) 

(DMF)2FeOBTPc 37 684 (DMF) 

(CN)2FeOBTPc 38 686 (DMF) 

(CN)2FeOHETPc 39 690 (DMSO) 

CoOHETPc 40 685 (DMSO) 

*PeS, ~ tetrasulphopthaloeyanine; PeSm ix = sulphonated (mixed) phthaloeyanine, 

OCPe ~ octaearboxyphthaloeyanine; OBTPe = oetabutylthiophthaloeyanine; 

OMPPe = octa(4-methylphenylthio)phthaloeyanine; OHETPe = octa(hydroxyethylthio)phthalocyanine. 
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3.1.1 Sulphonated Metallophthalocyanine Complexes 

The most common water-soluble MPc complexes are the sulphonates, MPcSn 

(where M = metal ion, n = 1, 2,3 and 4). These complexes are soluble in water since they 

are negatively charged. Depending on the synthetic procedure employed, sulphonation 

results in the common tetrasulphonated MPc (MPCS4) 24 complexes as well as the MPc 

complexes containing a mixture of the di-, tri- and tetra-sulphonated derivatives, MPCSmix 

(where mix = 2, 3 and 4).28.186.350.352 

The spectroscopic characteristics of sulphonated MPc complexes in aqueous 

solutions are well established.24.28.186.350-352 These complexes exhibit aggregation 

properties, the extent of which, depends on such factors as the degree of sulphonation, 

isomeric composition, nature of central metal ion, concentration, temperature, pH, ionic 

strength, and solvent. The aggregation phenomenon is usually associated with the 

appearance of two peaks in the Q band region of the electronic absorption spectra; the 

low-energy absorption band near 670 nm being attributed to the monomeric species while 

the high-energy absorption band near 630 nm is associated with the dimeric species. 

Studies have shown352 that AIPcSmix preparations consisting of the least number of 

isomeric species showed greater tendency to form aggregates and dimers, whereas the 

more complex preparations consisting of a higher number of differently substituted 

products show more monomeric behaviour in aqueous solutions. 

All the sulphonated MPc complexes of aluminium (AlPCS4, 9 and AIPcSmix, 15) 

and zinc (ZnPCS4, 10 and ZnPcSmix, 16) presented in this work are known?4.28.350.352 They 

were synthesized and duly characterized following the established procedures. The 

sulphonated complexes of tin (SnPcSmix, 17) and silicon (SiPCSmix, 18) have not been 
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reported, they were also synthesized and characterised following procedures used for the 

aluminium (15) and zinc (16) analogues.28 The IR characteristic bands of the S=O 

vibrations appeared in the 1030 - 1040 cm-1 region. The other bands that are common to 

MPc complexes were observed in the regions of 1730 - 1470 cm-1 (C-C stretching 

vibrations of the aromatic ring) and 810 - 700 cm-1 (C-H out-of-plane deformations). 

The Si-O and Sn-O appeared weakly at 830 and 567 cm-1, respectively. These spectral 

properties are consistent with literature reports.344 

Since the purpose for synthesizing these water-soluble non-transition MPc 

complexes is to investigate their photochemical properties and the effects of their 

irradiation in the visible region, a further investigation of their Q band properties is 

desirable. The location and broadness of the Q band give information on the aggregation 

behaviour of MPc. MPc sensitisers that form dimers and aggregates show lower 

photosensitisation efficiency.185-187.351 Aggregation and dimerisation reduce the lifetimes 

of the MPc's excited state, most probably due to enhanced radiationless excited state 

dissipation. I82
•
185 The Q band absorption maxima of sulphonated MPc complexes in 

aqueous solution (PH = 7 or 10) studied in this work are presented in Table 3.1 while the 

spectra in pH 10 are shown in Figure 3.1. Alkaline solution (PH 10) was chosen because 

it is the most convenient pH for their application in the photo-degradation of 

chlorophenol. It is evident from Figure 3.1 that AlPcSmix (15) showed a sharp Q band at 

675 nm (with no detectable dimer peak) and a vibronic band at 630 nm; characteristics of 

monomeric behaviour. In contrast, all the other five complexes (9, 10, 16 - 18) showed 

either dimer peaks or broad shoulder at the high-energy side of the absorption band 

around 630 run, typical of aggregation of MPc complexes in aqueous solutions.35o The 
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effect of concentration on the absorption spectra of the complexes was also investigated 

using the Beer's law (Figure 3.2). As expected, Beer's law was obeyed for the 

monomeric AIPcSmix (15) species in the studied concentration range of -10.0 - 104 mol 

dm·). Figure 3.2A (inset) shows Beer's law behaviour for the 10.0 mol dtn·) concentration 

range. The other complexes showed strong deviation from the Beer's law at 

concentration> 10.5 mol dm·) as shown in Figure 3.2B (inset), using SnPCSmix as a typical 

example. 
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Figure 3.1: The Q band electronic absorption spectra of the sulphonated 

metallophthalocyanine complexes in pH 10 studied in this work. 
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Figure 3.2: Variation of absorbance with concentration and Beer' s law behaviour for 

AlPcSmix, IS, (A) and SnPCSmix, 17, (B) in pH 7. 

Positively charged detergents, such as cetyitrimethylammonium chloride 

(CTAC),86,200.353 are normally added to solutions of photosensitisers in order to form 

monomeric species. The increase in the low energy component of the Q band in the 
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presence of these cationic surfactants may be used to assess the degree of aggregation of 

the MPc under investigation. In this study, CTAC was used to estimate the degree of 

aggregation of these water-soluble complexes using equation 3.1.352 

A QM (CTAC) - A QM (H 2 0) 
Aggregatio n (%) = --''-------''--- x 100 

A QM(CTAC) 
3.1 

where AQM(CTAC) and AQM(H20) denote the Q band absorbances of the monomeric 

MPc complex (SxIO.{i mol dm·3) in CTAC and pH 10 solutions, respectively. Degrees of 

aggregation, obtained by using this approach were about 0% for 15, 33% for 9, 15% for 

16, 5% for 18 and 21 % for 17 complexes. The degree of aggregation for 15 and 9 were 

studied previousll52 in the DMSO / phosphate-buffered saline at MPc concentration of 

SxlO·7 mol dm·3 and found to be zero and 37%, respectively; values approxinlately 

similar to the ones obtained here. The zero value for the AIPcSmix (15) is an indication of 

the pure monomeric nature ofthis complex in aqueous solution. 

3.1.2 Octacarboxy Metallopbtbalocyanine Complexes (MOCPc) 

The octacarboxy metallophthalocyanine (MOCPc) complexes of aluminium 

(AIOCPc, 20) and zinc (ZnOCPc, 21) were synthesised by the established methods;26.354 

the only slight modification being the use of acid rather than the reported aJkaline 

hydrolysis of the tetra-amide product (19) to the fmal MOCPc complex. Attempts on the 

use of the reported alkaline hydrolysis for 20 and 21 were not successful as the inlpurities 

were difficult to remove even on multiple column chromatography, whereas acid 

hydrolysis was successful. The analytical data of 20 and 21 (as assigned in the 

experimental section) are in good agreement with the reported values of FTIR, electronic 

spectra and elemental analyses. MOCPc complexes are characterised by their monomeric, 
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sharp Q bands. The UV-Vis spectra of both complexes (Figure 3.3) showed monomeric 

behaviour (sharp Q band, conformation to the Beer' s law up to - 10-4 mol dm') and 0% 

degree of aggregation) . 
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Figure 3.3: Electronic absorption spectra of AlOCPc, 20 and ZnOCPc, 21 in pH 10 

aqueous solution. 

3.1.3 Thiol-derivatised Metallophthalocyanine Complexes 

3.1.3.1 4,5-Disubstituted Thiol-derivatised Phthalonitrile Complexes 

The 4,5-disubstituted thiol-derivatised phthalonitriles complexes, 4,5-

dibutylthiophthalonitrile (27), 4,5-di (4-methylphenylthio) phthalonitrile (28) and 4,5-di 

(hydroxyethylthio) phthalonitrile (29) (Scheme 2.4) were obtained from the precursor, 

4,S-dichlorophthalonitrile (26). The precursor (26) was synthesi2ed according to the 

method ofWohrle et al.22 as shown in Scheme 2.3. The synthesis of the thiol derivatives 

(27 - 29) was also according to the published method, 22 except that a milder condition, 

4S0C, was employed instead of the usual 90°C, which resulted in better yields of up to 

86%. It is observed from Scheme 2.4 that Na2CO] / DMF system was used for 29 instead 
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of the K2CO) / DMSO used for 27 and 28. The reason is because it is knownJ45 that the 

use of K2CO) / DMSO for 29 leads to the formation of a monosubstituted 

hydroxyethylthiol product, 4-hydroxy-5-hydroxyethylthiophthalonirile. The reaction with 

26 yielding 27 - 29 complexes (Scheme 2.4) is a simple nucleophilic displacement. After 

recrystallization, no further purification was required and spectroscopic characteristics 

confirmed good purity. The relatively novel complex 28 showed satisfactory elemental 

analysis. The lH NMR spectra (singlet, 7.00-7.20 ppm) defmed the benzene rings, the 

hydrogen atoms on the phenythiol ring showed two doublets at 6.90 and 8.40 ppm, 

respectively, while those on the alkyl chains showed appropriate multiplicity according to 

the n + 1 rule. FTIR spectra (as assigned in the experimental section) showed good 

agreement with the required values. 

3.1.3.2 Metal-free Octasubstituted Thiol-derivatised Metallophthalocyanine 

Complexes. 

Octasubstituted phthalocyanine complexes of zinc 

The metal-free phthalocyanine complexes, octabutylthiophthalocyanine, 

H20BTPc (30) and octa (methylphenylthio) phthalocyanine, H20MPPc (31) complexes 

were synthesized by heating under reflux the corresponding thiophthalonitrile derivatives 

(27 and 28) with 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), which is a strong organic 

base, in pentanol for 48 hours as reported for similar complexes, Scheme 2.5, route 1.22 

The metallated phthalocyanine complexes, octabutylthiophthalocyaninatozinc(II) 

(ZnOBTPc) (32), octabutylthiophthalocyaninatocobalt(II) (CoOBTPc) (33) and octa(4-

methylphenylthio)phthalocyaninatozinc(II) ZnOMPPc (34), were synthesized by the 
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metallation of their corresponding metal-free analogues using excess metal acetate. This 

step was usually complete within 15 min and easily indicated using the UV-Vis 

spectrophotometer in CHCh by observing the total collapse of the split Q-band (700 and 

732 run for 31 and 710 and 737run for 30) of the metal-free analogue to the single Q-

band. Figure 3.4 shows typical UV-Vis spectra of the metal-free and metallated zinc 

complexes. The difference in the Q band features is due to the difference in symmetry; 

metal-free complex possessing lower symmetry (D2h) than the metallated complex, which 

has a D4h symmetry. The eight peripheral substituents confer on these macromolecules 

good solubility in common organic solvents (such as chloroform, DMF, tetrahydrofuran 

and toluene). It is more difficult to purify 34 than 32 by column chromatography using 

chloroform alone. It was found that 34 could easily be purified by column 

chromatography using a small amount ofDMF (-10%) as co-eluent with CHCh. 
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Figure 3.4: Electronic absorption spectra of H20BTPc, 30, and ZnOBTPc, 32, III 

chloroform. 
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A similar observation has been made before355 and was attributed to the ability of the co-

solvent (in this case DMF) to break up the molecular aggregation of 34 thereby 

increasing its mobility on silica gel columns. The synthetic route employed here is 

identical to that used for 32,26 except for the employment of a different solvent and the 

shorter reaction time required in this method. The differences in the solvent employed 

may be responsible for the increased yield observed in this work. 

The UV-Vis spectra of32 and 34 are typical ofMPcs with D4h symmetry.32 The Q 

band of34 (715 nm) is shifted slightly to a longer wavelength when compared to 32 (708 

run). Such a red shift is an indication that the energy gap between the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of 34 is 

narrower than that for 32.32 There was no shifting in peak positions of both the Q and B 

bands for 34 and 32 (Figure 3.5) over the concentration (lxlO.Q - 2xl 0-5 mol dm-3
) range 

studied. Deviations from Beer-Lambert law relationship were observed at concentrations 
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Figure 3.5: Variation of absorbance with concentration and Beer's law behaviour for 

ZnOMPPc (34) in DMF. 
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higher than 1.2xl0-5 mol dm-J
, for 34, Figure 3.5 (inset), as a result of aggregation of the 

complex. It has been reported that for 32, the aggregation behaviour occurs only at 

concentrations higher than -5xl0-5 mol dm-J ,26 hence confIrming the higher aggregation 

tendency of 34 compared to 32, even at low concentrations. This observation can be 

attributed to the 7t-7t interactions arising from the peripheral benzene rings. J56 

The IH NMR spectra of both 34 and 32 were recorded in CDCh and all showed 

satisfactory spectra (see assignments in the experimental section). It is worth mentioning 

here that metallation of the metal-free Pc resulted in the shielding of protons. For 

example, the aromatic protons observed at 7.98 ppm for 34 and 7.60 ppm for 32 appeared 

at 8.95 and 8.40 ppm in their corresponding metal-free derivatives. This observation is 

consistent with literature report for thiol-derivatised ZnPcs.2J The analytical data of 32 

and 34 (as assigned in the experimental section) showed good agreements with the 

required value oflR, and elemental analyses. 

Octasubstituted phthalocyanine complexes of cobalt. 

The cobalt octabutylthiophthalocyanine, 33, was obtained from the metal-free 

analogue as for the zinc complexes. However, unlike in the synthesis of the zinc 

analogue, 32, where the reaction was achieved within 10 minutes at 110°C, the synthesis 

of33, took a longer time (- 60 minutes) and higher temperature (- 180°C) to accomplish, 

implying greater difficulty in the insertion of the central metal into the core of the metal­

free phthalocyanine, 30. Like its zinc analogue, 32, the electronic absorption spectra of 

33 are shifted to longer wavelengths in various solvents (for example, 690 nm in 

pyridine) when compared to the unsubstituted CoPe (658 nm in pyridine). However, 
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unlike the 32 (Figure 3.4), the electronic absorption spectrum of33 in CHCh (Figure 3.6) 

showed the Q band at 704 run, with a shoulder around 650 nm. The appearance of a 

shoulder at higher energy of the Q band in apolar solvent, CHCh, was previously 

observed for cobalt(II) octahexythiophthalocyanine and was attributed23 to a possible 

interaction of the central cobalt ion of one molecule with the thioether groups of another. 

Since this behaviour was not observed in the zinc analogue, 32, the involvement of the 

central Co(ll) ion may also be assumed. Cobalt(U) octa(hydroxyethylthio )phthalocyanine, 

40, is known and was synthesized using the established procedure, and gave appropriate 

spectroscopic characterization. The analytical data of the cobalt phthalocyanine 

complexes 33 and 40 (as assigned in the experimental section) showed good agreement 

with the required values for IR and elemental analyses 
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Figure 3.6: Electronic absorption spectrum of CoOBTPc (33) in chloroform. 

112 



Chapter 3: Synthesis and Characterization 

Octasubstituted phthalocyanine complexes of iron 

The two rron thiophthalocyanines, octabutylthiophthalocyaninatoiron(II), 

FeOBTPc (35) and octa(hydroxyethylthio )phthalocyaninatoiron(II), FeOHETPc (36) 

studied in this work are not known. Their synthesis was accomplished by a simple direct 

reaction of their respective thiophthalonitriles, 27 and 29, with FeCh.4H20 in good 

yields. The synthesis of these complexes, 35 and 36, is somewhat interesting since it 

involves a simple solvent-free, less time-consuming (- 2hrs) and high yielding (88% for 

35 and 70% for 36) process when compared to the literature methods23.347 for similar zinc, 

cobalt and nickel complexes that require expensive high-boiling solvents and longer 

reaction times (7-22hrs) but low-yielding (28-49%). The solubility characteristics of 35 

are similar to those of its zinc (32) and cobalt (33) analogues, but differ from those of 36, 

which is only readily soluble in DMF and DMSO, as in the case for the cobalt analogue, 

CoOHETPc, 40. 

UV-Vis spectra of35 and 36 in DMF and DMSO are shown in Figures 3.7 A and 

B, respectively. Both complexes showed two strong absorption regions, 348-356 nm 

(Soret or B band) and 676- 684 nm (Q band) that are typical ofMPc complexes with D4h 

syrrrrnetry.32 The spectra in DMF showed an absorption band centered near 450 nm as is 

typical of low-spin six-coordinate Fe(H)pc species.357•363 This band is usually associated 

with Fe([[)-to-ligand charge transfer transitions,358.36o'363 hence its presence is a good 

indication that the central metal ion remains in the +2 oxidation state.32
•
46 This band has 

also been observed to become more intense as the (J donor strength of the axial ligand 

increases.32 Both B and Q bands of these complexes (35 and 36) are slightly shifted to 

longer wavelengths when compared to unsubstituted FePc (330 and 659 nm in DMF). 
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The Q band of 35 is broad in DMSO and in apolar solvents such as CHCh, even at very 

low concentrations (-IO-{; mol dm-3); a behaviour associated to some intermolecular 

interactions of the central metal ion of one molecule with the thioether groups of 

another.23 These Fe-thioether interactions is less favoured in DMF than in DMSO or 

apolar solvents, most probably due to enhanced axial coordination with DMF. 
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Figure 3.7: Electronic absorption spectra of FeOBTPc (35) and FeOHETPc (36) in (i) 

DMF, (ii) DMSO and (iii) CHCll. 

The axially ligated, ((DMF)2FeOBTPc) (37) and ((CN)2FeOBTPc) (38) 

complexes of 35 were prepared using the established methods?9,2l7 Whereas the 

solubility of 35 in DMF is extremely poor at room temperature, its axial ligated 

complexes, 37 and 38, are soluble in both DMF and DMSO; with the cyano complex 38 

also being soluble in water. These data are not surprising since axial ligation often leads 

to an increase in the solubility of MPC.
253,364 The electronic absorption spectra of the 

dicyano complex (38) in both DMF and DMSO, Figure 3.8 i and ii, respectively, are 
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typical of a non-aggregated MPc complex. Because of steric constraints a six-coordinate 

species is not likely to exhibit aggregation in solution. The spectrum of 38 showed a split 

in the Soret band in both DMSO and DMF, which is typical of such dicyano 

complexes.365 The O-bonding ofDMF is evidenced by the presence ofthe distinct Fe-O 

vibrations357,366 at 850 cm· l in the IR spectra of37 (Figure 3.9) but absent in 35 and 38 
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Figure 3.8: Electronic absorption spectra of [(CN)IFeOBTPcj (38) in (i) DMF and (ii) 

DMSO. 

complexes. The ligation of cyanide was confirmed by the FTIR spectrum of the solid 

complex, (CN)2FeOBTPc, 38. The Fe-CN vibration is observed at 2169 cm· l
, a value in 

the range reported for M-CN vibrations in (CN)2MPC and related complexes.46,367.37o For 

example, the Fe-CN vibrations for bis(cyano)phthalocyaninatoiron(II), [(CN)2FePct and 

bis( cyano )hexadecachlorophthalocyaninatoiron(II), [( CN)2FePc( Cl)16t have been 

reported30,46 as 2120 and 2070 cm·l , respectively. Indeed, it is interesting to see how the 

two different peripheral substituents, chlorine (an electron-acceptor) and butylthiol (an 
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electron-donor) affect the Fe-CN vibrations with equal but opposite magnitudes (- ± 50 

cm· I
). The complexes gave satisfactory spectroscopic (FTIR and UV-Vis) characteristics 

as well as the elemental analyses results. 
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Figure 3.9: Comparative FTIR spectra of FeOBTPc (35), (DMF)2FeOBTPc (37) and 

(CN)2FeOBTPc (38) showing the characteristic Fe-O (inset a) and Fe-CN (inset b) 

vibration bands in 37 and 38, respectively. 
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3.2 Photochemical Properties 

3.2.1 Water-Soluble Metallophthalocyanine Complexes 

3.2.1.1 Singlet Oxygen Quantum Yields (tP,v 

The singlet oxygen quantum yields (<Il,,) of the SIX water-soluble 

metallophthalocyanine complexes (9, 10, 15 - 21) were obtained in pH 7 and 10 buffer 

solutions containing ADMA198 using the relative method, described by equation 1.28 

from Chapter 1. 

1.28 

where Co and C, are the concentrations of ADMA pnor to and after irradiation, 

respectively. Other symbols have the meanings already described in Chapter 1. The 

AlPcSmix was used as a standard MPc since its <Il" value (0.38) as a monomer in aqueous 

solution is known.371 Initial concentration of ADMA was about 7 x 10.5 mol dm·l and its 

decay upon irradiation of the Q band of the MPc sensitiser (- 5 x 10-6 mol dm-l
) was 

monitored at 380 nm. Figure 3.10 is a typical absorption behaviour of ADMA upon 

irradiation of the Q band of the MPc in a solution containing MPc plus ADMA. The 

intensity of the light was low enough to ensure that the MPc remains unaffected during 

the process. The apparent first order kinetics for ADMA photo-oxidation confirmed that 

the condition kd » (kr)[ADMA], equation 1.19 in Chapter 1, applies for the photolysis 

studies investigated. The <Il" values for all the water-soluble MPc complexes are 

summarized in Table 3.2. The <Il" values for 9, 15, 20 and 21 are comparable to literature 

reports,372 the slight differences in values are due to different experimental conditions 
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employed. The low <I>b value for 20 had been attributed to its association via hydrogen 

bonding between the axial hydroxyl groupS.372 

Q) 
o 
c: 

'" -e 
o 
11 
<I: 

ADMA 

300 400 

AIPcSm~, 15 

500 600 700 800 

Wavelength I nm 

Figure 3.10: Typical decay of ADMA following irradiation of the Q band (A. = 670 nm) 

of AlPcSmix, 15 in aqueous buffer solution at different irradiation times. 

The <I>b value for 16 is slightly low in comparison with known data for its monomeric 

form in organic media, 86,200 most probably due to partial aggregation of this sensitiser in 

aqueous buffer solutions. The complex, 10, is highly aggregated; hence its <l>b value is 

low (less than 0.01) as expected. The literature value is higher for 10 due to addition of 

CTAC, which monomerises the complex. The <I>b values for 16, 17 and 18 have not been 

reported before this work, and despite partial aggregation, 16 and 17 show high singlet 

oxygen quantum yield in water, <I>b = 0.48 and 0.46, respectively (Table 3.2). 
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Table 3.2: Singlet oxygen quantum yield and percentage photo-degradation data 

of various water-soluble metallophthalocyanine sensitisers under 

wavelength (A.) = 670 nm irradiation. pH 10. 

MPc Complex <1>d Photo-degradation ofMPc 
(%)" , 

AlPCS4,9 0.18 (0.07)6 0 

ZnPcS4,10 < 0.01 (0.31)b 0.5 

AlPCSmix, 15 0.38 (0.38)' 0 

ZnPCSmix, 16 0.48 35 

SnPCSmix, 17 0.46 53 

SiPCSmix, 18 0.16 0 

AlOCPc,20 0.12 (0.15)d 1.3 

ZnOCPc,21 0.52 (0.57)d 51 

• After 180 seconds of irradiation of the Q band with visible light; by alues in brackets 

from reference 200, in the presence ofO.lM CTAC / water / O.1M NaCI /3 mM Na2S203; 

'Value in bracket from reference 371; dValues in bracket from references 198 and 372 in 

alkaline solution. 

3.2.1.2 Photostability 

In order to assess the properties of these MPc complexes as potential photosensitisers for 

chlorinated aromatic pollutants in aqueous environments, their photostability was also 

investigated. Photostability, also known as photobleaching, is a measure of the rate of 

degradation of the conjugated chromophore structure of the Pc ring.373 Figure 3.11 shows 

the photo-degradation pathway for MPc complex. In this pathway (Figure 3.11), photo-

degradation of MPc complexes is believed to occur via singlet oxygen cyclo-addition to 

the phthalocyanine pyrrole units, which leads to the destruction of the macrocyle with 
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phthalimide as the degradation product. Here, the photostability studies were undertaken 

in buffer solutions by measuring the percentage decrease of the Q-band of the original 

MPc spectrum (5 x 10.0 mol dm·3
) over time, as the solution is photolysed. Table 3.2 

gives the percentage photo-degradation of the photosensitisers and shows that the 

aluminium (9, 15 and 20) and silicon (18) phthalocyanine complexes are more stable in 

comparison with the zinc (10, 16 and 21) and tin (17) phthalocyanine complexes. AlPc 

and SiPc have been reported351 to exhibit stable characters, for instance they can exist as 

I-l-oxo dimers unlike the ZnPc complexes, thus explaining their similar photostability. 

Figure 3.11: Suggested photo-degradation mechanism of MPc. 373 

3.2.2 Thiol-derivatised Zinc Phthalocyanine Complexes 

3.2.2.1 Singlet Oxygen Quantum Yields ((JJ4J 

A similar method for the determination of <1>6 for water-soluble complexes 

described above was also employed here for the thiol-derivatised zinc phthalocyanine 

complexes, 32 and 34 except that DMF was used as the solvent, ZnPc as the reference 

and D BPF as scavenger of the singlet oxygen. Figure 3.12 is a typical example of the 
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degradation of the DBPF as a result of the generation of the highly reactive singlet 

oxygen by 34 following periodic irradiation of its Q band using visible light. Both 32 and 

34 showed no degradation during this process, indicating their high stability and 

efficiency in the generation of singlet oxygen under the experimental conditions 

employed. The <1>6 values for complexes 32 and 34, which were obtained at an accuracy 

of - 10%, are given in Table 3.3. The <1>6 value for 32 is slightly higher than that for 34, 

implying that the 7t-7t* interactions of the peripheral benzene promotes more association 

or aggregation in 34 thereby resulting in lower <1>6 in 34 compared to 32. It is interesting, 

however, to observe that these values are in the same range as those reported for similar 
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Figure 3.12: Typical decay ofDBPF following irradiation of the Q band (A, = 700 nm) of 

ZnOMPPc, 34 in DMF solution at different irradiation times. 
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analogues (Table 3.3). The <1>,). value reported by Schurpfeil et al.373 for the long chain 

octa-alkylthio substituted, ZnPc(SCgHI7)g complex (<1>,). = 0.53) is less than that for the 

short chain analogue, 32 (<1>,). = 0.61), suggesting a lowering of <1>,). as the chain length of 

the peripheral alkane-substituent increases. 

Table 3.3: Singlet oxygen quantum yields (<1>,).) and photobleaching quantum yield 

(<1>p) ofZnPc and its thiol-derivatised complexes in DMF. 

ZnPc complex Reference 

ZnPc 0.56 ± 0.08 200 

ZnOBTPc, i.e. 
ZnPC(S-CJI9)g (32) 0.61 ± 0.06 5.2±0.5 (air) This work 

6.4±0.5 (oxygen) 

ZnOMPPc, i.e. 
ZnPc(S-C6~-CH3)g (34) 0.54 ±0.05 6.3±0.5 (air) This work 

8.1±0.5 (oxygen) 

ZnPc(S-CgHI7)g 0.53 ± 0.08 372 

3.2.2.2 Photostability 

Photostability studies of complexes 34 and 32 were studied in DMF solutions by 

measuring the decrease of the Q-band over time, as the solution is photo lysed. The 

photobleaching quantum yields (<1>p) values were determined as before374
,375 using 

equation 3.1 (similar to equation 1.26), 
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where labs is obtained using equation 1.27, from Chapter 1 

1.27 

As defIned before in Chapter I, Co and C, are the concentrations of the MPc prior to and 

after irradiation, respectively. V is the volume of the sample in the cell; t is the irradiation 

or photolysis time. a is the fraction of light absorbed, S is the cell area irradiated, and NA 

is the Avogadro's constant. The <l>p values were calculated to be (6.3±0.5) x 10-5 in air 

and (8.1±O.6) x 10-5 in oxygen-saturated solution for 34, while for 32 the values were 

(5.2±O.5) X 10-5 in air and (6.4±O.5) x 10-5 in oxygen-saturated solution. Smaller <l>p 

values correspond to a higher photostability. Higher <l>p values were observed in oxygen, 

showing that oxidative degradation of the ring occurs. The <l>p values for 34 are about 

20% higher than those of 32 in similar media, in agreement with the previous 

speculation373 that benzene rings tend to enhance photo bleaching. Figure 3.13 shows the 

influence of DABCO (a singlet oxygen scavenger) on the photobleaching behaviour of 

ZnOMMPc, 34. The photobleaching rates of both complexes were totally inhibited in the 

presence of DAB CO suggesting a self-sensitized photo-oxidation by singlet oxygen as 

suggested by others.373 Figure 3.13 also shows kinetic curves for the photobleaching of 

34 in DMF, saturated with air or oxygen in addition to kinetic curves in DMF (containing 

air) in the presence of DAB CO. Generally, photobleaching has been reported194-197 to be 

either dependent or independent on singlet oxygen. The increase in the photo bleaching 

rate in oxygen (- 50% higher than in air) suggests the involvement of oxygen in the 

process. Inhibition of the photo bleaching rate by singlet oxygen scavenger, DABCO, 
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confirmed the involvement of singlet oxygen in the photo bleaching process. Similar 

observation was also made for 32. It is therefore suggested that photo bleaching of these 

compounds in DMF mainly proceeds, most likely, through a self-sensitized photo-

oxidation by singlet oxygen as suggested by others.37J 
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Figure 3.13: The kinetic curves for the photobleaching of ZnOMPPc, 34 ill DMF 

saturated with air and oxygen, and containing 2x10·3 mol dm·3 DAB CO (in air). 
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3.3 Electrochemical Properties 

3.3.1 Thiol-Derivatised Zinc Phthalocyanine Complexes 

The redox properties of 34 (lxlO-4 mol. dm-J
) were studied in DMF solution 

containing TBAP (0.1 mol dm-\ From the UV -Vis spectral studies, it is evident that at 

the concentration of lxlO-4 mol. dm-J in DMF used for this study, considerable 

aggregation of34 occurs. Figure 3.14 is a typical cyclic voltammogram (first scan) of the 

34, showing four clear redox peaks (I-IV) and a weak redox couple, V, separated from 

(A) 

II 
III 

(8) 

-2 -1.5 -1 -0.5 o 0.5 1 1.5 

E IV vs seE 

Figure 3.14: The Osteryoung square wave voltammogram (A) and cyclic voltammogram 

(B) of lxlO-4 mol dm-J of 34 in DMF containing 0.1 mol dm-J TBAP. Scan rate = 

IOOmV/s. 
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IV by 0.16 V. Using the Osteryoung square wave voltarnmetry, which exhibit excellent 

sensitivity,209.210 the weak redox couple V is clearly observed. Although, the fourth 

reduction step is not readily observed in MPc complexes, Louati et al. 16 had observed a 

similar separation value between IV and V (0.17 V) for the octa-cyano species, 

CuPC(CN)8. Since the central Zn(JI) metal is redox inactive, all oxidation and reduction 

processes observed are ring-based. The redox behaviour of complex 32 has been 

reported.225 In comparison with 32 and other thiol-substituted ZnPc complexes223,225,316 

(Table 3.4), the oxidation process I observed at E1/2 = 0.75 V vs SCE for 34 is assigned to 

ZnPc(-I) /ZnPc(-2). The four reduction processes at E1/2 = - 0.68 (II), - 1.05 (III), - 1.57 

V (IV) and -1.73 V (V) vs SCE are assigned to ZnPc(-2)/ZnPc(-3), ZnPc(-3)1ZnPc(-4), 

ZnPc( -4)/ZnPc( -5) and ZnPc( -5)/ZnPc( -6), respectively. 

Table 3.4: Comparison of redox potentials for 34 with those for 32 and other ZnPc 

complexes. Solvent = DMF containing TBAP. Pc(-2) = phthalocyanine 

dianion. 

E1/2 (V vs SCE) Reference 
ZnPc Complex 

I II III IV V 
PC·I/pC·2 PC·2/pC·3 Pc·3/pc'"" Pc'""/Pc's Pc,s/pc-6 

ZnPc 0.67 -0.86 -1.30 -1.85 -2.25 223 

ZnOBTPc (32) 0.62 -0.83 -1.18 225 

ZnOMPPc (34) 0.75 -0.68 -1.05 -1.57 -1.73 This work 

ZnOHETPcl 0.64 -0.74 -1.11 -1.76 316 

I value obtained in dimethylsulphoxide 
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The anodic to cathodic peak separations (LlEp = Epa - Epc) were found to range 

between 60 and 200 mY. The oxidation process I was quasi-reversible in that it showed a 

more enhanced forward (anodic) peak compared to the return (cathodic) peak and a large 

ilEp value (200 mV). Reduction processes II and ill showed a reversible behaviour in 

that the cathodic to anodic peak currents (ipJipa) were unity and ilEp ranged between 60 

and 80 mY. A ilEp value of 80 mV was observed for the ferrocene internal standard. 

Process IV and V were found to be quasi-reversible with ilEp = 190 mV and ipJ ipa being 

greater than unity. The lack of tot a! reversibility in some of the reduction couples is most 

likely due to the disaggregation and decomposition of the complex following a redox 

process. 

The peak currents increased linearly with the square root of scan rates, for scan 

rates ranging from 5-800mVs-1
, suggesting diffusion-controlled reactions. The difference 
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Figure 3.15: Plot of anodic peak current (reduction couple, III of ZnOMPPc, 34) against 

the square root of scan rate. 
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between the fIrst and second reduction processes for complex 34, is 0.3 7 V, which 

compares with the average value for the first and second reduction processes of non 

transition metal phthalocyanine complexes.22J ,248,316,376,377 The difference between the 

second and third reduction processes is 0.52 V, a value that perfectly agrees with 

literature values of various phthalocyaninatozinc(II) complexes.22J For the main group 

metallophthalocyanine complexes, the potential separation between the fIrst ring 

oxidation and the fIrst ring reduction (':\E°), which corresponds to the magnitude of the 

energy difference between the HOMO and LUMO, is approximately 1.5 V.32;1.23 The ,:\Eo' 

value for ZnPcs containing eight peripheral thiol substituents ranges from 1.38 to 1.45 V 

(Table 3.4). Thus, the ,:\Eo' value of 1.43 V observed for 34 falls within the range reported 

for similar complexes. 

Repetitive scanning of the complex, 34, resulted in considerable negative 

potential shift (> 0.2 V) of the cyclic voltammogram (CV) wave of the redox process I, 

which stabilized at about fIve scans (Figure 3.16 B, ito ii). The OSWV (Figure 3.16 A) 

clearly showed broad peaks, more defIned compared to the fITst scan (Figure 3.14). 

However, using a fresh working electrode surface, the first scan (shown in Figure 3.16B 

i) is reproduced. Aromatic systems physisorb onto glassy carbon surfaces, implying that 

this change in peak shapes after a few scans may in part be attributed to the adsorption 

and formation of different products on the electrode. The two broad peaks in Figure 

3.16A are most likely to be due to the oxidation of the aggregated and non-aggregated 

species of the ZnPc complex.22J
,316 This is a reasonable assumption since the redox 

processes due to both aggregated and non-aggregated species can simultaneously be 
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observed as two closely spaced peaks if the aggregation-disaggregation equilibrium is 

I . I· h I h· I· I 223316 S ow ill re atlon to tee ectroc emlca tlmesca e. . 
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Figure 3.16: Comparative Osteryoung square wave voltammogram (A) and cyclic 

voltammograms (B) of the oxidation couple I of ZnOMPPc, 34 (lxIO"" mol dm·3
) in 

DMF containing 0.1 mol dm·3 TBAP at first (i) and fifth (ii) scans. Scan rate = I OOmV S·I. 

Introduction of electron-donating substituents (such as the butanethiol and 

phenylthiol being investigated) to MPc ring should lead to an increase on the average 

electron density on the total conjugated ZnPc system leading to easier oxidation (and 

more difficult reduction) when compared to the unsubstituted ZnPC. 16 For 34, contrary to 

expectation, oxidation is more difficult than for unsubstituted ZnPc. However, 32 is 

easier to oxidize than ZnPc (Table 3.4). It is surprising that the E1/2 values for the 

reduction processes (II and III) for 32 do not show a corresponding difficulty in the 

reduction process, compared to ZnPc. The reason for this behaviour is not understood, 
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however, as evident from Table 3.4, all available reports show that thiol-derivatised ZnPc 

complexes tend to be more easily reduced than unsubstituted ZnPc. This abnormal 

behaviour put to question the actual role of these thiol-substituents on the MPc ligands. It 

can also be observed from Table 3.4 that this negative effect is more pronounced in the 

thiophenyl substituents than the alkylthio-substituted derivatives. This observation can be 

attributed to the delocalisation of the 1t-electrons of the phenyl ring substituent in 34. This 

is perhaps not very surprising since Isaacs et al.378 have observed similar behaviour where 

the extra benzene rings in cobalt naphthalocyanine caused strong electron withdrawing 

effects. 

Electronic spectra have been successfully employed 229,379,380 to characterize anion 

and cation radical species in MPc. In situ UV -Vis spectroelectrochemistry using optically 

transparent thin layer electrode (OTTLE) cell was used to investigate the electrode 

reactions of 34. This was performed by carrying out controlled coulometry at potentials 

corresponding to the E1/2 values determined from the voltarnmetric experiments. The 

electronic absorption spectra were recorded before the application of the potential and 

then were periodically monitored as oxidation or reduction proceeded. Figure 3.17 shows 

the spectral changes observed on reduction of 34 at the applied potential of -0.70 V vs 

SeE, in the potential range of couple II. At this potential, the Q band decreased in 

intensity, with the formation of a broad band in the 560 to 650 nm region. These bands 

are characteristic of the monoanion phthalocyanine species, ZnPC(_3).32,379 Isosbestic 

points were observed at 348, 412, 630 and 733 and 630 nm indicating uncomplicated 

conversion of the starting material to the reduced form. Oxidation of the reduced species 

at 0.00 V resulted in about 90% regeneration of the starting complex, confirming the 
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cyclic voltamrnetry data, which showed reversibility of process II, and showing that the 

electro generated reduced species is stable in DMF solutions. Oxidation of complex 34 at 

potentials of process I (not shown) also resulted in the decrease of the Q band and 

formation of a weak broad band near 580 run, typical of the spectral changes for one-

electron oxidation of the phthalocyanine ring to a ll-cation radical species.381 However, 

8 
c 
" .a 
~ o 
1l « 

300 400 

t 
500 600 700 SOD 

Wavelength I nm 

Figure 3.17: Changes in spectral features observed for complex ZnOMPPc, 34 (lx104 

mol dm-3 in DMF containing 0.1 mol dm-3 TBAP) during the controlled potential 

reduction at - 0.70 V vs. SCE in the OTTLE cell. 

re-reduction of the oxidized species at 0.0 V resulted in about 60 % recovery of the 

spectra of the starting species, confrrming the lack of complete reversibility observed 

from the cyclic voltamrnogram (Figure 3.14); an indication of possible loss of the starting 

material via oxidative decomposition and/or existence of coupled chemical reactions. 
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3.3.2 Thiol-derivatised Cobalt Phthalocyanine Complexes 

Typical cyclic voltammogram of CoOBTPc, 33 (- 10-4 mol dm'l) in DMF 

containing TBAP is shown in Figure 3.18. Solvents or supporting electrolytes playa 

12 • 
10 

~. _ 6 

.-~ 
4 

2 

• 
0 

0 0.2 0.4 0.6 D .• 

v 112 t (V 5 .1 )112 

III 

-2 -1.5 -1 -0 .5 o 0.5 1 

E IVvs seE 

Figure 3.18: Cyclic voltammogram of 1 x 10-4 mol dm'l of CoOBTPc, 33, in DMF 

containing 0.1 mol dm'l TBAP. Scan rate = lOOmV/s. Inset: plot of peak currents 

(reduction couple III) against the square root of scan rate. 

major role in the electrochemistry ofCo(ll)pc complexes.221 Donor solvents (such as DMF 

or DMSO) or coordinating counterions in non-donor solvents (e.g. dichloromethane) 

strongly favour Co(m)pc by coordinating along the axis thereby forming the six 
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coordinate species, (L)2CO(1l!)pC. In the absence of strong-donating solvents, the oxidation 

of Co(JI)pc to CO(ll!)pC is inhibited, hence ring oxidation occurs first. Figure 3.18 is a 

cyclic voltarnmogram of CoOBTPc(-2), 33 in the presence of a coordinating medium, 

DMFrrBAP electrolyte system. From the above discussion, therefore, couples I and II 

correspond to ring-based [Co(IIllpc(-I)]2+/[CO(IIl)pC(-2)t and metal-based [CO(ll!)PC(-

2)tl[CO(1l)pC(-2)] redox couples, respectively. The fIrst reduction couple, III, is assigned 

to metal-based redox couple [Co(Il)Pc(-2)]/[Co(l)pc(-2)r since CO(I!) is reduced before the 

ring in both donor and non-donor solvents. Redox couples IV and V are both ring-based 

[Co(l)Pc(-2>r![Co(!)Pc(-3)]2. and [Co(Ilpc(-2)tl[CO(IlpC(-4)] 3-, respectively. The redox 

potentials obtained for CoOBTPc(-2). 33 are consistent with those reported in literature 

(Table 3.5) for other CoPc complexes. 

The redox properties of octa(hydroxyethylthio )phthalocyaninatocobalt(II), 

CoOHETPc, 40, are known and so were not investigated again here. In a recent study by 

Ozkaya et aL 316 ring oxidation (couple I) was not observed for 40 in DMSO. The 

appearance of couple I for 33 was found to coincide with the oxidation side of couple II 

resulting to an ill-defmed wave for this couple (II). The present study seems to be the 

fIrst time a ring oxidation couple is observed in alkanethiol-derivatised CoPc. When the 

potential window was switched between -0.70 and 1.00V vs SCE (CV not shown), the 

[Co(IIl)Pc(-2)tl[CO(1l)pC(-2)] process II was improved and showed a scan rate dependent 

ipclipa ratio which approached unity at higher scan rates (scan rate ranging from 10-600 

m V S·l). This behaviour has previously been observed for other CoPc complexes223
,316 and 

was attributed to the changes in the groups axially coordinated to the central cobalt ion 

upon oxidation. 
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Table 3.5: Comparison of redox potentials for CoOBTPc and CoOHETPc with those 

of other Co Pc complexes. Solvent = DMF containing TBAP, unless 

otherwise stated. 

CO(Il)pC 

Complex 

CoPcl 

CoOBTPc, (33l 

CoOHETPc,( 40i 

I 

[Co(1II)Pc(ll]21 

[Co(II)Pc(-21t 

0.77 

II 

[Co(III)Pc(21t 

I [Co(n)pc(-21] 

0040 

0043 

ElI2 (V vs SCE) 
III IV 

[Co(1I)Pc(21]1 [Co(l)pc(21rl 

[Co(I)pc(21r [Co(I)Pc(31]2 -

-0.37 -lAO 

-0.38 -1.07 

-0.34 -1.22 

I ref. 223; 2 this work; 3 value obtained in dimethylsulphoxide , ref. 316 

V 

[Co(I )Pc(31tl 

[Co(I)Pc(41f" 

-1.28 

-1.72 

Table 3.5 lists the potentials for processes I to V (Figure 3.18) for CoOBTPe(-2), 

33 and compares them with those reported for unsubstituted CoPe and an alkanethiol-

derivatised CoPe, octa(hydroxyethylthio)phthalocyaninatocobalt(II) (CoOHETPc, 40). 

For CoOBTPc(-2) the oxidation processes (I) and (II) were observed at E lI2 = O.77V and 

0.40V vs. SCE. The three reduction processes were observed at Ey, = - 0.38 (III), - 1.07 

(IV) and -1.28 V (V) vs. SCE. The anodic to cathodic peak separations (ilEp = Epa - Ep.,) 

were found to range between 60 and 160mV. The oxidation process (I) was quasi-

reversible in that it showed a more enhanced forward (anodic) peak compared to the 

return peak and a large LlEp value (160 mY). Reduction processes III - V showed 

reversible behaviour in that the cathodic to anodic peak currents (ipJipa) were unity and 

ilEp ranged between 60 and 80 mY. A ilEp value of 70 mV was observed for the 
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ferrocene internal standard. The peak currents increased linearly with the square root of 

scan rates, for scan rates ranging from 10 to 600mVs·1
, (Figure 3.18, inset) indicating that 

the electrode reactions are purely diffusion-controlled. 

Table 3.5 shows that both CoOBTPc and CoOHETPc show little difference in 

their flIst reduction potentials when compared to CoPc; similar behaviour was observed 

for the ZnPc complexes described above. These data can only suggest a very weak 

influence of electron-donating substituents of the alkylthio-substituents on the average 

electron density of the phthalocyanine ligand. 

3.3.3 Thiol-derivatised iron phthalocyanine complexes 

Because of good solubility in DMF and high concentration (_10-4 mol dm-3
) 

required for the electrochemical investigation, (DMF)2FeOBTPc (37), was chosen in 

preference to FeOBTPc (35) for this investigation. The redox properties of 

(DMF)2FeOBTPc (37), (Figures 3.19) and FeOHETPc (36) (Figures 3.20) were studied 

using both CV and OSWV in DMF containing 0.1 mol dm-3 TBAP. The purity of these 

complexes is evident in their well-defmed voltammograms. The potential values are 

listed in Table 3.6. The weak couple I is better resolved using OSWV. In comparison 

with other Fe(ll)pc complexes,223 the weak couple I observed near l.OV vs SCE is 

assigned to the ring oxidation couple [Fe(llllpc(-I)]2+/[Fe(1Il)Pc(-2)r_ Couple II is assigned 

to the metal-based oxidation, [Fe(IlI)Pc(-2)r/[Fe(H)Pc(-2)], while the two reduction 

processes III and IV are assigned to [Fe(ll)Pc(-2)]/[Fe(l)Pc(-2)r and [Fe(l)Pc(-2)r 

I[Fe(I)Pc(-3)t, respectively. Table 3.6 shows that both FeOHETPc (36) and 

(DMF)2FeOBTPc (37) are more easily oxidized than either the unsubstituted FePc or 
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chloro-substituted complex, FePc(CI)16. Surprisingly again, like in the zinc and cobalt 

complexes, the Em values for the reduction processes ill and IV do not show a 

corresponding difficulty in the reduction process. 

-1 .5 -1 -0.5 o 
E/Vvs SeE 

0.5 1 1.5 

Figure 3.19: (A) Osteryoung square wave voltammogram and (B) cyclic voltanunogram 

of 1x104 mol dm-3 of (DMF)2FeOBTPc, 37, in DMF containing 0.1 mol dm-3 TBAP. 

Scan rate = 100 mV S-I. 
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111 __ - ..... 
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Figure 3.20: (A) Osteryoung square wave voltammogram and (B) cyclic voltammogram 

of 1 xl 04 mol dm·3 of FeOHETPc, 36, in DMF containing 0.1 mol dm-3 TBAP. Scan rate 

= 100 mV S-l. 
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Table 3.6: Comparison of redox potentials of (DMF)2FeOBTPc with those of other 

FePc and complexes. Pc(-2) = phthalocyanine dianion. Solvent = DMF 

containing TBAP, unless otherwise stated. 

Complex 

FePc 1 

FePc(CI)16 2 

(DMFhFeOBTPc (37) 3 

FeOHETPc (36) 3 

I 

[F e(IIl)pc( -1 )]'+1 
[Fe(1II)Pc(-2)t 

0.91 

0.90 

E 112 (V vs SCE) 

II III 

[Fe(IlIJPc(-2)rl 
[Fe(IIJPc(_2)] 

0.37 

0.73 

0.26 

0.31 

[Fe(IIJpc( -2)]1 
[Fe(IJPc(-2)r 

-0.55 

-0.49 

-0.54 

IV 

[Fe(IJPc(-2Jr/ 
[Fe(I)Pc(-3)]'-

-1.17 

-1.11 

-1.00 

-1.01 

I ref. 223 (data obtained in dimethylacetamide, DMA); 2 ref 223; 3 this work 

The anodic to cathodic peak separations (ilEp = Epa - Epc) were found to range 

between 60 and 140mV for 36 and 37. Couples II and IV showed quasi-reversible 

behaviour (ilEp values 140 and 11 Om V, respectively) and cathodic to anodic peak 

currents (ipclipa) greater than unity. For couples II and IV, the peak currents were found to 

increase linearly with the square root of the scan rates (for scan rates ranging from 10 -

800 m V S·I) indicating that the electrode processes are purely diffusion-controlled. The 

reduction process III showed excellent reversible behaviour for 37 at high scan rates (> 

100 mV S·I) in that ipclip. equals unity and ilEp = 60 mY. For couple III of 36, ipc lip. 

deviated slightly from unity, however ilEp value equals 60 m V. The ilEp value for the 

ferrocene internal standard was observed at 70 mY. 
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CHAPTER 4 

PHOTOSENSITIZED TRANSFORMATION OF 

CHLOROPHENOLS IN THE PRESENCE OF 

WATER-SOLUBLE MET ALLOPHTHALOCY ANINE 

COMPLEXES' 

• The following publications resulted from part of the research work presented in this chapter and 

they are not referenced further in this thesis: 

I. K. Ozoemena, N. Kuznetsova and T. Nyokong, J. Photochem. Photobiol. , A: Chern., 

2001,139,217. 

2. K. Ozoemena, N. Kuznetsova and T. Nyokong, J Mol. Catalysis, A: Chem., 2001 , 

176,29. 
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Chapter 4: Photosensitised Transformation of Chlorophenols ... 

4.1 Photosensitized Transformation of 4-Chlorophenols 

The photo-transformation studies for all the chlorophenols investigated in this 

work (shown in Figure 1.3) were performed in the visible region of the electromagnetic 

spectrum (i.e. Q band regions of the metallophthalocyanine photosensitisers) using the in-

house photochemical set-up shown in Figure 2.1. The experimental conditions (including 

intensity of absorbed light) were kept constant for all the photosensitisers. 

4.1.1 pH Studies 

The stability and photosensitising abilities of phthalocyanine photosensitisers are 

known to be dependent on pH.86 In micellar solutions, the photosensitizing activities of 

metallophthalocyanines towards the photo-transformation of phenols were shown to 

decrease with pH.86 The quantum yields for the photo-oxidation of 4-CP using AIPCS4 (9) 

AIPcSmix (15) and ZnPcSmix (16) as photosensitisers were found to increase with pH from 

pH 7, with a levelling off at pH 10, Figure 4.1. Hence pH 10 was employed for 

12 

10 

IL 8 
0 
.,j. 

e 6 
M 
C> ..... 4 

2 

0 
5 6 7 8 9 10 11 12 13 14 

pH 

Figure 4.1: Dependence of quantum yield on pH for the transformation of 4-CP in the 

presence of AIPcSrnix, 15. [4-CP] = 3.5 x 10'5 mol dm'l. 
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subsequent studies. In basic media, 4-CP with pKa = 9.4207
,382 is in its deprotonated 

phenolate fonn hence, it is more easily oxidizable, higher quantum yields for the photo-

oxidation of 4-CP are thus obtained at high pH. The pH dependence off or transformation 

of 4-CP demonstrates an insignificant contribution of the unionised form of the 4-CP in 

the process (Figure 4.1). 

4.1.2 Rates and Quantum Yields of 4-CP Photo-oxidation 

Figure 4.2 shows the decrease in the concentration of 4-CP with time during 

irradiation in the presence of the various photosensitisers at pH 10. The disappearance of 
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Figure 4.2: The dependence of concentration of 4-CP on time in the presence of the 

sensitisers; ZnPCS4 (10), AlOCPc (20), AIPCS4 (9), ZnOCPc (21), AIPcSmix (15) and 

ZnPCSmix (16); pH = 10. Photolysis in the Q band (Ie = 670 nm) in the presence of an 

interference filter. 

4-CP was monitored with HPLC. The results show that the photo-oxidation of the 4-CP 

occurred faster with the photosensitiser, ZnPCSmix (16) while the least activity was 
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observed for the ZnPCS4 (10) and AlOCPc (20) sensitisers. The observed results show 

that the rate of the 4-CP photo-transformation depends on the sensitisers as follows: 

ZnPCSmix, 16 > AlPcSmix, 15 > ZnOCPc, 21 > AlPcS4, 9 > AlOCPc, 20 '" ZnPCS4, 10 

Values of quantum yields (<I>4-CP) for 4-CP photosensitised oxidation are summarised in 

Table 4.1. It was found that two main factors determine photosensitiser activity: 

efficiency of singlet oxygen generation and sensitiser photostability. The data presented 

in Table 4.1 show that the rates and <l>4-CP for photo-oxidation decrease as the singlet 

oxygen oxygen quantum yields (<I>~) of the photosensitisers decrease, with the exception 

of21. The relatively low activity of21 when compared to 16 and 15 is most probably due 

to high photo-degradation rate (Table 4.1), since its spectral characterization showed 

monomeric properties and its singlet oxygen quantum yield (<1>" = 0.52) is relatively high. 

All the AlPc complexes are relatively stable (Table 4.1) thus degradation is not an 

important factor in their photosensitising abilities. Aggregation in ZnPc complexes 

influences photo-transformation of 4-CP since the monomeric complexes (e.g. 21) show 

higher degree of transformation of 4-CP than aggregated species (e.g. 10), Table 4.1. The 

relatively high efficiency of 16 as shown by Figure 4.2 is surprising considering the fact 

that this complex shows extensive photo-degradation (35%, Tables 3.1 and 4.1). This 

could be a result of its relatively high singlet oxygen quantum yield (<1>" = 0.48). The little 

activity of the 10 towards the transformation of 4-CP is due to the extensive aggregation 

in solution (see Figure 3.1). Aggregated MPc complexes are photo-inactive due to rapid 

energy dissipation after excitation. 182 The aluminium species (AlOCPc, 20) is also 

virtually inactive towards the transformation of 4-CP, even though it shows monomeric 

absorption properties and low degradation. This might be due to the association between 
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the axial hydroxyl groups in this sensitiser via hydrogen bonding as suggested before, 372 

hence the low <1)6 = 0.12. 

Table 4.1: Photosensitisation data for 4-CP transformation in the presence of various 

water-soluble metallophthalocyanine sensitisers under wavelength, 

A = 670 run irradiation'. 

4-CP Photo-transformation 
MPc Sensitiser <'1>6 

<'I>4-CP MPc Photo-degradationb Rate / 
107 mol dm-J S-l % 

AlPCS4,9 0.18 0.93 0.0040 0 

ZnPcS4,10 <0.01 <0.5 < 0.002 0.5 

AIPcSmix, 15 0.38 2.70 0.0097 0 

ZnPCSmix, 16 0.48 4.07 0.0140 35 

AIOCPc,20 0.12 <0.5 < 0.002 1.3 

ZnOCPc, 21 0.53 1.68 0.0059 51 

• Conditions: pH 10, [4-CP] = 3.5 x 10-5 mol dm-J 

b After 180 seconds of irradiation of the Q band with visible light 

Figure 4.3 shows the change in the absorbance of ZnOCPc (21) with photolysis 

time under the Q band excitation and pH 10 conditions. ZnOCPc (21) readily disappeared 

showing that this complex is not stable. Photo-degradation of 21 was observed in the 

absence of 4-CP and the effect of 4-CP (1 x 104 mol dm-J
) on the rate of the degradation 

was minimal (Figure 4.3). This result shows that the interaction between sensitiser and 4-

CP has negligible influence on its photo-degradation under the experimental conditions. 

When an aqueous solution containing 21 was photo lysed in the presence of the singlet 
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oxygen quencher, sodium azide, NaN) (5 x 10-) mol dm-\ the rate of photo-degradation 

of 21 did not change, suggesting that a mechanism other than attack by singlet oxygen, 

ol ~g) could be involved in its photo-degradation_ 
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Figure 4.3 : Changes in absorbance of ZnOCPc, 21 with time in the absence (a) and 

presence (b) of I xl 0-4 mol dm-) 4-CP; (c) of 5 x 10-) mol dm-) NaN)_ pH = 10_ Photolysis 

in the Q band (A. = 670 nrn) using an interference filter. 

For practical applications of these water-soluble photosensitisers, it is important 

to study the photo-oxidation of 4-CP without the use of the interference filter. The time 

dependence of the concentration of 4-CP during photolysis in the presence ofthe various 

photosensitisers and excitation with light of wavelength, A. > 600 nrn was studied. Under 

these conditions, both the monomer and dimer components of the Q band were exposed 

to radiation for complex 10, while the dimeric component of the Q band was cut off in 

the presence of the interference filter. Absence of the interference filter did not 

significantly affect the dependence of 4-CP transformation on the photosensitisers. 
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The products of photo-transfonnation of 4-CP were identified usmg HPLC 

(Figure 4.4) as explained in the experimental section. A new peak with a retention time of 
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Figure 4.4: Typical HPLC traces for the photo-oxidation of 4-CP (a) before and (b) after 

16 min of photolysis; (c) corresponds to the HPLC trace for p-benzoquinone used as 

standard. Photosensitiser = AlPcSmix (IS) at pH 10. 

3 min was observed when 4-CP was photo lysed in the presence of IS, which was 

identified asp-benzoquinone. During oxidation of phenols and 4-CP in alkaline medium, 

photocatalysed by MPcs,p-benzoquinone is the basic intermediate of the substrate photo-

degradation. 8s
,86,383 It is well established384

,38s that p-benzoquinone is oxidized easily by 

oxygen in alkaline aqueous solution even in the absence of catalysts. The photo-

transfonnation of 4-CP was also followed by UV-Vis spectrophotometry, and p-

benzoquinone was detected after a photolysis time of 4 min by its characteristic 

absorption at 245 nm. p-Benzoquinone was observed only in the presence of oxygen. 
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4.1.3 Kinetic Studies. 

The kinetic studies were performed with the aim of answering some questions 

about the role of phthalocyanine-type sensitisers in the photo-transformation of 4-CP. 

The importance of Type I radical pathway and efficiency of Type II photo-oxidation 

(Scheme 1.9) of 4-CP with 15 and 16 as photosensitisers were investigated. 

Singlet oxygen mediated photo-oxidation of 4-CP sensitised by sulphonated 

metallophthalocyanine complexes is well recognised.85.86 However, Lang et ai. ,85 using 

laser flash photolysis, have recently found that the interaction of excited singlet state of 

sulphonated aluminium and zinc phthalocyanine complexes with the 4-CP leads to the 

formation of phthalocyanine anion and substrate cation radicals, both of which can react 

with oxygen through the Type I radical pathway. Thus, besides oxidation by singlet 

oxygen, the interaction of 4-CP with the excited singlet state of the sensitiser is more 

important than is generally recognised. 

To address the question of relative contribution of Type I reaction pathway in the overall 

quantum yields of 4-CP photo-oxidation, experiments were performed on inhibition of 

the sensitised reaction by the singlet oxygen quencher, NaN3 (5 x 10-3 mol dm-\ As 

shown in Figure 4.5 (A), addition of sodium azide to the oxygen saturated solutions 

containing low amounts of 4-CP (3.5 x 10-5 mol dm-3
) at pH 10 and 15 as a 

photosensitiser, resulted in strong (92%) inhibition of the transformation of 4-CP, hence 

proving that the singlet oxygen mediated Type II mechanism is the dominating route 

under these conditions. At a higher concentration of 4-CP (2.0 x 10-3 mol dm-3) and in 

oxygen saturated solutions only 70% inhibition of the photo-oxidation of 4-Cp by NaN3 

was observed {Figure 4.5 (B)} hence about 30% of 4-CP is transformed through the 
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Type I process. The full inhibition of singlet oxygen in these experiments was confIrmed 

by obtaining the same results using 5 x 10-J and 5 x 10.2 mol dm-J concentrations of 

NaNJ. These data show that the contribution of the Type I mechanism to overall quantum 

yields is concentration dependent and can be neglected only at low concentrations of 

substrates. 
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Figure 4.5: Effects of singlet oxygen quencher (sodium azide) on the rate of photo­

transformation of (A) 3.5 x 10-5 mol dm-J and (B) 2.0 x IO-J mol dm·3 of 4-CP in the 

presence (i) and absence (ii) of 5 x 10-3 mol dm-3 sodium azide. Sensitiser = AlPcSmix, 15. 
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The kinetic parameters (kd, kq and kr) described in the introduction section 

(Equations 1.12 - 1.14, and 1.29 and 1.30) for the chlorophenol photo-transformation 

were used in determining the 4-CP kinetics. According to equation 1.30, where ChP 

represents 4-CP, 

1 1 (k, + kq kd) 
<l>ClU' = <I> A kr + k,[ChP] 

1.30 

the plots of lI<l>4-Cp vs 1/[ 4-CP] (Figure 4.6) were used for the determination of the 

limiting value of quantum yields, <l>"" for the Type II photo-transformation of 4-CP in the 
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Figure 4.6: Plots of 1/<l>4-CP vs 1/[ 4-CP] for the photo-transformation of 4-CP in the 

presence of AlPcSmix, 15 and ZnPCSmix, 16. pH = 10. Photolysis in the Q band (A. = 670 

run) using an interference filter. 

presence of the two most efficient photosensitisers, AlPcSmix (15) and ZnPcSmix (16), 

under pH 10 conditions and 4-CP concentrations ranging from 1 x 10-5 to 5 X 10-5 mol 

dm-3 (i.e. mainly Type II mechanism conditions). The values of<l>", = 0.10 ± 0.03 for 16 

and of <l>", = 0.07 ± 0.01 for 15 sensitised photo-oxidation of 4-CP phenoxide were 
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detennined from the inverse of the y - intercepts ofthe plots shown in Figure 4.6. These 

<1'>", values are significantly lower than the <1'>" values (Table 4.1), indicating that not all 

the 02e'Ll.g) is involved in the chemical reaction with the quencher, Q (equation 1.13) (in 

this case, the 4-CP phenoxide). This observation shows that physical quenching of 

02CLl.g) by the phenolate form of the 4-CP (Equation 1.14) competes strongly with the 

chemical reaction of 02e'Ll.g). The ratio between the rate constant for reactive quenching 

(kr) and the total quenching constant (kr and kq) is strongly dependent on the structure of 

the phenolic compounds,386 and for 4-CP the value of this ratio is unknown. To compare 

efficiencies of chemical reaction and total quenching, the corresponding constants were 

calculated using equation 1.30. From the plots shown in Figure 4.6, slopes of 0.0032 ± 

0.0008 mol dm-3 were obtained for 15 and 0.0024 ± 0.0001 mol dm-3 for 16. These slopes 

are equal to kd / <1'>" kr with kd = I / 'til = 3.22 X 105 
S-I ('t" = 3.09 X 10-6 sin water387). 

Using values of <1'>" in Table 4.1, kr was calculated for the phenolate ion of 4-CP. From 

the plots, the values of kr were (2.65 ± 0.3) x 108 morl dm-3 
S-I and (2.80 ± 0.3) x 108 

mor l dm-3 
S-I for 15 and 16 sensitisers, respectively. The closeness of these two values of 

kr confrrms that the choice of sensitiser has no effect on kr. 

The intercepts of the plots shown in Figure 4.6 equal (kq + kr) / <1h kr . The 

intercepts were found to be 14.33 ± 3_00 for 15 and 9.67 ± 4.00 for 16. The average value 

of kr = (2.7 ± 0.3) x 108 morl dm-3 
S-I for the phenolate ion of the 4-CP and <1'>" values 

from Table 4.1 were used to calculate the rate constant (kq + kr ) for the total quenching of 

02(1Ll.g) by deprotonated 4-CP. The calculated values for (kq + kr) are (14.7 ± 3_1) x 108 

and (12_5 ± 52) x 108 mor l dm-3 S-I with 15 and 16 as sensitisers, respectively giving an 

average value of (13_5 ± 3.0) x 108 mor l dm-3 
S-I. The total quenching rate constant (kq + 
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k,) of 4-CP phenolate ion is five times larger than the rate constant, k" for the photo­

oxidation alone thus, most of the singlet oxygen is scavenged by a quenching process. 

The situation is similar to that of the other phenols, which quench singlet oxygen more 

rapidly than react with it.206 

It is important to note that the chemical quenching constant (k,) of 4-CP by 

ol t.g) in water had been determined earlier by Tratnyek and Holgne.207 The method 

used by these authors207 was based on k, calculations from rates of phenol photo­

oxidation and steady state concentration of 02C t.g) determined separately with furfuryl 

alcohol. Thus, the k, constants were obtained for diverse sets of phenols, the value of k, 

for the deprotonated 4-CP was reported as 1.93 x 108 morl dm-3 sol. However, it was 

noted that this k, constant for 4-CP was low due to the depression of steady state 

concentrations of 02C t.g) through physical quenching by the phenolate ion. Indeed, with 

steady state concentrations of 02C t.g), determined in the same solution with the 4-CP, 

values of k, were as high as 2.7 x 108 morl dm-3 s-\ and are close to those obtained in 

this study. The rate constants obtained in this work appear to be more precise than 

previously reported.207 

Rates of photo-oxidation of undissociated 4-CP by 02C t.g) were measured at the 

pH 6.5 (fraction of 4-CP dissociated at this pH is negligible, about 0.1%). The 

experiments under comparable conditions show that the rate of 4-CP reaction with 

oi t.g) is a factor of20 lower than that for 4-CP phenoxide anion. The estimated k, value 

for undissociated 4-CP is about 107 mol dm-3 S-l, a result which agrees with literature 

data.207 
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4.2 Pbotosensitized Transformation of Polychloropbenols 

4.2.1 Relative Efficiency of Sensitized Oxidation of Polychlorophenols 

Figure 4.7 shows the decrease, with time, of the concentration oftrichlorophenol 

(TCP) in the presence of the various MPc sensitisers at pH 7, on excitation of sensitiser in 

the Q band. In the absence of sensitiser no transfonnation of chlorophenol was observed. 
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Figure 4.7: Kinetic curves for the photo-oxidation of TCP sensitised by SnPcSmix (17), 

SiPCSmix (18), A1PCS4 (9), ZnPcSmix (16) and AlPcSmix (15); pH = 7. 

The quantum yields of rcp (<I>TCP) and pentachlorophenol, PCP (<I>pcp) photo-

transfonnation, sensitised by sulphonated MPc complexes were calculated and are listed 

in the Table 4.2. Values of <I>TCP depend on the sensitiser as follows: 

AIPcSmix, 15 > ZnPcSmix, 16 > AlPCS4, 9 > SiPcSmix, 18 > SnPcSmix. 17. 

For PCP, the values of <I>pcp depend on the sensitisers as follows: 

AlPcSmix, 15 > AlPCS4, 9 > SiPCSmix, 18 '" ZnPCSmix, 16 > SnPcSmix, 17, 
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The trend for <1>pcp is slightly different from that of the <1>TCP since 16 is replaced by 9 in 

the second place, in the case of <1>pcp. 

Table 4.2: Photosensitisation data for the TCP and PCP transformation in the 

presence of the various water-soluble, sulphonated metallophthalocyanine sensitisers 

(sens) under wavelength, A. = 670nrn irradiation. [TCP], [PCP] = 7xl0-5 mol dm-3
. 

TCP PCP 

MPc Sensitiser <1>6 <1>TCP / 103 %ofMPc <1>pcp/ 103 %ofMPc 

degradation" degradation" 

AlPcS4, 9 0.18 5.40 < I 4.50 8 

AlPcSmix, 15 0.38 11.80 < I 6.80 16 

ZnPCSmix, 16 0.48 10.50 21 3.92 32 

SnPcSmix,17 0.46 <2.00 38 < 2 46 

SiPCSmix, 18 0.16 3.43 0 4.11 4 

'After 270 s of irradiation. 

The results of Table 4.2 show that the trend of photosensitiser activity for 

polychlorophenol oxidation differ from the trend in their <1>6 values in that 15 with a 

lower <1>6 than 16 and 17 shows a better <!>rcp and <1>pcp. Apart from the efficiency in 

0/ t.g) sensitisation, there are other factors that influence the photo-transformation of 

chlorophenols. One of the inlportant factors is the photostability ofphotosensitiser. From 

this point of view and considering TCP transformation, the highest activity, which is 

observed for AlPcSmix, can be explained by its high level of singlet oxygen quantum yield 

and photostability in aqueous solution. The complex ZnPCSmix is less active despite 

highest efficiency of 02e t.g) photosensitization (<1>6 = 0.48), and this behaviour may be 
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caused by its enhanced photo-degradation during the course of photolysis (21 % photo-

degradation for TCP after 270 s of illumination, Table 4.2). The activities of photostable 

AlPCS4 and SiPcSmix are in accordance with their low <1>6 values. SnPcSmix is virtually 

inactive towards the photo-transformation of the substrates even though it showed a high 

<1>6. This complex is a characteristic example of an extremely unstable photosensitiser. 

The slightly different trends in activity observed for photosensitisers towards TCP and 

PCP oxidation, e.g. the replacement of ZnPCSmix and AIPCS4 complexes from the second 

place in PCP when compared to TCP, can be attributed to the influence of increased rate 

ofphotosensitiser' s degradation in the presence of PCP when compared to TCP. The data 

shown in Table 4.2 and the kinetic curves for photosensitiser photo bleaching, presented 

in Figure 4.S, demonstrate that Si and AI complexes are the most stable of aU the 

sensitisers studied. 
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Figure 4.S: Kinetic curves for the photo-degradation of SiPcSm;x (IS), AIPCS4 (9), 

AIPcSmix (15), ZnPcSm;x (16) and SnPcSm;x (17) in the presence of PCP. pH = 7. 
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4.2.2 pH Dependence 

Polychlorophenols are fairly acidic and dissociate in aqueous solutions (pKa 

values ofTCP and PCP are 6.2 and 4.7 respectively II 1,1 15,207). There are two species with 

different properties, which are in equilibrium in PCP or TCP solutions; these are the 

undissociated phenol (ArOH) and phenoxide ion (ArO-). Since the equilibrium between 

these two forms is pH dependent, chemical transformations involving these compounds 

should be pH dependent as welL The dependence of pH on the following photochemical 

processes was observed in this work: photo sensitised degradation of polychlorophenol, 

formation of p-benzoquinone related photoproducts and photo bleaching of sensitiser. The 

results obtained are discussed below. 

The dependence of <:DTCP (using AIPcSmix as sensitiser) on pH (Figure 4.9a) is 

consistent with literature reports135
,207 and reflects insignificant contribution of the 
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Figure 4.9: The pH dependence of (a) quantum yield for the transformation of7 x 10-5 

mol dm-3 TCP and (b) relative yields of2,5-dichloro-l,4-benzoquinone formation using 

AlPCSmix, (15) as sensitiser. 
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unionised form of polychlorophenols in the photo-oxidation. In accordance with pKa 

values, the rates and quantum yields of transformation ofthe polychlorophenols increase 

from pH 6 with a leveling off at pH 8 for TCP and at pH 7 for PCP. 

Figure 4.10 represents spectral changes observed on photolysis ofTCP and PCP 

in the presence of 15 under pH 7 conditions. The spectral changes show decrease of PCP 

absorption peaks at 248 run and 320 nm and formation of photoproduct with "-max at 290 

nm. The TCP peaks at 312 run decreased with photolysis and a product peak was 

observed at 272 run. These transformations proceed with clear isosbestic points, 

indicating substrate oxidation to the end product with negligible accumulation of 

intermediates. 
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PCP (A) 

270 295 320 345 370 395 

Wavelength I nm 

t TCP (8) 

270 295 320 345 370 395 

Wavelength I nm 

Figure 4.10: Electronic absorption spectral changes observed during photolysis of 7xl 0.5 

mol dm·3 solutions of (A) PCP and (B) TCP in the presence of AlPcSmix (15) as sensitiser 

under pH 7 conditions. 
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The products for the photo-transformation of polychloropheno I oxidation were 

confIrmed with HPLC studies, by spiking with standards such as 2,3 ,5,6-tetrachloro-l,4-

benzoquinone for PCP and 2,5-dichloro-l ,4-benzoquinone for TCP. Further continuous 

photolysis at pH 7 led to photo-oxidation of the primary products and the formation of 

new products (HPLC retention times of 5 min for TCP and 8.5 min for PCP (Figure 

4.11). The secondary products formed are most likely due to further dechlorination of the 

ring as has been reported before. 135 
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Figure 4.11 : Typical HPLC traces for the photo-oxidation ofTCP (a) before and, (b) 

after 3.5 min and (c) 7 min of photo lysis using AIPcSmix, (15) as sensitiser under pH 7 

conditions; (d) corresponds to the HPLC trace for 2,5-dichloro-l ,4-benzoquinone used as 

standard. 
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Photolysis of both TCP and PCP at pH 10 showed diffuse isosbestic points and broad 

maxima, indicating formation of complicated mixtures of photoproducts absorbing at the 

same wavelength region. Figure 4.12 shows the spectral changes observed during 

photolysis of PCP solutions in the presence of AIPcSmix (15) as sensitiser under pH 10 

conditions. The pH dependence of the relative yield (determined from HPLC traces) for 

the formation of 2,5-dichloro-1 ,4-benzoquinone (the photo-oxidation product of TCP) 

using AIPcSmix (15) as a photosensitiser is shown in Figure 4.9b. Maximum selectivity 

and yield of benzoquinone derivative as a photoproduct was obtained at pH 7 for both 

PCP and TCP. Thus, the oxidation products of poly chi oro phenols are pH dependent and 

at high pH an increase in the rate of further oxidation of primary benzoquinone derivative 

is possible. 
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Figure 4.12: Electronic absorption spectral changes observed during photolysis of 7xl0-s 

mol dm-3 solutions of PCP in the presence of AIPcSmix (15) as sensitiser under pH 10 

conditions_ 
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Finally, photobleaching of the sensitiser during sensitised polychlorophenol 

oxidation was also found to be pH dependent. After 270 s of illumination of aqueous 

solution of AIPcSmix (15) containing PCP as substrate, the extent of sensitiser 

photobleaching was found to be 16% at pH 7 and 6% at pHI0. In the absence of PCP no 

photobleaching of15 was observed. This may suggest that the PCP or TCP are involved 

in the photobleaching ofMPcs. Studies of the dependence of photo bleaching of 15 on the 

nature of the substrate have shown that photo-degradation of photosensitiser is most 

pronounced for PCP, decreasing for TCP and being negligible for 4-CP and phenol. This 

suggests that electron-acceptor properties of phenols are of main importance in the 

photo bleaching process. Electron transfer being directed from the excited sensitiser to 

polychlorophenol (equation 4.1) may be considered as a primary step in the Pc 

photo bleaching process. It was found that addition of reductants stabilised the sensitiser, 

probably due to recovery of sensitiser from its semi-oxidised form (equation 4.3). 

Addition 5% v/v of ethanol as reductant resulted in 60% inhibition of 15 photo­

degradation in the presence of PCP transformation. No effect of ethanol on the rate of 

PCP transformation was observed during this experiment. Similar results were obtained 

for other reductants such as sodium borohydride. Thus, based on the results obtained, the 

mechanism of photosensitiser photo-degradation may be represented by the following 

sequence of reactions 4.1 - 4.3: 

MPc* + PCP --?- MPc·+ + PCp·· 

MPc·+ --?- products 

MPc·+ + red --?- MPc + redox 
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where red is the reductant. The fate of PCp·' anion radical will be discussed below. This 

shows that PCP or TCP degrade also by Type I in addition to Type II. 

4.2.3 Efficiency of Types I and II Processes 

As stated above, at pH 7 polychlorophenols are oxidized to give 1,4-

benzoquinone derivatives with high selectivity. Some aspects of the formation of these 

products were measured by following their appearance spectrophotometrically at 272 nm 

and 290 nm for TCP and PCP, respectively, using 15 since it is the most active sensitiser 

used in this work. 

Although there is no study yet on the photo-oxidation of the polychlorophenols using the 

water-soluble sulphonated metallophthalocyanines, singlet oxygen-mediated photo­

oxidation of chlorophenols (Type II mechanism) is an established process.86
,135,207 In 

order to determine the relative contribution of the Type I radical pathway when 

sulphonated metallophthalocyanines were employed as sensitisers, experiments were 

carried out in a solution containing the singlet oxygen quencher, NaN), in the presence of 

15. The data presented in Figure 4.13 shows that addition of NaN) (2.5xl 0') mol dm')) to 

7.0x10,5 mol dm') solution of PCP, containing 15 resulted in 76% inhibition of photo­

transformation of PCP. The same experiments with TCP gave inhibition of Type II 

mechanism up to 83%. The extent of inhibition of photo-transformation was not changed 

by increasing the concentration of NaN) from 2.5 x 10-) to 5 X 10'2 mol dm'), thus 

confirming the full quenching of I 0 2e t..g) in these experiments. The above results show 

the dominance of the Type II process; with just about 17% for TCP and 24% for PCP of 

the Type I process under the present experimental conditions. It also suggests the greater 

160 



Chapter 4: Photosensitised Transformation of Chlorophenols .. . 

participation of PCP to Type I process than TCP. The negative inductive effects of 

halogen substituents in aromatic rings results in electron-withdrawal from the benzene 

nucleus, deactivating it for an electrophilic attack by 02( L'.g} and hence decreasing the 

contribution of Type II pathway as the number of halogen substituents increase. 
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Figure 4.13: Effects of addition of singlet oxygen quencher (sodium azide) on the rate of 

photo-transformation of 7 x 10-5 mol dm-3 PCP in the presence (i) and absence (ii) of 

sodium azide, 2.5 x 10-3 mol dm-3
. Sensitiser = AlPCSmix, 15 

With sulphonated methallophthalocyanines as sensitisers and pheno Is as 

substrates for Type I mechanism, the prinJary electron transfer from ionised substrate to 

the sensitiser in its excited state has been reported.85 The formation of anion radical 

AIPCSmix'- in the presence of phenol was reported before388 and the formation of this 

anion may be considered as confirmation of electron transfer from the substrate to the 

sensitiser. There is no evidence in this work to warrant the rejection of this generally 

accepted process for phenols. However, in the case ofpolychlorophenols, due to electron-
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withdrawing effect of chlorine substituents the electron-donating ability of substrate is 

reduced and electron-acceptor ability is increased substantially. So, it is not surprising 

that results obtained in this work provide evidence for opposite direction of electron 

transfer - from excited sensitiser to polychlorophenol in the unionised form (see above 

and equation 4.1). This electron transfer leads to formation of polychlorophenol anion 

radical and sensitiser cation radical as primary species for Type I mechanism. Scheme 4.1 

shows the transformation of the radical anion of polychlorophenol transformation to p-

benzoquinone derivative, based on reductive dechlorination (reductive defluorination is 

an established process388
). 
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Scheme 4.1: Proposed mechanistic pathway for the photo-transformation of PCP in 

aqueous solution using MPc sensitiser. 

It is worth noting that oxidation of ionised PCP by singlet oxygen remains as the 

mam pathway, resulting in the formation of 1,4-benzoquinone derivatives. The 

interaction of PCP radical anion with oxygen may result in the recovery of the substrate 
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and the simultaneous production of the superoxide. In the series of substrates from phenol 

to 4-CP, TCP and PCP an increase in Type I mechanism was observed, which involves 

electron transfer from the excited sensitiser to the unionised form of the phenol 

derivative. 

Considering the competitive and dominating Type II pathway, the reaction of 

singlet oxygen proceeds through processes described by equations 1.12 to 1.14. The 

quantum yield for the transformation of the polychlorophenol (<PChP) is given by 

Equations 1.29 and 1.30. The overall chlorophenol quantum yields, <PChP, involve 

contributions from both Type I and Type II (dominating) reactions. To determine limiting 

values of quantum yields <P", for photo-transformation of the polychlorophenols and other 

kinetic parameters (kd• kq and kr ), similar methods employed for 4-CP studies were also 

employed here. However, the photosensitiser AlPCS4 (9) which is more stable in the 

presence of PCP or TCP was employed instead ofZnPcSmix (16) used for 4-CP. ZnPCSmix 

(16) is not photo-stable in the presence of PCP or TCP solutions. Also, all studies were 

performed in pH 7 instead of the pH 10 conditions used for the 4-CP. The plots of 1 I 

cI>ChP vs 1 I [ChP] for TCP and PCP in the concentrations ranging from 2.5 to 7.0 x 10.5 

mol dm· l show linear relationship (Figure 4.14). Values of<p", were found for TCP to be: 

0.048 ± 0.015 with 9 and 0.07 ± O.QlS with 15, and for PCP: 0.032 ± 0.005 and 0.031 ± 

0.005 with 9 and 15 respectively. Hence, the overall limiting quantum yields, consisting 

of radical and singlet oxygen contributions, are significantly lower than the <P6 value of 

sensitisers (Table 4.2). The data again imply that not all the singlet oxygen is involved in 

the chemical reaction with polychlorophenols and that there is a strong competition 
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between the physical quenching and the chemical reaction of the 02e t.g) by the phenolate 

IOns. 

Figure 4.14: Plots of (A) 1 / <1>TCP vs I / [TCP] and (B) 1 / <1>pc p vs 1 / [PCP] for the 

photo-transformation of TCP and PCP in the presence of AIPCS4, 9 and AlPcSmix, 15 

under pH = 10 conditions. 

Neglecting the minor Type I contribution to <1>ChP, the efficiencies of the reactive 

and physical quenching of 102 for TCP and PCP were determined as described above for 

4-CP. The ratio kq + k, / k,ofthe phenolate ion was obtained (with an error of± 20%) to 
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be about 5 for TCP and 9 for PCP, implying that most of the ol Llg) is scavenged by a 

quenching process. Simply put, PCP for example, can deactivate about 9 molecules of 

ol Llg) before being destroyed. The slopes (kd / <1>6 kr) of plots on Figure 4.14 were for 

TCP: 0.011 ± 0.003 mol dm-3 for 9 and 0.005 ± 0.001 mol dm-3 for 15, and for PCP: 

0.014 ± 0.002 mol dm-3 for 9 and 0.0085 ± 0.001 mol dm-3 for 15. The rate constants kr 

calculated for the chlorophenolate ions of the chlorophenols were: for TCP; (1.5 ± 0.2) x 

108 morl dm3 sol for the 9 and (1.6 ± 0.2) x 108 morl dm3s-1 for 15, while for PCP it was 

(1.2 ± 0.2) x 108 morl dm3 sol for 9 and (1.0 ± 0.2) x 108 morl dm3 sol for 15. The 

reported kr values for TCP and PCP are within these ranges.207 

The average values of the total rate constants (kr + kq), determined from the 

intercepts of the plots, for the deprotonated substrates were (7.5 ± 1.5) x 108 morl dm3 sol 

for TCP and (10 ± 2) x 108 morl dm3 sol for PCP. The low solubility ofTCP and PCP in 

acid media did not permit for the effective estimation of the rate constants, (kr + kq), for 

the protonated forms of these polychlorophenols. 

In conclusion, it has been shown m this work that water-soluble 

metallophthalocyanines, especially the sulphonates, are efficient sensitisers of singlet 

oxygen generation. The use of these complexes as sensitisers for the photo-oxidative 

degradation of chlorophenols shows that the efficiency of the process depends not only 

on the singlet oxygen quantum yields of the sensitiser, but also on its stability and 

aggregation properties. This explains why, for example, SnPCSmix turned out to have high 

singlet oxygen quantum yield, but due to low photostability, the efficiency of this 

photosensitiser for the oxidation of polychlorophenols is low. 
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CHAPTERS 

SURFACE ELECTROCHEMICAL CHARACTERIZATION 

OF METALLOPHTHALOCYANINE SELF-ASSEMBLED 

MONOLA YERS (SAMs) ON GOLD ELECTRODES· 

• The following publications resulted from part of the research work presented in this chapter and 

they are not referenced further in this thesis: 

3. K. Ozoemena, P. Wesbroek and T. Nyokong, J. Porphyrins Phthalocyanines, 2002, 

6,98. 

4. K. Ozoemena and T. Nyokong, Electrochim. Acta, 2002, 47, 4035. 
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Voltammetry is regarded as the most popular, convenient and sensitive technique 

for probing the structural properties of SAMs.276.2
77 This is because information 

concerning the quality of SAM on gold can be conveniently obtained using cyclic 

voltammetric experiments in simple electrolytes. Electrochemical assessment of SAM on 

gold surface is based on the knowledge that thiol-derivatised SAMs act as physical 

barriers, preventing molecules in solution from getting close enough to the underlying 

gold surface.276 Thus, cyclic voltarnmetric experiments in simple electrolytes have 

conveniently been used to measure the passivation ability ofthiol-SAMs to the following 

Faradaic processes: electrochemical reduction of gold oxide (oxide stripping peak), ion 

permeation (electrochemical capacitance), underpotential deposition (UPD) of metals 

(usually copper) and heterogeneous electron transfer processes276,289,307,309,389 as well as 

the Nernstian factors for surface-confined electroactive species.276 These parameterS 

were used in this thesis to interrogate the formation and integrity of the SAMs of the 

thiol-derivatised MPc complexes of iron (FeOBTPc, 35 and FeOHETPc, 36), cobalt 

(CoOBTPc, 33 and CoOHETPc, 40) and ZnPc (ZnOBTPc, 32 and ZnOMPPc, 34) 

studied in this work. Iron and cobalt phthalocyanine, unlike the zinc phthalocyanine 

complexes, are redox active with respect to their central metals because of the easy 

accessibility of their d-orbital electrons. 

For simplicity, the octabutylthio-metallophthalocyanine complexes (i.e. 32, 33 

and 35) will herein be referred to collectively as MOBTPc (where M = Fe, Co and Zn) 

while the octahydroxyethylthio-metallophthalocyanine complexes (i.e. 36 and 40) as the 

MOHETPc (where M = Fe or Co). Since only ZnPc complex was studied for the octa(4-

methylphenylthio )phthalocyanine ligand, it will be represented as ZnOMPPc, 
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5.1 Passivation of Gold Surface Reaction 

Figure 5.1 shows that in acidic pH, (0.1 mol dm-3 H2S04) oxidation of bare gold 

electrode occurs in the region of 1.2 to 1.3 V vs AglAgCl with a well-defined reduction 

(gold oxide stripping) peak at 0.84 V vs AglAgCI. This cyclic voltammogram is 

consistent with the reported gold surface redox reaction in acidic conditions.323 Similar 

CV results were also obtained in neutral conditions. However, unlike in acidic and 

neutral solutions, it was found in this work that in a 0.01 mol dm-3 KOH solution 

(between -0.2 and +0.6 V vs AgIAgCI) a clearly defmed bare gold redox couple (Figure 

5.2 A - C, curves i) could be obtained. This is not surprising given that gold oxidation to 

the gold oxide is pH-dependent,390 occurring at less positive potentials with increasing 

pH. The high positive potential in the acidic and neutral conditions, normally 

employed289,389 to bring about the oxidation of bare gold in the pinholes usually present 

following the formation of SAMs, is known389 to result in oxidative desorption of the 

SAM itself. 

-0 .4 o 0 .4 O.S 1.2 1 .6 

E I V vs AgIAgCI 

Figure 5.1: Cyclic voltammogram obtained for bare gold electrode (d = 0.8 mm) in blank. 

Electrolyte = 0.1 mol dm-3 H2S04. Scan rate = 100 mV S-l. 
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E I V vs AglAgCI 
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-0.2 o 0 .2 0 .4 0 .6 

E I V vs AgIAgC I 

t 500 nA 

-0.2 o 0.2 0 .4 0 .6 
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Figure 5.2: Cyclic voltammograms of gold electrode before (i) and after coating with the 

SAMs of (A) CoOHETPc, 40 (ii) and CoOBTPc, 33 (iii); (B) FeOHETPc, 36 (ii) and 

FeOBTPc, 3S (iii); (C) ZnOMPPc, 34 (ii) and ZnOBTPc, 32 (iii). Electrolyte = 0.01 mol 

dm-3 KOH. Scan rate = 25 mV S·I. 
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The stability of all the MPc-SAMs studied in this work is dependent on potential, 

being stable at potentials less than 1.0V vs AglAgCl (see further discussion in section 

5.7). It is important, therefore, that a low positive potential window where gold can be 

oxidized without adversely affecting the SAM is employed. Hence, alkaline pH was 

chosen for this study. The well-defmed gold reduction (cathodic) peak in Figures 5.1 and 

5.2A-C (curves i), as mentioned in the introduction {section 1.5.2.3(b)(iv)}, is due to the 

stripping of the gold oxide, hence the name "oxide removal or stripping peak".289,389 The 

area under this cathodic peak is proportional to the amount of gold oxide formed in the 

forward scan. Hence, the oxide removal peak is regarded as a true measure of the total 

pinhole area available for an undisturbed penetration of ions present in the working 

solution. Figure 5,2 shows typical voltammograms obtained in alkaline solution (0.01 

mol dm·3 KOH) performed on seven independent electrode modifications using the six 

MPc complexes. For both the bare gold (curves i) and MPc-SAM modified gold 

electrodes {curves ii for the MOHETPc (M = Co and Fe) and ZnOMPPc, and curves iii 

for the MOBTPc (M = Co, Fe and Zn) species}, the first and subsequent scans remained 

approximately the same, indicating electrode stability. It is clearly evident from Figure 

5.2 that the broad gold oxidation peak and the corresponding reduction (gold oxide 

stripping) peak (curve i), are strongly blocked after coating the bare gold electrode with 

the MPc-SAMs. MOBTPc-SAMs (M = Fe and Co, Figure 5.2A and B, curves iii) showed 

stronger passivation than those of MOHETPc-SAMs (Figure 5.2A and B, curves ii) in 

that lower currents were obtained in the former. For ZnPc-SAMs (Figure 5.2C), 

ZnOMPPc showed slightly stronger blocking than ZnOBTPc. These results indicate that 

the gold surface is isolated from the aqueous solution, which is the oxygen source for 
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gold oxide formation by these MPc-SAMs. From equation 1.66 (from Chapter 1), the so-

called 'ion-barrier factor', Cbf,2?6 values (summarized in Table 5.1) were obtained. 

[ -1- QSAM 
ibf -

Qs", 

The total charge, Q(~c) is obtained by integrating the currents (~AS-l). 

1.66 

Table 5.1: Summary of ion-barrier factor (fibf) and interfacial capacitance (Cs) of the 

MPc-SAMs on gold electrodes studies in this work. Scan rate = 25 mVs-l . 

MPc-SAM [ibf CsI ~F cm-2 

FeOBTPc,35 0.998 ± 0.002 1.1 ± 0.1 

FeOHETPc, 36 0.997 ± 0.002 1.2 ± 0.1 

CoOBTPc, 33 0.998 ± 0.004 0.8 ± 0.1 

CoOHETPc, 40 0.975 ± 0.005 1.7 ± 0.2 

ZnOBTPc,32 0.997 ± 0.002 1.5 ± 0.2 

ZnOMPPc,34 0.997 ± 0.002 1.5 ± 0.2 

The charges under the gold oxide stripping peaks were estimated as - 4.0x10-6 C for the 

bare gold (QBar,) and -1.0x10-? C for the CoOHETPc-SAM modified electrodes (QSAM). 

For the CoOBTPc (Figure 5.2A iii), FePc (Figure 5.2B) and ZnPc (Figure 5.2C) 

derivatives, it was more difficult to detect any charge due to gold surface reaction after 

coating with the SAMs (QSAM), an indication of stronger passivation by CoOBTPc, FePc 

and ZnPc derivatives than the CoOHETPc-SAM to solvent ions. Table 5.1 suggests that 

about 2.5% of the gold surface is not covered by the CoOHETPc-SAM. However, since 
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the Cbf values are close to unity for all the SAMs, it implies that these MPc-SAMs 

provide effective barriers to ion and solvent permeability to gold surfaces. Although the 

results cannot adequately be compared, as there has been no study on the "ion barrier 

factor" for any porphyrin or phthalocyanine SAM, it is interesting to note that the r ibf 

value is usually close to unity for long-chain aIkanethiol SAMS.289
,389 
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5.2 Interfacial Capacitance 

As already discussed in the introduction (Section 1.5.2.4), the lower the interfacial 

capacitance, Cs, the less defects there are in the SAM. From the charging current ich (A) 

in the region of 0.0 to -0.2V vs AglAgCI (Figure 5.2), the Cs (IlF cm-2) value was 

obtained using equation 1.65 and summarized in Table 5.1 

C =~ 
s vA 

1.65 

where ich is the charging current (IlA), A is the surface area of the electrode. The Cs value 

of the CoOBTPc (33) is lower than that of the corresponding CoOHETPc (40). For 

FeOBTPc (35) and FeOHETPc (36), and ZnOBTPc (32) and ZnOMPPc (34) complexes, 

the Cs values are almost the same for each pair. The Cs values for the MPc-SAMs lie 

between 23 and 50 times lower than the value (- 40 IlF cm-2) obtained for the bare gold 

electrodes. Although the real surface area is larger than the geometric area, the specific Cs 

values obtained here are consistent with literature reports276 in that the Cs values for most 

alkanethiol-derivatised SAMs are usually more than an order of magnitude smaller than 

the typical capacitances for bare gold. These Cs values were also found to be independent 

of different scan rates studied (10 - 800 mVs-1
) . These data also imply that the SAMs are 

relatively free of defects, and with low penneability to the ions of the electrolyte. 

In another method, a simple CV experiment of the SAMs were performed in pH 4 

containing 1.0 mol dm-3 Na2S04 as described elsewhere,276 and the Cs was also estimated 

in the same potential region of 0.0 to -0.2V vs AglAgCI. As an example, Figure 5.3 

shows CV responses of the FePc-SAMs using the pH 4 + 1.0 mol dm-3 Na2S04 

electrolyte system. Figure 5.3 shows that the presence of the FeOBTPc-SAMs on gold 
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iii 
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Figure 5.3: Cyclic voitamrnograms showing charging currents of gold electrode before (i) 

and after deposition of FeOBTPc-SAM (ii) and FeOHETPc-SAM (iii). Electrolyte = 1.0 

mol dm-3 Na2S04 + pH 4. Scan rate = 50 mV S-1. 

electrode {curve (ii)} led to a dramatic drop in the charging current observed for the bare 

gold electrode {curve (i)}. However, with the FeOHETPc-SAM (curve iii), much higher 

background currents were obtained. Similar results were also obtained with the CoPc-

SAMs. This electrolyte system is, therefore, not suitable for Cs measurements of the 

MOHETPc-SAMs since much higher background currents are obtained, characteristic of 

permeability of the ions of the electrolyte and SAM defects. It has previously been 

established276 that the capacitance ofthiol-SAMs are affected by their terminal functional 

groups and increases in the following way: -COOH > -OH > -CH3. In addition, 

hydrophilic terminal groups are by nature quasi-liquids, while hydrophobic groups are 

quasi_solids,276,277,39 1 meaning that the SAMs of OH-terminated MPc complexes (like 

MOHETPc) should be more permeable to solution ions than those of CH3-terminated 

MPc complexes (like MOBTPc). This observation may also explain the low blocking 

ability of the MOHETPc to gold surface reaction described above, 

174 



Chapter 5: Surface Electrochemical Characterization of SAM, ... 

5.3 Passivation of Underpotential Deposition of Copper 

Figure 5.4 demonstrates another effect of a closed- packed SAMs on Faradaic 

processes, i.e. inhibition of copper metal deposition on the gold electrode. According to 

i .. 

I~_""' _____ ~ II 
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iii 

-0.4 -0.2 o 0.2 0.4 0.6 0 .8 
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E I V vs AglAgCI 

(C) 
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Figure 5.4: Cyclic voltammograms showing the responses of gold electrode to 

underpotential deposition of copper before (i) after coating with the SAMs (A) 

CoOHETPc, 40 (ii) and CoOBTPc, 33 (iii); (B) FeOHETPc, 36 (ii) and FeOBTPc, 35 

(iii); (C) ZnOMPPc, 34 (ii) and ZnOBTPc, 32 (iii) . Electrolyte = 1.0 mmol CUS04 in 0.5 

mol dm-3 H2S04. Scan rate = 50 mY S-I. 
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Finklea, 276 copper metal depositions involve underpotential deposition (UPD) at 

potentials well positive of the thermodynamic potential. Figure 5.4 shows typical cyclic 

voltammogram of a 1.0 mmol CUS04 in 0.5 mol dm-3 H2S04 on a bare gold electrode 

(curves i) and the same electrode after modification with the SAMs of MOHETPc (M = 

Co and Fe, Figure 5.4A and B, curves ii), MOBTPc (M = Co, Fe and Zn, Figure 5.4A and 

B curves iii) and ZnOMPPc (Figure 5.4C, curves ii). The bulk deposition of the copper 

started around -0.1 V vs AglAgCI during the negative-going scan. This potential is 

attributed to the standard potential of the Cu2+/Cuo half-reaction.276 On a return scan, a 

large UPD stripping peak for the copper metal appeared at +0.20 V vs AgIAgCl, 

corroborating the previous observation of Hickey and Riley.392 Also, the shape of the 

UPD voltammogram shows good resemblance to that reported by Finklea,276 who 

observed the UPD peak around +0.3 V vs saturated calomel electrode (SCE). Thus, 

voltammograrns (i) correspond to the UPD in the forward direction and stripping of a 

monolayer of copper in the reverse direction. From the much smaller currents of 

MOBTPc-SAMs {Figure 5.4, curves (iii)} and ZnOMPPc-SAMs {Figure 5.4C, curves 

(ii)}, compared to the currents obtained using the MOHETPc-SAMs {Figure 5.4A and B, 

curves (ii)}, it is clear that MOBTPc and ZnOMPPc-SAMs are able to cover the electrode 

much better than the MOHETPc-SAMs, which is also confirmed by the fact that in 

Figure 5.4A and B (curves ii) the reduction and oxidation of copper is still visible. This 

means that the gold surface is still accessible to copper or that the MOHETPc SAMs 

layers do not cover the gold electrodes properly. The cyclic voltammograms peaks 

observed in Figure 5.4A and B (curves ii) for SAMs of MOHETPc and MOBTPc (M = 

Co or Fe) complexes are due to the redox processes centered on the central metal of the 
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Pc complexes. The ill-defined peak in Figure 5.4A (ii) is due to Co(III) / CoOl) couple 

whereas in Figure 5.4B (ii) the peak is due to Fe(lIl) / Fe(II) couple. For curves iii, the 

weaker peaks due to this process were also observed under magnification. The ZnPc 

complexes (Figure 5.4C) show weak redox waves in the 0.5V region, attributable to ring­

based (PC· I IPC·2) couple. These redox assignments are based on the well-known 

electrochemistry of the CoPc, FePc and ZnPc complexes.221 The ZnOMPPc shows 

slightly better coverage than ZnOBTPc, possibly due to the peripheral benzene 

substituent of the ZnOMPPc, which is lacking in the ZnOBTPc. Figure 5.4 also shows 

that the MOBTPc (curves iii) and ZnOMPPc (curve ii) SAMs effectively block out bulk 

copper metal deposition on gold electrodes up to - 0.3 V vs AglAgCl. This blocking 

capability indicates that the MOBTPc and ZnOMPPc-SAMs are virtually pinhole-free 

and defect-free. 

The electrical charge Q under the UPD is proportional to the electro active area of 

the electrode.276.392 In the presence of sulphate ions the charge associated with UPD of 

copper on gold has been reported393 as 430 ftC cm·2 Integration of the UPD stripping 

peak (Figure 5.4) gave approximately 8.0 ftC (for SAMs of MOBTPc and ZnOMPPc) 

and 5.0 ftC (for MOHETPc-SAMs). Since 0.020 cm2 is the geometric area of the 

electrode, it means that the MOBTPc and ZnOMPPc-SAMs cover almost completely the 

electrochemically active gold surface area (- 0.019 cm2) while the MOHETPc-SAMs 

only show partial coverage (- 0.012 cm\ Thus, from the electrochemical point of view, 

the MOBTPc and ZnOMPPc-SAMs are better packed than the MOHETPc. This method 

of SAM characterization is rare.276
•
394 Indeed, this is the first time it is being employed to 

characterize the SAMs of either a porphyrin or phthalocyanine complex. 
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5.4 Passivation of Heterogeneous Electron Transfer Processes 

Figure 5.5 demonstrates another manifestation of the blocking ability of MPc-

SAMs; the suppression of the simple Faradaic processes emanating from the exchange of 

electrons between gold electrode and solution redox couples. Porter et al.286 have used the 
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Figure 5.5: Cyclic voltarnmograrns showing the responses of gold electrode to the redox 

chemistry of 1.0 mmol Fe(NHt)(S04)2 in I x 10.3 mol dm·3 HCI04 before (i) and after 

coating with SAMs of (A) CoOHETPc, 40 (ii) and CoOBTPc, 33 (iii); (B) FeOHETPc, 

36 (ii) and FeOBTPc, 35 (iii); (C) ZnOMPPc, 34 (ii) and ZnOBTPc, 32 (iii). Scan rate = 

25mVs·1
• 
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commercially available salts, K3Fe(CN)6 or Fe(Nfu)(S04)2, in aqueous solutions to study 

such processes. Figure 5.5 showed the responses of bare gold (curves i) and gold 

modified the MPc-SAMs in 1.0 mol dm-3 HCl04 solution of 10-3 mol FeCNH4)(S04)2. 

Unlike the reversible [Fe(l hO)6]3+/[Fe(H20)6]2+ redox couple in 1.0 mol dm-3 HCl04 

solution, the reversible couple of [Fe(CN)6tl [Fe(CN)6]3- in I mol dm-3 KCl showed 

similar voltarmnetric waves (i.e. no change in the redox potential and peak current 

intensities) on both bare and MPc-SAM modified gold electrodes, meaning that the 

K3Fe(CN)6 is not a suitable redox probe for characterizing redox active MPc films. This 

is not surprising as a similar behaviour with the [Fe(CN)6tl [Fe(CN)6t couple was 

observed recently by Griveau et al. 255 in their study of the electrocatalytic activity of 

adsorbed cobalt tetra-arninophthalocyanine films. This selective blocking behaviour may 

be simply explained by the fact that the reversible [Fe(CN)6tl [Fe(CN)6t couple shows a 

higher heterogeneous electron transfer rate constant than [Fe(H20)6]3+/[Fe(H20)6f+ 

redox species,286 so that mass transport determines the reaction rate, even at small 

overpotentials. Hence, Fe(Nfu)(S04)2 was chosen as the electrochemical probe for this 

investigation in preference to the ferricyanide. Figure 5.5A and B shows the CV of a 10-3 

mol Fe(Nfu)(S04)2 in I xl 0-3 mol dm-3 HCl04 on a bare gold electrode (curve (i)) and the 

same electrode modified with the MOHETPc-SAMs {curves (ii)} and the MOBTPc­

SAMs (curves iii). Figure 5.5C shows the passivations due to ZnOMPPc (curve i) and 

ZnOBTPc (curve iii). The ability of these SAMs to act as a barrier to the transport of the 

[Fe(H20)6]3+ I [Fe(H20)6f+ redox species is a good indication that these MPc-SAM films 

are rather compact and/or that the pinholes are smaller than the electro active probe ions. 
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Since [Fe(CN)6f/[Fe(CN)6t is anionic it may be argued that electrostatics playa 

role in its interaction with the SAM on the electrode compared to the interaction of 

blocking ability of FeOBTPc-SAM is also observed in buffer alone, hence ruling out 

electrostatics. Figure 5.6 compares the blocking ability of CoOBTPc, 33 (curve b), 

ZnOBTPc, 32 (curve c), FeOBTPc, 35 (curve d) with that of the metal-free analogue, 

octabutylthiophthalocyanine H20BTPc, 30 (curve e). It is evident from Figure 5.6 that 

both metallated and unmetallated phthalocyanine complexes exhibit similar blocking 

behaviour towards [Fe(H20)6]3+/[Fe(H20)6]2+ redox species. Figure 5.6 shows some 

couple. 

e 
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Figure 5.6: Typical comparative cyclic voltarnmograrns showing the responses of gold 

electrode to the redox chemistry of 1 x 10-3 mol Fe(Nlit)(S04)2 in 1 x 10-3 mol dm-3 

HCI04 before (a) and after coating with SAMs of CoOBTPc, 33 (b) ZnOBTPc, 32 (c) 

FeOBTPc, 35 (d) and H20BTPc, 30 (e). Scan rate = 25 mV S-I. 
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The CV curves due to the SAMs of FeOBTPc (curve d) and H20BTPc (curve e) are flat­

like, indicating that the SAMs provide an effective barrier to the heterogeneous electron 

transfer. The voltanunograrns due to the CoOBTPc (curve b) and ZnOBTPc (curve c) 

complexes are sigmoidal-like, typical of micro electrode array-type responses,392 which is 

an indication that the CoPc-SAMs contain some defects. It does also appear that direct 

oxidation of the Fe~)(S04)2 is accomplished on the CoPc and ZnPc-SAM-modifified 

electrodes with loss of reversibility. The irreversible nature of the 

[Fe(H20)6]3+/[Fe(H20)6]2+ redox wave obtained on these SAMs is a suggestion that the 

kinetics of the oxidation and reduction of this redox probe, are much slower when 

compared with that on a bare gold electrode. Porter et al.286 postulated three processes 

through which electron transfer from the solution species in SAMs may occur: (a) 

through the SAM film via the electron tunneling process, (b) the electro active species 

permeating through the monolayer and then reacting at the electrode surface, or (c) the 

electro active species diffusing to a bare spot, it pinhole, on the electrode. The values of 

ion barrier factor which show negligible permeability of the SAM, suggests that paths (b) 

and (c) may be ignored, hence observation can be attributed to electron-tunneling 

mechanism (path a) and not directly with the exposed gold surface, path (c). Thus, both 

the insignificant (flat) and sigmoidal currents observed in Figures 5.5 and 5.6 indicate 

that electron transfer occurs mostly through the SAMs via the electron-tunneling 

mechanism and not directly with the exposed gold surface. This passivating ability of the 

SAMs to the [Fe(H20)6]3+ electrochemistry testifies that the SAMs are well packed, thus 

confirming the results of> 95% barrier to ion permeability. 
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5.5 Nernstian Factors for Electroactive Monolayer 

5.5.1 Reversibility and Activation of tbe M(III)pC / M(D)pc Couple 

Unlike ZnPc complexes, the CoPc and FePc-SAMs on gold electrodes are redox 

active at the metal centers, thus their M'I1)pc / MUlpc couples were investigated by 

surface electrochemistry. Figure 5.7 shows typical surface cyclic voltammograms of the 

SAMs of MOBTPc and MOHETPc (M = Co or Fe) on gold electrodes in 0.5 mol dm-3 

H2S04 • It is evident from Figure 5.7 that the surface - irnrnobilised species of the 

t 200 nA 

CoOBTPc CoOHETPc 

o 0.2 0.4 0.6 0.8 o 0.2 0.4 0.6 0.8 

E I V vs AglACI E I V vs AglAgCI 

! 40 nA : 400 nA 

FeOBTPc FeOHETPc 
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Figure 5.7: Typical surface cyclic voltammograrns of the SAMs ofMOBTPc and 

MOHETPc (M = Co or Fe) on gold electrodes in 0.5 mol dm-3 H2S04. Scan rates = 25 

mV S-I. 
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MOHETPc showed well-behaved reversible redox couples positive ofzero (around EII2 -

0.3 V and 0.4 V vs AgJAgCI for the iron and cobalt complexes, respectively). For the 

MOBTPc complexes, however, similar redox waves appeared at the same potential 

regions but are broad and ill-defIned. One common feature of a chemically modifIed 

electrode is that the formal potential of the surface-bound redox center is close to the 

formal potential of a solution analogue.276 Thus, the identity of these redox couples, on 

the basis of the solution electrochemistry of these FePc and CoPc complexes investigated 

in this study (Tables 3.5 and 3.6) and literature reports26
,223 are ascribed to the [1fIll)pc(_ 

2)t I [M([J)Pc(-2)] (where M = Fe or Co). The difference in the surface cyclic 

voltammetric responses of the MOBTPc and MOHETPc on gold electrodes is most likely 

to be the consequence of the different peripheral substituents; the CH3-terminated 

MOBTPc species being crystalline-like and hydrophobic while the OH-terminated 

MOHETPc species being more liquid-like and hydrophilic.276
,391 

The Nernstian features for [1fIll)Pc(-2)tl[1f1l)pC(-2)] redox couple of the 

adsorbed monolayer of MOBTPc or MOHETPc were investigated in the acidic pH. As 

an example, the cyclic voltammetric curves for SAM of CoOHETPc in pH 4 phosphate 

buffer solution as a function of scan rate are shown in Figure 5.8. The more defmed 

nature for this CV when compared to Figure 5.4A (ii) is due to the different electrolytes, 

pH effect and the presence of copper ions. Reversibility in Figure 5.8 was confIrmed by 

the fulfIlment of the following criteria: 

• The ratio of cathodic to anodic peak currents (ipclipa) equals unity 

regardless of the scan rate; 
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• Linear relationship was obtained between peak current and scan rate, 

which is indicative of an immobilised monolayer-like behaviour; 

• Peak potential did not shift with increasing scan rate, and the difference 

-0 .2 

between anodic and cathodic peak potential (6.Ep) is about 40 mV (Table 

5.2). The L'.Ep values are usually non-zero, but small compared to zero 

volt expected for the Nemstian reaction of an ideal adsorbed monolayer. 

t~-

o 0.2 0 .4 0.6 0 .8 

E I V vs AglAgCI 

1 .6 

c( 1.2 
~ 

" ~ 0 .8 
~ 
o 

..:.0: 0.4 
l. 

o 0 .2 0 .4 0 .6 0 .8 

Scan .. ate, v I V 5 .1 

Figure 5.8: Cyclic voltammograms showing the dependence of peak currents on scan rate 

of the CoOHETPc-SAM-modified gold electrode in pH 4 buffer solution. 

From scan rates of about 500 mV S·1 deviations from reversibility were observed, as a 

result of electron tunneling becoming the overall rate determining step in the reaction. 

This same effect explains why the background current of the SAM increases with scan 

rate. Peak currents vs scan rate plotted in the inset of Figure 5.8 are the result of the 

experimental reductive peak currents corrected for the increasing background currents. 
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Table 5.2: Summary ofvoltammetric data of the SAMs of MOBTPc and MOHETPc 

(M = Co, Fe) in aqueous solutions. Scan rate = 25 mVs' l. 

MPc-SAM Ell2 / V llEp / V Efwhm / mV r (mol cm'2) 

vs AglAgCl vs AglAgCl vs AglAgCl x 1010 

CoOBTPc,33 - 0.36 (0.40) a 0.05 (0.05) a 85 (126)" 0.96±0.O5 
(1.02±0.O6)' 

FeOBTPc, 35 0.26 (- 0.30)" 0.10 (0.04)" 162 (97)" - 0.50 
(0.98 ± 0.05)' 

FeOHETPc,36 0.30 0.08 174 2.55 ± 0.10 

CoOHETPc, 40 0.40 0.04 75 2.40 ± 0.10 

a The values in bracket were obtained from activated SAM-modified gold electrodes 

Further surface cyclic voltammetric experiments were performed with a view to 

investigating the possibility of improving the cyclic voltammograms of the ill-defined 

[M1Il)Pc(-2)t / [MII)Pc(-2)] redox couples of the MOBTPc species in Figure 5.7. Figure 

5.9 shows typical cyclic voltammograms in H2S04 of the SAMs of CoOBTPc (Figure 

5.9A) and FeOBTPc (Figure 5.9B) on gold electrodes. Curve (i) in Figure 5.9 shows the 

voltammogram for MOBTPc-SAM modified gold electrode (herein referred to as 

'inactivated' electrode) in 0.5 mol dm'3 H2S04• Curves (ii) in Figure 5.9 represent the 

cyclic voltammograms observed on repetitive cycling of the MOBTPc-SAM modified 

gold electrode in DMF containing lxlO'3 mol dm'3 TBAP for 2 minutes (herein referred 

to as the 'activated' electrode) and then rinsing thoroughly in a 0.5 mol dm'3 H2S04 

solution and recording the cyclic voltammograms in 0.5 mol dm·3 H2S04• The weakness 

of the [W II)Pc(-2)t / [M1I)Pc(-2)] redox couples of the MOBTPc species in Figure 5.9, 

curves i, is perhaps not very surprising. Thiol-derivatised SAMs of metalloporphyrins 

complexes of cobalt have been reported276,320,321 to be characterized by very ill-defmed 
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cyclic voltammograms, thus limiting their use to obtain reliable information about surface 

coverages and possible orientations of these complexes on electrodes. Hence, there has 

always been the need to improve the voltammetry of such SAMs using simple 

electrolytes or coordinating solvents. For example, Hutchinson et al.321 attempted to 

improve the surface cyclic voltammetry of the cobalt(II)tetra(phenylethoxythio )porphyrin 

complex (CoP(aryl-OC2SH)4) by using NaOH electrolyte and by adding pyridine, but 

were not successful. It is interesting, therefore, to observe in this work that the activated 
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Figure 5.9: Surface cyclic voltammograms of MOBTPc-SAM-modified gold electrode 

before (i) and after (ii) two minutes of repetitive cycling in DMF containing lxlO-3 mol 

dm-3 TBAP. M = Co (A) and Fe (B). Electrolyte = 0.5 mol dm-3 H2S04. Scan rate = 10 

mV S-I . 
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electrodes obtained on repetitive cycling of the MOBTPc-SAM modified gold electrodes 

in DMF containing 1 x 10-3 mol dm-3 TBAP for about 2 minutes as described above, 

showed well-defined [M(lIIlpc( -2)t I [WIlpC( -2)] redox couple in 0.5 mol dm-3 H2S04 

solution at E1I2 = 0.30 and 0.4 V vs AglAgCI for FeOBTPc and CoOBTPc, respectively. 

Immersion of the MOBTPc-SAM modified gold electrode in the DMF solution 

containing TBAP for about 10 minutes, without voltammetric cycling, showed no 

significant improvement on the redox wave obtained in Figure 5.9(i). The well-defined 

voltammograms obtained for the activated electrode may be attributed to CI04- anion, 

which is known to bind strongly to [MIII)pc( -2) t and subsequently influence the 

[MIII)Pc(-2)tl[MII)Pc(-2)] (M = Co or Fe) couple.223 As is evident from Figure 5.9(ii), 

clearly defmed redox wave following activation was associated with increase in 

background current of about 60% higher than that for the MOBTPc-SAM modified 

inactivated electrode (not cycled in the DMFITBAP system), Figure 5.9(i). However, the 

background currents shown in Figure 5.9(ii) decayed gradually with cycling and then 

stabilized to - 10% after about 40 repetitive scanning, but the peak current did not 

decrease. The reason for the high background current in Figure 5. 9(ii) may be due to 

electron tunneling and/or the result of a local concentration of DMFITBAP at the surface 

of the SAM. The gradual loss of background current with repetitive scanning may be 

driven in part by the tendency of the alkane chains of the MOBTPc to aggregate so as to 

exclude the surrounding DMFITBAP. Figure 5.10 compares the plots of the peak current 

(ip) with scan rate (v) for the anodic peaks of the [Fe(III)Pc(-2)tl[Fe(IIlpc(-2)] redox 

processes of the activated (i) and inactivated (ii) FeOBTPc species. As in Figure 

5.8(inset), the experimental peak currents plotted in Figure 5.1 0 were corrected for the 
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increasing background currents. The cyclic voltammetric response of these SAMs is 

consistent in every respect with that expected for a Nernstian reversible redox reaction of 

a surface-confined species. Thus, all the activated SAMs {Figure 5. 10 (ii)}, like their 
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Figure 5.10: Plots of anodic peak current versus scan rate for [Fe(IIl)pc( -2)tl[Fe(II)pc( -2)] 

redox processes of the inactivated (i) and activated (ii) FeOBTPc-SAM-modified gold 

electrode. 

inactivated counterparts {Figure 5.10 (i)}, showed features of a surface-confmed 

Faradaic reactions; good linear dependence of peak currents ip on sweep rates, v, (in the 

10-800 mVs·1 range), despite the rather larger background current. These features of 

surface-confmed Faradaic reactions are listed in Table 5.2. From Table 5.2, the anodic· 

cathodic peak separations (~Ep) are between 0.04 and 0.10 V for the mactivated, and 0.04 

and 0.05 V vs AglAgCI for the activated electrodes at low scan rates (!> 200 mV S·l); full 

width at half maximum (Efwhm) are in the range of ca 75 -174 m V vs AglAgCI (Table 

5.2). At scan rates> 200 mVs·1 peak broadening also occurred. These data suggest that 

the reactions involvmg the activated electrode may be kinetically hindered.276 
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5.5.2 The pH Effect on the [M(JII)Pc(-2)t / [M(II)Pc(-2)) Couple 

Osteryoung square wave voltammetry (OSWV), because of its excellent 

sensitivity,210 was adopted to study the influence of pH on the electrochemical behaviour 

of the [M(I1I)pc(-2)r / [M(Illpc(-2)] redox couple ofthe investigated species. Figure 5.11 is 

a surface OSWV response ofCoOHETPc in pH ranging from 2-9. In this pH range, the 
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Figure 5.11 : Surface Osteryoung square wave voltammetric response of CoOHETPc­

SAM-modified electrode with changes in pH (PH 2, 4,5, 6, 7,8 and 9, shown as numbers 

on the peaks). The inset shows the plot of the changes in peak potential with pH. 

peak potential (EII2) shifts to a more negative direction with increasing pH with a slope of 

ca - 64 m V pH·I (inset), suggesting the participation of one proton redox process. A 

similar value (ca - 61 mV pH-I) was also obtained for the CoOBTPc species. The mV 
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pKI values for both CoOHETPc and CoOBTPc species are close to the theoretical value 

of - 59 mV per unit pH expected for a Nernstian reaction that involves the reaction of one 

proton for the transfer of each electron.395.396 It has previously been reported322.378,396 that 

the [Co(lHlpc(-2)t I [Co(1l)Pc(-2)] redox couple in CoPc and substituted CoPc (regardless 

of the nature of the substituents) shifted ca. - 66 mV pH-I for pH > 7.5 only, while for 

lower pH values, the redox potential is independent of pH. On the other hand, the 

[Co(lIlpc(-2)] I [Co(J)pc(-2)r redox couples in CoPc and substituted CoPc (regardless of 

the nature of the substituents) gave slope of ca - 64 mV pKI for pH $; 5 but became pH 

- independent at higher pH values. 322,378,396 The results obtained here for the thioether­

linked MPc complexes shows pH dependence of potential throughout the pH range 

investigated. The slope of - - 60 mV pH-I is similar to those reported for [Co(mlpc(-2)t I 

[Co(1I)Pc(-2)] and [Co(Il)Pc(-2)t I [Co(llpc(-2)] redox couples.378 

For the activated and inactivated FeOBTPc and FeOHETPc complexes, the shift 

in peak potentials to the more negative potential with increasing pH was accompanied by 

a corresponding broadening and decrease in the peak current. As an example, Figure 5.12 

shows typical surface OSWV for FeOBTPc {Figure 5.l2(A)} and FeOHETPc {Figure 

5.l2(B)} species at pH 2, 4, 7 and 8. From pH ~ 6, the OSWV peaks for the FeOBTPc 

{Figure 5.12(A)} became broader while the FeOHETPc species showed a new peak 

{labelled (i) for pH 6 and 7, Figure 5.l2(B)} that also shifted to a more negative potential 

with increase in pH. This new peak (i) is probably the same weak redox couple observed 

by Golovin et al.397 for the FePcC1r6 species in alkaline pH and was assigned to the 

[Fe(1I)Pc(-2)t I [Fe(llpc(-2)] redox couple. It does seem that it is the presence of this 
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couple in the FeOBTPc that might have resulted in the broadening of the [Fe(Ill)Pc(-2)t / 

[Fe(Il)Pc(-2)] redox couple at pH 2! 6 (Figure 5.12A). Plots of peak potentials of the redox 
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Figure 5.12: Surface Osteryoung square wave voltarnrnetric responses of gold electrode 

modified with the SAMs of (A) FeOBTPc, 35 and (B) FeOHETPc, 36 with changes in 

pH (PH 2, 4, 6, 7 and 8, shown as numbers on the peaks). 

waves vs pH for the inactivated and activated SAM-modified electrode showed good 

linearities in the pH range 2-9, with slopes of - 58 mV pRI (for inactivated FeOBTPc), 

- 57 mV pRI (for activated FeOBTPc) and --61 mV pRI (for FeOHETPc). These values 

for the FePc species again are consistent with Nernstian characteristics for a one-proton 
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redox reaction. It is interesting to realize that similar behaviour had been observed for the 

perchlorinated !fon phthalocyanine (FePcCI16)397 and thioether-linked !fon 

protoporphyrin307 immobilized on highly oriented pyrolytic graphite (HOPG) and gold 

electrodes, respectively. In both cases, water (in acidic and neutral conditions) and 

hydroxyl group (in alkaline pH) were speculated to be coordinated to the Felll ion center. 

Thus, it may be assumed that in the present study coordination of hydroxide or water to 

the iron center also occurs. In the acidic range, however, one might also consider the 

protonation of the pyrrolic nitro gens of the FeOBTPc ring since the electron-donating 

butylthio-substituent should increase the basicity of these nitrogen atoms. 

5.5.3 Surface Coverage 

The orientation of electro active phthalocyanine or porphyrin SAM on a solid 

surface can be determined from its surface concentration or coverage, f' , as described by 

equation 1.62. MPc substituted with eight peripheral thiols or thioacetate bind to gold 

surfaces by adopting the so-called 'octopus' orientation.103.104 The f' values of all the 

electro active MPc species investigated in this work can be estimated from the electrical 

charge, Q, under the oxidative (or reductive) [M(JIl)pC(-2)t / [MIl)Pc(_2)] redox peaks 

using equation 1.62. The background corrected electric charge, Q, under the oxidative 

peaks (e.g. Figures 5.7 - 5.9) obtained for all the SAMs ofMOBTPc and MOHETPc (M 

= Co or Fe) ranged from 8 x 10-8 to 2 X 10-7 C. These values were essentially independent 

of v in the range of 10 - 100 m V S-I, but slightly decreased for higher scan rates, which is 

consistent with immobilized monolayer-like behaviour. The estimated f' values obtained 

from the calculated Q values are listed in Table 5.2. The surface coverage for the 
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inactivated FeOBTPc ( ... 1.0 x 10-)0 mol cm-2
) is more reliable than that (4.5 x 10-11 mol 

cm-2
) for the inactivated FeOBTPc due to the broad voltammogram for the latter, Figure 

5.9. A surface coverage of _10-)0 mol cm-2 is expected for a monolayer ofMPc complex. 

However, despite the fact that the surface coverage data obtained for both activated and 

inactivated CoOBTPc are almost similar, it is interesting to note that a more reliable 

value (- 1.0 x 10-10 mol cm-2
) is obtained for the activated FeOBTPc compared to the 

inactivated FeOBTPc, which is a clear indication of the importance of this activation 

process. The values for surface coverage for all the SAMs obtained in this work are 

(within the limit of experimental error) in the range (_ 10-10 mol cm-2) reported for other 

metalloporphyrin and metallophthalocyanine macrocycles adsorbed as 

monolayers.321 .322.328 For example, the surface coverages for the following 

phthalocyanine and porphyrin complexes; cobalt (II) hexadecyltetrapyridylporphyrin,326 

cobalt (II) tetra (phenylethoxythio) porphyrin32 ) and iron (III) protoporphyrin IX 

adsorbed on gold electrodes have been reported as 8.6 x 10-)), 8.0 X 10-11 and 2.5 x 10-11 

mol cm-2, respectively, while those for cobalt (II) tetrasulphopthalocyanine324 and cobalt 

(II) tetra-arninophthalocyanine325 adsorbed on pyrolytic graphite electrodes were reported 

as 1.4xlO-)0 and 1.24xlO-1O mol cm-2
, respectively. 

Using the surface concentrations of the MOBTPc and MOHETPc in Table 5.2, 

one can estimate the gold surface occupied by one molecule of the MPc by simply 

multiplying the r values with the Avogadro's constant (NA). The values obtained are in 

the region of 150 - 190 N molecule-) for the MOBTPc and - 70 N molecule-) for the 

MOHETPc. In estimating the surface concentrations of these SAMs, it is assumed that 

the real surface of the electrode is equal to the geometric area, which is generally not the 
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case. Since the real surface area is larger than the geometric, these estimations set upper 

limits for the surface concentrations. Hence, if it is assumed that each MPc molecule lies 

flat on the electrode (connected to the electrode through sulphur of the eight thioether 

legs resulting in the so-called octopus cOnfiguration103
,J04) and occupying the 

reported322,325 area of about 200 A2, it means that the MOBTPc-SAMs contain a 

monolayer, while those of the MOHETPc-SAM modified electrodes suggest about three 

mono layers. The different surface coverages shown by the MOBTPc and MOHETPc 

species can be attributed to their different orientations (octopus or flat orientation for the 

MOBTPc and perpendicular orientation for the MOHETPc) on gold surface (further 

discussed in Section 5.7). 

Reductive desorption experiments were performed for both CoOBTPc and 

CoOHETPc-SAM-modified electrodes in 0.5 mol dm-3 KOH in the potential window of 

-0.2 to -1.2V vs AglAgCl according to literatureP6,277 Alkanethiol-SAMs are known to 

desorb quantitatively from gold surfaces at negative potentials in strongly alkaline 

electrolytes (usually 0.5 mol dm-3 KOH) according to equations 1.63276,277 shown below. 

During such electrochemical desorption, a reduction peak due to the desorption of the 

thiolate is obtained. 

AU-SCnX + ne-+ M+ ---l"~ Auo + XC S - M+ n 
1.63 

The area under the reductive peak corresponds to the coverage of the SAM. Figure 5.13 

shows a typical reductive desorption cyclic voltammograrns obtained for gold electrodes 

modified with the SAMs of CoOBTPc (A) and CoOHETPc (B) in 0.5 mol dm-3 KOH. 

The desorption peaks were observed in the -D.50 and -D.95V regions for the MOBTPc 

and MOHETPc complexes, respectively. Each of the CoPc-SAM-modified electrodes 

194 



Chapter 5: Surface Electrochemical Characterization of SAMs ... 

(A) (B) 

-0.8 -0.6 -0.4 -0.2 a -1.1 -1 -0.9 -0.8 -0.7 

E/VvsAgIAgCI E I V vs AglAgCI 

Figure 5.13: Reductive desorption cyclic voltanunetry peaks of gold electrodes before (i) 

and after (ii) modification with the SAMs of (A) CoOBTPc, (B) CoOHETPc. Electrolyte 

= 0.5 mol dm-3 KOH, Scan rate = 25 mVs-1
. 

was scanned ten times between -0.2 to -1.2V vs AglAgCI. In each case, the flISt scan 

showed a well-defined reduction peak (around - -0.5V for CoOBTPc and - -0.95V for 

CoOHETPc vs AgIAgCl) due to desorption of the SAM (Figure 5.13, curves ii). The 

integrated charges under the desorption peak averaged about 1.5 x 10-6 C for CoOBTPc-

SAMs and 2.0 x 10-6 C for the CoOHETPc-SAMs. If correlated with the estimated 

surface coverages determined from the [Co(1Il)Pc(-2)t / [Co(Il)Pc(-2)] redox couples, these 

charges (within the limits of experimental errors) should result in number of electrons, n 

(or coupling points) '" 8 and 4 for MOBTPc and MOHETPc, respectively. These data 

agree with the proposed possible orientations of these MPc SAMs. 

Unlike the CoPc and FePc-SAMs, surface coverage (f) of the ZnPc-SAMs cannot 

be obtained from the [M1ll)Pc(-2)t / [~Il)Pc(_2)] redox couples since ZnPc complexes 

are redox inactive with respect to the central metal. Thus, the surface coverages of the 
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ZnPc-SAMs (32 and 34 complexes) could only be estimated by reductive desorption 

experiments in 0.5 mol dm-3 KOH, between -OJ and -1.2 V vs AglAgCI. The reductive 

(desorption) peaks (Figure 5.14, curves a and b for 32 and 34, respectively) were 

observed at - 0.88 V corresponding to the stripping of the thiol. The results of the 

t 400 nA 

-1.1 -1 -0.9 -0.8 -0.7 

E I V vs AglAgCI 

Figure 5.14: Reductive desorption cyclic voltammetry peaks of SAMs of ZnOBTPc (a) 

and ZnOMPPc (b) on gold electrode. Electrolyte = 0.5 mol dm-3 KOH, Scan rate = 25 

mVs-' . 

desorption experiments obtained here are interesting since the peak potential values for 

ZnPc and CoOHETPc-SAMs fall within the potential regions (-0.70 to - l.40V vs 

Ag1AgC1276
) where alkanethiol SAMs on gold desorb under the same experimental 

conditions. Integration of the desorption curves gave approximately 1.2 x 10-6 artd 0.7 x 

10-6 C for 32 and 34, respectively. Applying the thiol desorptive equation (equation 1.63 

above) and then assuming n'" 8 (for the eight thiol substituents per MPc molecule), these 

electric charge values should give surface coverages of about 8.0 x 10-11 artd 5.0 x 10-11 

mol cm-2 for 32 artd 34, respectively. These estimated surface coverages are (within the 
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limit of experimental error) in the range (_10-10 mol cm-2) reported for other 

metalloporphyrin and metallophthalocyanine macrocyc\es adsorbed as mono layers with 

flat orientations.321·322.328 
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5.6 Reproducibility and Stability of Thio-MPc SAMs 

All results discussed in this paper were obtained by six independent electrode 

modifications using the MPc species and the voltammograms were obtained with a 

relative standard deviation of ±2%. Straight chain alkanethiols fabricated as SAMs are 

known to oxidize at the thiolate roots over a period of time, limiting their potential 

applications in many analytical areas. Alkanethiol-derivatised phthalocyanine SAMs, on 

the other hand, are known for their good stability.101 ,398,399 All the thio-MPc SAMs 

investigated in this work were found to be stable by storing in pH 4 phosphate buffer 

solutions, current responses remaining almost unchanged for at least a month. The reason 

for this long-term stability is not fully understood but may be related to the protection of 

the sulphur by the macrocycJic ring of the phthalocyanine as suggested by other 

studies. 101 ,398,399 The interchain attractive interactions resulting from the alkyl chains may 

also be a contributing factor to the stability. 

Finally, the stability of the SAMs was both dependent on pH of the electrolyte 

and the applied potential. The mono layers showed remarkable stability from pH 2 to 9 at 

potentials between -0.2 to +0.7 V vs AglAgCl. The SAMs reductively desorb at 

potentials more negative than -O.2V vs AglAgCI and oxidatively at potentials more 

positive than +0.70V vs AglAgCl. Hence, to avoid possible desorptions of the 

mono layers, the most permissible potential window for their electro catalytic applications 

at pH;:: 10, is within a narrow potential window of -0.20 and +0.70 V vs AglAgCl. 

198 



Chapter 5: Surface Electrochemical Characterization of SAMs .. . 

5.7 The Fate of Carbon-Sulfur Bond During Self-Assembling 

A fIrst indication that cleavage of the R-groups (butyl-, ethylhydroxy- and 

methylphenyl-) in the MPc does not occur can be found in the interfacial capacitances of 

the SAM-coated electrodes. Figures 5.2 - 5.7 give fIrst evidence that the R groups in the 

investigated MPcs are not cleaved, since MOBTPc show lower currents than the 

MOHETPc complexes. If R-group cleavage occurred, the SAMs of the two types of 

complexes would show the same electrochemical behaviour. This is clearly not the case 

as can be seen from Figures 5.2 - 5.7. 

The explanation of the non-cleavage of the R groups can be found from the 

solution electrochemistry of these thiol-derivatised MPc complexes (Tables 3.4 - 3.6). 

Thiol groups are electron donors and it can be expected that their presence should result 

in easier oxidation and more diffIcult reduction of the Pc rings in MPc complexes. 16
,223 

Surprisingly, however, the opposite is observed for ring reduction (process IV) of a group 

ofthiol-derivatized MPcs (Tables 3.4 - 3.6). For example, the data in Table 3.6 indicate 

that thiol-derivatized MPcs can be reduced more easily than FePc(CI)16, the latter having 

substituents with electron withdrawing properties. This result suggests that the R-S 

substituents show electron-withdrawing effects on the Pc-rings, which tend to strengthen 

their R-S bonds, hence leading to non-cleavage. It is believed that the redox chemistry of 

these thiol-substituted MPcs plays a role in the binding process. 

Another evidence for the non-cleavage comes from the difference in the surface 

concentration or coverage, r (mol cm·2) of the MOHETPc and MOBTPc. The fact that 

these complexes possess different surface coverages (hence different areas) implies that 

the molecules have different orientation or sitting arrangement on gold electrode; 
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perpendicular/vertical for MOHETPc and flat/parallel (octopus) for MOBTPc (Figure 

5.15) and ZnOMPPc. The self-assembly mechanism for alkanetillols has been speculated 

to follow two stages: initial horizontal adsorption and final lifting up process.276 If the 

MOBTPc and MOHETPc complexes follow similar mechanism, it is possible that what is 

(a) MOHETPc (b) MOBTPc 

Figure 5.15: Schematic representations of the possible orientations adopted by the SAMs 

of (a) MOHETPc (perpendicular), and (b) MOBTPc (octopus or flat). M = Co or Fe. The 

small circles containing the central metal, M, represent the phthalocyanine rings. 

being observed here is a type of stereochemical frustration where one Pc ring blocks 

others from flat binding. Tills, of course, should be more pronounced in MOHETPc (as 

observed) where a possible electrostatic repulsion is expected than in MOBTPc 

complexes. Such a hypothesis can also explain why the blocking abilities of these SAMs 

to Faradaic processes (Figures 5.2 - 5.6) are less pronounced in MOHETPc than those for 

the MOBTPc complexes. The difference in orientation of the molecules gives further 

evidence that these molecules still contain their different R groups. It is interesting to 

note that these results are consistent with those of several other reports303
;J09.400 for the 

SAMs ofthioether-linked species on gold surfaces. 
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Conclusions: 

Functionalised thiol-derivatised pthalocyanine complexes of iron(II), cobalt(II) 

and zinc(II) capable of forming SAM on gold electrode have for the first time been 

reported. Since the MOHETPc species are soluble only in DMF and DMSO, their SAMs 

were deposited onto the gold electrodes using either of the solvents for deposition. 

MOBTPc-SAMs can be formed on gold electrodes using CHCh, dichloromethane, 

toluene or THF. Comparative surface electrochemical investigation of their distinct self­

assembling features, with respect to the passivation of Faradaic processes and surface 

coverages, revealed some pointers that suggest different orientations and non-cleavage of 

the C-S bonds of these thioether-linked MPc species when adsorbed onto gold surfaces. 

The chapter (6) that follows investigates the potential electro catalytic behaviour of the 

gold electrodes modified with the electroactive SAMs of the MOBTPc and MOHETPc 

species towards thiols (L-cysteine, homocysteine and penicillamine) and thiocyanate. 

Since the central metal in ZnPc complexes (ZnOBTPc, 32 and ZnOMPPc, 34) are 

electrochemically silent, no further investigation was performed on them. However, it is 

interesting to observe that these photosensitive ZnPc complexes (see chapter 3), can be 

immobilized on gold surface as stable SAMs. Without doubt, research on photo­

electrochemical application of these thiol-derivatised ZnPc complexes, for example, can 

provide an efficient technology for the clean up of toxic wastes such as the recalcitrant 

halogenated aromatic molecules. Future research in this direction is likely to prove 

rewarding. 
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CHAPTER 6 

ELECTROCATAL YTIC BEHAVIOUR OF MPC-SAM-MODIFIED 

GOLD ELECTRODES TOWARDS THIOLS, 

THIOCYANATE AND CYANIDE" 

• The following publications resulted from part of the research work presented in this chapter and 

they are not referenced further in this thesis: 

5. K. Ozoemena, P. Westbroek and T. Nyokong, Electrochem. Commun., 2001, 3, 529. 

6. K. Ozoemena, T. Nyokong and P. Westbroek, Electroanalysis, 2002 (in press). 
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6.1 Electrocatalytic Oxidation of Thiols 

6.1.1 Activation of MPc-SAM-Modified Gold Electrode 

Cyclic voltammetric analysis of any of the thiols investigated in this work (i.e. L-

cysteine, homocysteine and penicillamine) using a freshly MOBTPc-SAM coated gold 

electrode (especially prepared using chloroform as deposition solvent) was characterized 

by an ill-defined catalytiC oxidation wave. However, continuous cycling in - 10-5 mol 

dm-3 acidic solution of the thiol for one to two hours resulted in a well-defmed 

voltammogram due to the catalytic oxidation wave of the thiol with peak potential close 

to the formal potential value of the [MIlI)Pc(-2)tl[MlllpC(-2)] redox couple. As an 

example, Figure 6.1 shows typical voltammetric responses during 8, 28 and 48 minutes 

continuous cycling of FeOBTPc-SAM modified gold electrode in a pH 4 phosphate 

buffer solution containing _ 10-5 mol dm-3 L-cysteine. The broad peak near +0_55 V vs 

! 100 nA 

o 0.2 0.4 0 .6 0.8 

E IV vs AglAgCI 

Figure 6.1: Typical cyclic vo ltammetric responses of FeOBTPc-SAM modified gold 

electrode in a pH 4 phosphate buffer solution in the absence (i) and presence of _10-5 mol 

dm-3 L-cysteine before (ii) and after 8, 28 and 48 minutes {from inner to outer (iii) wave} 

of continuous cycling. 

203 



Chapter 6: Electrocatalytic Behaviour of MPc-SAM ... 

AglAgCl shifted to a less positive potential of - +0.33 V vs AgIAgCl, following cycling. 

The [mal oxidation peak at - +0.33 V vs AglAgCl is close to the [Fe(IIl)Pc(-2)r / 

[Fe(lI)Pc(-2)] redox couple of this species, FeOBTPc at pH 4 (see chapter 5, Figure 5.9). 

The formal potential (EO' - E I I2) of the [Fe(lII)OBTPc(-2)r / [Fe(lI)OBTPc(-2)] couple was 

observed (weakly using CV, Figure 5.7A, but clearly with OSWV in pH 2 and 4, Figure 

5.l2A) at E1/2 "" 0.28 V vs AgIAgCl, and it shifted slightly to 0.33 V vs AglAgCl on 

addition of L-cysteine. Similar behaviour was also observed for the L-cysteine on 

CoOBTPc-SAM where the initial broad peak around +0.55 V vs AglAgCI was finally 

obtained at - +0.40 V vs AgIAgCl, on cycling. L-Cysteine did not show any peak on 

urunodified gold within the potential range studied. 

Cyclic voltammetric analysis in a pH = 4 buffer solution shows that gold 

electrode freshly coated with FeOBTPc-SAM exhibits a slightly higher background 

current in buffer alone (Figure 6.2 curve i) when compared to the same electrode after 

about 50 minutes of continuous cycling or 'activation' in - 10-5 mol dm-J L-cysteine in 

pH 4 solution, then rinsed in buffer and CV recorded in buffer alone (Figure 6.2 curve ii). 

Continuous cycling of the modified electrode, between 0.0 and +0.7 V vs. AglAgCI in a 

pH = 4 buffer solution alone, for about an hour did not show the appreciable change in 

the background currents observed in pH 4 buffer solution containing L-cysteine. Also, 

experiments involving longer deposition time of between two and four days for the SAM 

onto the electrodes showed noticeable reduction in the background current, although not 

as much as with the cycling experiments in L-cysteine pH 4 solutions. Figure 6.2 also 

shows the oxidation waves of L-cysteine in pH 4 solutions before (curve iii) and after the 

activation of the electrode (curve iv). The electrode was activated in L-cysteine and then 
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rinsed in buffer. Curves ii and iv show the voltammograms obtained on activated 

electrode in the absence (i.e. in buffer alone) and presence of L-cysteine, respectively. 

Curves i and iii are voltammograms obtained on inactivated electrode in the absence and 

presence of L-cysteine respectively. Although both curves (Figure 6.2, curves iii and iv) 

show essentially the same current response, there is a remarkable improvement on the 

shape and the height ofthe oxidation wave of L-cysteine using the activated electrode. 

iv 

o 0.2 0.4 0.6 0 .8 

E IV V$ AglAgCI 

Figure 6.2: Cyclic voltammograms of FeOBTPc-SAM-modified gold electrode in a pH 4 

phosphate buffer solution before (i) and after (ii) activation in _ 10-5 mol dm-3 L-cysteine. 

Curves (iii) and (iv) are L-cysteine waves obtained with inactivated (i) and activated (ii) 

FeOBTPc-SAM modified gold electrode in a pH 4 phosphate buffer solution. 

These observations may be rationalized in terms of the so-called SAM 

annealing276 via cyclic voltammetry as described earlier {Chapter 1, Section 1.5.2.3 (f)}. 

Incorporation of deposition solvent into SAMs of organothiols is known and has been 

well described by Bain et a1.3lO It is most likely that after the deposition some of the 

deposition solvent molecules are incorporated into the MOBTPc-SAM (hence the high 
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background currents shown by a fresh SAM modified electrode). Lowering of the 

background current of the electrode enhances octopus orientation of the SAM as 

described in the preceding chapter. Thus, the reduction of background currents (Figure 

6.2, from curve i to curve ii) suggest possible improvement in self-assembling process 

(since not all MOBTPc are likely to attain the octopus configuration during the initial 

self-assembling process), by additional adsorption and consolidation, involving expulsion 

of included solvent from the monolayer and / or displacement of contaminants.3IO With 

exceptions of few cases, longer SAM deposition times are known to expel included 

solvents in a monolayer.310 This may explain the reduction in the background current 

observed during longer deposition experiments. Because of the hydrophilic nature of 

these solvents, they cannot be removed easily from the electrode surface by water. 

However, during electrocatalysis the thiol complexes (e.g. L-cysteine) and their reaction 

products can ' shock' the imperfect SAM species on the electrode surface. The organic 

deposition solvents, which are probably adsorbed weakly, are therefore expelled from the 

surface. To check if L-cysteine and/or its major oxidation product, cystine, were 

responsible for this activation, experiments were also carried out by dipping the freshly 

modified electrodes in - 10-3 mol dm-3 pH 4 solution of each substrate for about an hour. 

No remarkable improvement was observed in either case. This result is an indication that 

it may be the result of the synergy achieved by thiols and their reaction products during 

the potential cycling that could be responsible for this activation. 

It was found that by drying (at 80°C for 6 hours) ofa freshly prepared MOBTPc­

SAM modified gold electrode, the same reduction in background current effect was 

obtained. This treatment is a type of thermal annealing of SAM276 {chapter 1, Section 
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1.5.2.3 (f)} . This confrrms that activation of the electrode is, in fact, the expulsion of the 

included solvents into the SAM during its formation. However, activation of the electrode 

by cycling in a pH 4 L-cysteine solution is favoured, because its conditions are smoother 

compared to drying and it is a lot easier to monitor and follow the activation process. The 

activation time used for cycling is also much shorter than with the drying procedure. 

Finally, the reduction in background current was found to be dependent on the 

deposition solvents since it was more pronounced with chloroform followed by 

dichloromethane, and least observed with tetrahydrofuran and toluene. This seems to 

suggest that the less dense deposition solvents such as THF (0.89 g cm-3
) and toluene 

(0.87 g cm-3
) are less prone to being included into the SAM than the denser solvents such 

as chloroform (1.49 g cm-3
) and dichloromethane (1.32 g cm-3

). This may be due to the 

low solubility of the MOBTPc in these solvents. Therefore, after deposition of a new 

MOBTPc monolayer, the modified electrode should be sUbjected to about an hour 

activation time before use for electrocataiytic oxidation of thiols, especially if the 

deposition solvent is chloroform. Continuous cycling of the MOHETPc-SAM modified 

electrode for about an hour in either pH 4 solution alone or pH 4 solution containing thiol 

showed essentially similar, but less significant reduction in background currents, 

compared to MOBTPc. This implies that continuous cycling in acidic pH is sufficient for 

their activation. 

Another effect, herein referred to as the "memory effect", was also observed 

during analysis of high concentration of thiols (2!104 mol dm-\ After the modified 

electrode (using either the MOBTPc or MOHETPc) was used for electroanalytical 

detection of a thiol in a pH = 4 buffer alone, it was found that even in the buffer alone a 
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very small current signal due to thiol oxidation was observed. This means that in a buffer 

solution containing a thiol an equilibrium is established between the thiol adsorbed onto 

the SAM (probably onto the MlI) central metal ion) and thiol in solution. However, the 

observation described above indicates that desorption ofthiol is a relatively slow process. 

From additional experiments it was found that it takes about 6 minutes of cycling in 

buffer alone for complete desorption of L-cysteine in a pH = 4 buffer, after the electrode 

has been used for analysis of high concentration of thiol (<:10-4 mol dm-J
) . For smaller 

concentrations (~10-5 mol dm-J
), this desorption tinJe is shorter «1 minute). This memory 

effect, if ignored, can have some bad consequences for the analytical value of the 

developed electrode in that it can affect the magnitude of the catalytic currents, thereby 

influencing detection limits. Therefore, in this work, an equilibration tinJe of at least 6 

minutes was allowed between two separate voltanJIDetric experinJents with thiol. 

6.1.2 Detection of Thiols: L-cysteine, Homocysteine and Penicillamine 

At most conventional electrodes the electro catalytic oxidation of thiols (such as L­

cysteine, homocysteine and penicillamine investigated in this work) is characterized with 

slow electron transfer that leads to oxidation occurring at extreme positive potentials, and 

poor detection limitS.401 Figure 6.3 shows typical voltanJIDetric responses ofL-cysteine at 

bare gold (curve i) and the same gold electrode modified with the SAM of CoOBTPc 

(curve ii) following activation. From curve i in Figure 6.3, it can be seen that at a bare 

gold electrode an ill-defmed oxidation wave of L-cysteine is obtained resulting in an 

inclining limiting current plateau. Migration is ruled out because of the use of an 

electrolyte, therefore it is clear that the inclination of the plateau is due to slow electron 
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transfer kinetics. Improvement on the oxidation waves ofthe thiols was obtained after the 

gold electrode was modified with the SAMs of any ofMOBTPc or MOHETPc species. 

! SOnA 

o 0 .2 0 .4 0 .6 0.8 

E I V vs. AgIAgCI 

Figure 6.3: Cyclic voltammograms of L-cysteine at (i) bare gold and (ii) the same gold 

electrode modified with activated CoOBTPc-SAM in pH 4 buffer solution. Scan rate = 

100 mVs- l
. 

Figure 6.4 shows typical voltammograms of FeOBTPc-SAM modified gold 

electrodes at increasing concentrations of L-cysteine in pH 4 buffer solutions. All the 

MOBTPc and MOHETPc species when inunobilized on gold electrodes as SAMs 

showed electro catalytic activities towards L-cysteine, homocysteine and penicillamine 

studied in this work. The oxidation waves (both CV and OSWV) were well defined with 

peak potentials in the same range as those reported for other CoPc complexes 

immobilized on surfaces such as carbon and glassy carbon (Table 6.1). Figure 6.5 (A-D) 

shows typical cyclic voltammetric responses for the oxidation of homocysteine (Figure 

6.5A) and penicillamine (Figure 6.5B) using gold electrodes modified with the SAMs of 
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CoOBTPc and penicillamine on FeOBTPc-SAM (Figure 6.5C). Figure 6.5D IS the 

Osteryoung square wave voltammogram of penicillamine on FeOBTPc-SAM. 

v 

! 50 nA iv 

iii 
i i 

o 0.2 0.4 0.6 0.8 

E I V vs AglAgCI 

Figure 6.4: Cyclic voltammograms of FeOBTPc-SAM-modified gold electrode in pH 4 

solution before (i) and after addition of (ii) 2.66 x 10.{i (iii) 5.32 x 10.{i (iv) 10.60 x 10.{i 

and (v) 20.90 x 10.{i mol dm-3 L-cysteine. Scan rate = 25 mVs-l
. 
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Table 6_1: Comparative peak potential (Ep) and limit of detection (LoD) for the 

electrocatalysed reactions of L-cysteine, homocysteine and penicillamine 

in acidic conditions using electrodes modified with CoPc and FePc 

species. 

MPc species Electrode Analyte Ep/ V LoD/ References 
material vs mol dm·3 

(AgIAgCl) 

CoOBTPc,33 SAM-Au L-cysteine 0.42 3.l±0.8 x 10" This work 

CoOHETPc, 40 SAM-Au L-cysteine 0.50 5.2±0.3 x lO"' This work 

FeOBTPc,35 SAM-Au L-cysteine 0.33 3.0 x 10" This work 

FeOHETPc,36 SAM-Au L-cysteine 0.38 5.2±0.3 x 10-' This work 

CoPc Carbon cement L-cysteine 0.74 1.0 x 10-' 402 

CoPc Carbon paste L-cysteine 0.42 3.1 X 10.8 174 

COPCS4 Glassy carbon L-cysteine 0.82 - 1.0 x 10.8 78 

CoOBTPc,33 SAM-Au Homocysteine 0.52 5.2±0.6 x 10-' This work 

CoOHETPc, 40 SAM-Au Homocysteine 0.54 2.3±0.8 x 10-6 This work 

FeOBTPc,35 SAM-Au Homocysteine 0.44 5.2±0.6 x 10-' This work 

FeOHETPc, 36 SAM-Au Homocysteine 0.45 2.3±0.8 x 10-6 This work 

CoPe Carbon cement Homocysteine 0.62 5.0 x 10-' 403 

CoOBTPc, 33 SAM-Au Penicillamine 0.58 2.7±0.6 x 10-6 This work 

CoOHETPe, 40 SAM-Au Penicillamine 0.55 3.0±0.7 x 10.6 This work 

FeOBTPc,35 SAM-Au Penicillamine 0.45 2.7±O.6 x 10-6 This work 

FeOHETPc, 36 SAM-Au Penicillamine 0.44 3.0±0.7x 10-6 This work 

CoPe Carbon cement Penicillamine 0.60 9.0 x 10.8 404 
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(A) Homocysteine (B) Penicillamine 

b b 

1100

"' 

t100 nA 

a 

o 0.2 0.4 0.6 0.8 o 0.2 0.4 0.6 0.8 

E I V vs AglAgCt E IVvs AgCI 

(e) Penicillamine (0) Penicillamine 

1300 nA 

o 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 

E IV vs AglAgct E I V vs AglAgCI 

Figure 6.5: Examples of cyclic voltammograms of (A) homocysteine and (B) 

penicillamine on CoOBTPc-SAM; (C) penicillamine on FeOBTPc-SAM; curves (a) in 

the absence and (b) presence of - 10-5 mol dm-3 of analyte; (D) Osteryoung square wave 

voltammograms of penicillamine on FeOBTPc-SAM before (a) and after addition of (b) 

5 .0 x 10-6 (c) 11.0 X 10-6 (d) 21.0 xlO-6 and (e) 40.0 x 10-6 mol dm-3 penicillamine. 

E lectrolyte = pH 4 buffer solution; Scan rate = 25 mV S-I. 

212 



Chapter 6: Electrocatalvtic Behaviour ofMPc-SAM ... 

In all cases, the oxidation peak of the thiols occurred positive of the formal 

potential of the [MlII)Pc(-2)t I [MII)Pc(-2)] redox couple. As a comparison, Figure 6.6 

(A-D) gives the representative cyclic voltarnmograms of L-cysteine, homocysteine and 

penicillamine obtained using gold electrodes modified with the SAMs of the MOHETPc 

analogues. Catalytic peaks were observed in all cases, and no peaks were observed for 

(A) L-cysteine 
(8) 

L-cysteine 

b b 

!200 nA 

t 300 nA 

a 0.2 0.4 0.6 0.8 o 0.2 0 .4 0 .6 0.8 

E I v vs AglAgCI E I V vs AglAgCI 

(C) Homocysteine Penicillamine 
(0) 

b 

!200 nA 
1200 nA 

b 

o 0.2 0.4 0 .6 0 .8 o 0.2 0.4 0 .6 0.8 

E I V vs AglAgCI E I V vs Ag lAgCI 

Figure 6.6: Examples of cyclic voltarnmograms of L-cysteine on (A) FeOHETPc-SAM 

and (B) CoOHETPc-SAM; (C) homocysteine and (D) penicillamine on FeOHETPc-SAM 

modified gold electrodes; curves (a) in the absence and (b) presence of - 10-5 mol dm-3 of 

analyte; Electrolyte = pH 4 buffer solution; Scan rate = 25 mV S-I. 
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L-cysteine (as already stated) homocysteine and penicillamine on unmodified gold 

electrode. A broad peak was observed for L-cysteine on MOHETPc -SAMs as shown by 

Figure 6.6. Homocysteine showed the presence of two peaks at concentrations less than 

10-5 mol dm-3 on both MOHETPc and MOBTPc-SAM modified electrodes, as 

exemplified in Figure 6.7 using FeOHETPc-SAM modified gold electrode. At higher 

concentrations of homocysteine (> I 0-5 mol dm-3), the first peak which occurs at 

approximately the same position as the formal potential of the [MlIl)Pc(-2)t I [Mn)pc(_ 

2)] redox couple (- 0.3 V vs AgIAgCI) becomes less significant while the second peak at 

d ! 200 nA c 

b 

a 

o 0.2 0 .4 0.6 0. 8 

E I V vs AgIAgCI 

Figure 6.7: Cyclic voltammetric responses of FeOHETPc-SAM before (a) and after 

addition of (b) 3.0 x 10-6 (c) 7.4 X 10-6 (d) 1.0 x 10-5 mol dm-3 of homocysteine; 

Electrolyte = pH 4 buffer solution; Scan rate = 25 m V S-I. 

more positive potential (between 0.40 and 0.50 V vs AgIAgCI) increased with intensity. 

This observation seems to suggest that the first peak is likely to be due to the [MlIl)pc(_ 

2)t I [M1l)Pc(-2)] redox couple and/or that there are two species formed following the 

oxidation of homocysteine and that only one of the species is catalysed by MPc-SAM. 
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The penicillamine peak was well-defined, particularly on FeOBTPc. The OSWV was 

employed to detect penicillamine at low concentrations. 

By defmition, electrocatalysis requires the mediator system (in this case 

[M1II)pc(-2)r/[M(ll)PC(-2)] redox couple) to be able to increase the rate of electron 

transfer. This implies that for optimal electro catalytic process the overall oxidation rate of 

thiol should be limited by mass-transport. A good indication for mass-transport control is 

a linear relationship between peak current aJJd square root of the scan rate. As aJJ 

example, Figure 6.8 gives the plots of oxidation current of L-cysteine vs square root of 

SCaJJ rate. This relationship was obeyed for sCaJJ rates ~ 100 mV S·I at a concentration of 

- 10.{i mol dm-3 L-cysteine (curves a aJJd b), aJJd at scan rates < 50 mVs-1 for curve c, aJJd 

< 25 m V S·I for curve d). 

200 

160 

~ 
120 

-
._Q. 80 

d . ...-..... 
.•.....•. .. ~ ... 

c ... ~ 
.--" 

o 0 .05 0 .1 0 .15 0 .2 0 .25 0 .3 0 .35 

v 1/2 I (V 5-1)1/2 

Figure 6.8: Relationship between ip and y l/2 at CoOBTPc-SAM modified gold electrode 

in pH 4 buffer solution containing L-cysteine concentrations of (a) 1.1 x JO.{i, (b) 2.0 x 

10.{i, (c) 5.1 x 10.{i and (d) 1.0 x 10-5 mol dm-3. 
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For higher scan rates deviations from linearity were observed. The background currents 

were also found to increase remarkably for higher scan rates (> 50 mV S-I). This indicates 

that capacitive effects become important, possibly due to the presence of relatively large 

resistance within the monolayer. A possible explanation for this effect is the fact that 

electron transfer through SAMs ofthiols occurs via a tunneling effect.286 The maximum 

current that can flow via tunneling is quite limited. An increase in L-cysteine 

concentration, coupled with increase in the polarization rate (> 50mVs-l
) consequently 

results in higher currents being transferred per unit time through the SAM via electron 

twmeling. This is confrrmed by the fact that at low concentrations «10-5 mol dm-3 L­

cysteine), the deviation from linearity between peak current and square root of scan rate 

starts to occur at higher scan rates (Figure 6.8, curves a-c) but at about the same value of 

peak current (around 100 nA), also known as the "saturation" current. These results mean 

that if the saturation current is exceeded the overall reaction rate is no longer controlled 

by mass-transport only. However at currents smaller than the saturation current, mass­

transport is the rate-determining step. From the slopes obtained between ip and yll2, 

recorded at different L-cysteine concentrations, a diffusion coefficient of 4.8xl 0-5 cm2 
S-I 

(with n = 1) was obtained using the Randles-Sevcik equation,209,2 10 a result that agrees 

with literature data.161,162 Therefore, it was possible to calculate the theoretical peak 

current that should be obtained for each concentration of L-cysteine and compare it with 

the experimental ones. It was found that both theoretical and experimentally obtained 

peak currents were approximately the same, indicative of the fact that the MPc-SAM is a 

good electro catalyst, which is mass transport -controlled at currents below 100 nA. 
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Plots of oxidation current vs the concentrations of the respective thiol were linear 

up to _10-4 mol dm-3
• The limits of detection (LoD) are in the region of - 10-7 to 10';; mol 

dm-3 (Table 6.1). The detection limits were obtained at 5 nA higher than the background 

current. Since the background currents of the SAMs are stable and can be measured 

accurately, a detection limit at about 1.2 times the background current was employed. 

Interestingly from Table 6.1, the oxidation of all the thiol species occurred at less positive 

potential with the FePc than the CoPc complexes. This is expected given that the 

[MIlI)pc(-2)r / [MII)Pc(-2)] redox couple of CoPc generally occur at higher potentials 

than that of the FePc complexes223
,397 (also see Tables 3.5 and 3.6). The relatively higher 

LoD observed for the MOHETPc, compared to their MOBTPc counterparts, is ascribed 

to the high background currents of the former as a result of its liquid-like behaviour 

described above. 

The variation of catalytic peak currents with scan number (25 scans) was also 

investigated. In all cases, a dramatic decrease in peak currents was observed after first 

scan. This behaviour is exemplified in Figure 6.9 with the oxidation of penicillamine 

using FeOHETPc-SAM modified gold electrode. However, after rinsing the electrode in 

a fresh pH 4 solution and then re-scanning the L-cysteine solution, a peak similar in 

magnitude with the initial first scan was obtained. This observation may be attributed to 

the poisoning of the modified electrodes by the oxidation products of the thiols. Similar 

observations have previously been reported78
,173,175.178 for L-cysteine oxidation in acidic 

media (PH - 4) using MPc - chemically modified electrodes and were attributed to the 

poisoning of modified electrodes by the adsorbed oxidation product, cystine. The fact that 

the poisoned electrodes can easily be renewed by simply rinsing in acidic medium 
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indicates that these oxidation products are physically adhered to the electrode 

(physisorption) and are soluble in acidic rinsing medium. Cystine is not soluble at pH 4 -

9, hence poisons the electrode. In highly acidic conditions pH < 4, cystine dissolves 

resulting in improved stability ofMPc modified electrodes.7S
,173,175 

! 200 nA 

ii 

o 0.2 0.4 0 .6 

E I V vs AgJAgCI 

Figure 6.9: Cyclic voltammetric responses of the oxidation peak current of - 10-5 mol 

dm-3 penicillamine on FeOHETPc-SAM-modified gold electrode on first (i) and after 25 

(ii) continuous scans. 

Mechanism oftMol oxidation with MPc 

Addition of aqueous solutions of the thiols to solutions of the MPc complexes in 

DMF or DMSO solutions resulted in some shifts in the Q band maximum. For instance, 

spectroscopic (UV-Vis) interaction ofL-cysteine with FeOBTPc in DMF (Figure 6.10A) 

and FeOHETPc in DMSO (Figure 6.10B) resulted in - 8 and 4 nm shifts, respectively. 

The shift of absorption peak is normally used as an indication of coordination to the 

Mll)pc species. 175
,17s The generally accepted7S

,175,177 mechanism for the electrocatalytic 
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oxidation of L-cysteine and its derivatives by MPc complexes is oxidation of central 

metal in MIIpC forming MIJIpc followed by electron transfer from the L-cysteine to the 

latter. Similar mechanism is proposed for the MPc-SAMs catalysed oxidation of all thiols 

investigated in this work. 
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Figure 6.1 0: UV -Vis spectral changes of (A) FeOBTPc in DMF and (B) FeOHETPc in 

DMSO before (i) and after (ii) addition of - 0.02 ml aqueous solution ofL-cysteine. 

Thus, catalytic oxidation ofthiol by the MPc-SAM may be represented as follows: 

RSH + MlPc • 6.1 

. 
6.2 

M"PC + RS· 6.3 

2 RS· :::;;o.=~- RSSR 6.4 

where RSH = thiol (L-cysteine, homocysteine and penicillamine), ·SR = thiyl radical, and 

RSSR = disulphide (e.g. cystine); with equations 6.2 and 6.3 being, most probably, the 

rapid and the slowest (rate-determining) steps, respectively.255 
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6.2 Electrocatalytic Oxidation of Thiocyanate 

Electrocatalytic oxidation of thiocyanate in acidic pH on the gold electrodes 

modified with the SAMs of MOBTPc and MOHETPc species showed well-defmed 

voltanunograms at peak potentials near +0.75 V vs AglAgCl (Table 6.2). No peaks were 

o bserved for SCN- on unmodified go ld electrodes. Figure 6.11 shows typical 

voltanunetric responses of the SAMs ofCoOBTPc (Figure 6.IIA and B) and FeOHETPc 

(Figure 6.11 C and D) on gold electrodes following addition of increasing concentrations 

of thiocyanate in pH 4. Analogous voltarnmetric features were obtained using electrodes 

modified with CoOHETPc and FeOBTPc species. In all cases, the catalytic oxidation 

peaks due to SCN-occurred at less positive potentials on FePc-SAM modified electrodes 

than on their CoPc analogues, as was observed above for thiol complexes (Table 6.2). 

Table 6.2: Comparative peak potential (Ep) and limit of detection (LoD) for the 

electrocatalysed reactions of thiocyanate in acidic conditions using 

electrodes modified with CoPc and FePc species. 

MPc species Electrode Ep / V LoD / mol dm-3 References 
material vs 

(AgIAgCl) 

CoOBTPc,33 SAM-Au 0.78 1.l±0.8 x 10-7 This work 

CoOHETPc, 40 SAM-Au 0.75 9.1±0.5 x 10-0 This work 

FeOBTPc,35 SAM-Au 0.76 1.0±0.6 x 10"7 This work 

FeOHETPc, 36 SAM-Au 0.74 9.1±0.5 x 10-0 This work 

FePcCI PVC membrane Not stated _ 10-0 151 

CoPc PVC membrane Not stated 5.0 x 10-7 405 
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(A) (8) 

! 400 nA t 500 nA 

a 

a 0.2 0.4 0.6 0.8 
0 0.2 0.4 0.6 0.8 

E I V vs AglAgCI 
E I V vs AgjAgCI 

(e) (0) 

o 0.2 0.4 0.6 0.8 o 0.2 0.4 0.6 0.8 

E I V vs AgjAgCI 
E I V vs Ag lAgCI 

Figure 6.11: Voltammograms of CoOBTPc-SAM (A and B) and FeOHETPc-SAM (C 

and D) before (a) and on addition of2.0 x 10-5, 4.0 X 10-5
, 8.0 X 10-5 and 1.2 x 104 mol 

dm-3 (inner to outer curves) thiocyanate in pH 4. A and C = Cyclic voltammograms; B 

and D = Osteryoung square wave voltarnmograms. 

Figure 6.12 gives the typical linear plot of ip vs v1l2 for 6 x 10-5 mol dm-3 

thiocyanate using CoOBTPc-SAM modified electrode (for scan rates ranging from 10 -

800 mVs-1
), which is indicative of diffusion-controlled reaction. Plots of ip vs [SeN] 
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were linear up to _ 10-4 mol dm-] (exemplified in Figure 6.13). The LoD are in the region 

of - 10-6 mol dm'] and the results are comparable with those in literature (Table 6.2). 
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Fig.6.l2: Relationship between ip and v l12 at CoOBTPc-SAM in pH 4 buffer solution 

cqntaining 4.0 x 10-5 mol dm-3 thiocyanate. 
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Fig.6.13: Relationship between ip and [SCN-] at CoOBTPc-SAM in pH 4 buffer solution. 
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Repetitive CV cycling of the MPc-SAM modified gold electrodes in aqueous 

solutioILS ofthiocyante showed no change in voltammograms. Figure 6.14 shows typical 

repetitive cyclic voltamrnogram (25 scans) of _ 10-4 mol dm-3 SCN- using CoOBTPc-

SAM modified electrode in the 0.0 to 0.9 V potential window. It is evident from Figure 

6.14 that continuous cycling showed no detectable change in the catalytic peak current. 

Rescanning in fresh pH 4 aqueous solutions, for instance in the pH 4 alone, a peak similar 

in magnitude with the initial peak due to the adsorbed SAM was obtained. This result is a 

good indication that the modified electrodes are very stable, i.e. not fouled by the 

oxidation products ofthe SC~. 

t 100 nA 

o 0.2 0.4 0 .6 0.8 1 

E I V vs AglAgCI 

Figure 6.14: Typical cyclic voltamrnetric respoILSes of 4.0 x 10-5 mol dm-3 thiocyanate on 

CoOBTPc-SAM modified gold electrode on first (i) and after 25 (ii) continuous scans. 

Scan rate = 25 mV sol 

The effect of pH on the cyclic voltammetric responses of the SCN- on the MPc-

SAM modified go ld electrodes was also examined, Figure 6.15 _ It was found that: (i) 

oxidative peak potential of the SCN- was essentially constant in the acidic and neutral 
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region (PH 2 - 7) but shifted in the negative direction by - 100 m V, with peak 

broadening, at pH ~ 8; and (ii) a reductive peak appeared near 0.4 V vs AglAgCl in the 

acidic pH but disappeared in the neutral and alkaline media. As an example, Figure 6.15 

gives comparative cyclic voltarnmograms of 4.05 x 10-5 mol dm-3 SCN- at pHs of 4 (i) 

and 9 (ii) using CoOBTPc-SAM modified gold electrode. A similar shift in peak potential 

at alkaline pH has been observed before I50
,151 ,405 for the oxidation of SCN- using 

electrodes modified with PVC-containing MPc and was attributed to increased 

interference from OH' ions. The appearance of the reduction peak in the thiocyanate 

! 200 nA 

o 0 .2 0.4 0.6 0.8 1 

E I V vs AglAgCI 

Figure 6.15: Cyclic voltammetric responses ofCoOBTPc-SAM modified gold electrodes 

in the presence of 4.0 x 10-5 mol dm-3 thiocyanate at (a) pH 4 and (b) pH 9. Scan rate = 25 

mV S-I. 

electrocatalysed oxidation in acidic medium is most likely to be due to the generation of 

the thiocyanic acid, HSCN. The lack of a detectable reductive peak in the alkaline 

224 



Chapter 6: Electrocatalytic Behaviour ofMPc-SAM ... 

medium is not surprising since it is expected that the generation of the HSCN from 

KSCN to be much higher in acidic than alkaline pH. 

Mechanism o/thiocyanate oxidation with MPc 

The mechanism for the interaction ofMPc complexes with SCN- is not known. To 

get a preliminary insight into this, the spectroscopic interaction of the SCW with the 

MOBTPc and MOHETPc using UV-Vis spectroscopy was examined. The electronic 

spectra of either MOBTPc or MOHETPc (- 10.0 mol dm-3
) in DMF or DMSO solutions 

in the presence of KSCN showed very little (- 1 nm) or no shifts in wavelength of either 

the Soret or Q bands, however both bands showed increase in intensity with time. For 

example, the spectroscopic change of the interaction between CoOHETPc and SCN- in 

DMSO (Figure 6.16) showed an increase in intensity of the Q band maximum with 

negligible shift in wavelength. This spectral change is in good agreement with the 
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Figure 6.16: UV -Vis spectral changes of CoOHETPc in DMSO before (i) and after (ii) 

addition ofDMSO solution ofSCN-. 
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observations of Gao et al. l50 on the spectroscopic interaction of SCN- with the iron center 

of the J.!-oxotetraphenyl porphyrinatoiron, [(FeTPP)20] complex. The mechanism for the 

interaction of SCN- with PVC-membrane electrodes modified with J.!-oxotetraphenyl 

porphyrinatoiron, (H20)2(FeTPP)20, is knownl50 to be the result of axial ligand exchange 

reaction of the axially ligated water molecule with the SCN-. Thus, Equations 6.5 and 6.6 

may be used to represent the possible mechanism for the interaction of SCN- with gold 

electrodes modified with the SAMs of MOBTPc and MOHETPc species. The 

observation of the reductive peak due to the HSCN (Figure 6.15) in acidic condition 

seems to lend more credence to this hypothesis. Further investigations into this 

mechanism should be undertaken. 

M"PC + nSCN- ::;,;=== 

(SCN}n-MIiPc + n H+ 

where n = 1 or 2 

(SCN}n-MIiPC 

M"PC + nHSCN 

Effect ofinterferent anions on thiocyanate oxidation with MPc 

6.5 

6.6 

All known reportsl49-l52.405408 on electrochemical detection of thiocyanate indicate 

that some of the possible interferent anions are CI04', N03-, Br-, and Cr. Anion-selective 

electrodes made with classical liquid ion exchangers, such as quaternary ammonium 

salts, respond to anions in the so-called Hofmeister selectivity sequence;406 CI04' > SCN­

> N03' > Br- > Cr. However, it is well establishedl5o.l5l.4054o8 that potentiometric 

membrane electrodes based on metalloporphyrin and metallophthalocyanine films show 

greater selectivities for thiocyanate over several other anions (i.e. anti-Hofmeister 

selectivity sequence). Although the MPc-SAM gold electrodes developed here are not 
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membrane-based, the effect of the above anions on the detection of SCN- anion using the 

developed MPc-SAM modified gold electrodes was investigated. A 100-fold molar ratio 

(in relation to thiocyanate) of the above common anions did not interfere in the detection 

of I x 10-s mol dm-3 thiocyanate, except for a slight shift to more positive potentials of 

the catalytic peak. The potential of the catalytic peak shifted to more positive values as 

follows: SCN- > CI04- > Br- > cr '" N03-. This anti-Hofineister order observed here is 

similar to those observed by other workers using PVC membrane (potentiometric) 

thiocyanate-ion selective electrodes based on metalloporphyrin and metallopthalocyanine 

films. The generally accepted1SO
,ISI ,40S-408 reason for the anti-Hofineister response is the 

preferential coordination of the thiocyanate ion (as a fifth or sixth ligand) to the central 

metal of the metalloporphyrin and metallophthalocyanine complex over other anions. The 

same reason is proposed for the result observed here for MPc-SAM-modified gold 

electrodes, as suggested by the UV-Vis (Figure 6.16) and the proposed mechanism 

(equations 6.5 and 6.6). 
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6.3 Interaction of Cyanide with MPc-SAM Modified Gold 

Electrodes 

Electrochemical detection of cyanide with bare gold or gold electrode modified 

with the SAMs of the MOBTPc or MOHETPc (M = Co or Fe) were performed at pH 10 

buffer solutions despite the susceptibility of the MPc-SAMs to desorption at pH ;::: 10 

(further discussed in Section 6.4 below). This choice is necessary because in acidic pH 

values cyanide exists mainly as hydrogen cyanide, HCN. At pH 7, cyanide exists as 

100% HCN while at pH 10.2 more than 90% of tot a! cyanide is free cyanide.409 Electro-

catalytic oxidation of cyanide occurs at potentials greater than 0.6V, 4 
IO,4 11 thus a potential 

window of 0.0 and 0.80V vs AglAgCl was employed in this study. Figure 6.17 shows 

typical Osteryoung square wave voltarnmetric responses of CoOHETPc-SAM modified 

o 0.2 0.4 0.6 0 .8 

E I V vs AglAgCI 

Figure 6.17: Osteryoung square wave voltammetric responses of CoOHETPc-SAM 

modified gold electrode before (a) and after addition of (b) 5 x 10-6 (c) 1.0 X 10-5 (d) 2.0 x 

10.5 and (e) 3.5 x 10.5 mol dm-3 cyanide solution, pH 10. 
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gold electrode with increasing concentration of cyanide. In buffer solution alone (curve 

a), the [Mllllpc(-2)t I [Mlllpc(-2)] redox couple was observed at - 0.3 V vs AglAgCI. As 

the concentration of cyanide was increased (curves b - d), the peak current due to 

[~I)Pc(-2)t I [M(1l)pC(-2)] redox couple decreased with the formation of a new peak, 

centered near - 0.5 V vs AglAgCI. All MPc-SAM modified electrodes showed similar 

behaviour as for CoOHETPc-SAM above (Figure 6.17), with cyclic voltammetry 

showing a return peak at Ew - 0.5 V vs AglAgCl after cyanide addition, in each case. A 

peak, ahnost equal in magnitude as the one at - 0.5 V vs AglAgCl, was observed with 

bare gold electrode (for the same concentration range employed in Figure 6.17), 

indicative of gold-cyanide reaction. Continuous scanning of MPc-SAM in 1.0 x 10-5 mol 

dm,3 cyanide solution resulted in corresponding increase in the peak currents. Thus, the 

loss of the [Mlll)Pc(-2)t I [MII)Pc(-2)] redox couple with corresponding appearance and 

enhancement of the peak current at - 0.5 V may be attributed to coordination of cyanide 

with the central metal of the MPc-SAM complexes, coupled with etching (gradual 

desorption) process of gold electrode. 

Bare gold is known to undergo rapid etching when immersed in aqueous alkaline 

cyanide solution,276.411-416 even at low applied potential (+0.1 V vs AgIAgCf76,4 16), 

according to equation 6.7.415 

4Au + BCN -+ O2 + 2HzO --.~ 4[Au(CN)X + 40H- 6.7 

The etching process is strongly inhibited by SAMs of certain long-chain alkanethiols 

{e.g. hexadecanethiol (HDT) and octadecanethiol (OCT)} , presumably because the 

SAMs blocks access of cyanide to the gold surface.276 Also, cyanide etching has been 
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used as an indirect method for detecting pinholes/defects in alkanethiol SAMS.276.416 

Unfortunately, there are only a few alkanethiols that are capable of protecting gold 

surface from the etching effects of cyanide-based solutions.4 17.418 For example, whereas 

the SAMs of hexadecanethiol (HDT) and octadecanethiol (OCT/76,415-418 can act as good 

etch masks against cyanide, SAMs of eicosanethiol (ECT)418 cannot. Thus, the results 

obtained in this work for the interaction of MPc-SAMs modified gold electrodes clearly 

suggest that these MPc-SAMs, like most alkanethiol SAMS,417.4 18 cannot protect gold 

against the etching effect of cyanide solutions, even in nitrogen atmosphere conditions 

used in this experiment. 
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Reproducibility and Stability of MPc-SAM Modified Gold 

Electrodes 

Stability of electrode is extremely important, as it is one of the most decisive 

parameters for potential usage of the developed electrode in analysis. The stability of the 

MPc-SAM-modified gold electrode was investigated in several ways. In the first 

experiment discussed above, Figure 6.9, repetitive cyclic voltammetry resulted in current 

decrease for thiols but the electrode could be re-newed by dipping/rinsing in acid 

solution. As described above, the MPc-SAMs can be used for the electro-oxidation of 

thiocyanate without poisoning of the modified electrodes. Cyanide detection in alkaline 

medium results in the desorption of SAM and etching of gold surface. 

However, a more interesting experiment is to store the electrode in a nitrogen 

atmosphere for several days and then compare the activity of the electrode with the one 

obtained before the electrode was stored in nitrogen. Fig. 6.18 shows the cyclic 

voltammograrns of L-cysteine obtained on a gold electrode freshly modified with 

CoOBTPc (curve i) and at the same electrode stored in nitrogen atmosphere for five days 

(curve ii). It can be seen that the kinetics of electron transfer is slower after five days of 

storage, which means that the electrode suffers from an ageing effect during dry storage 

for a longer period. However the peak current of that wave is almost the same as the one 

obtained at the freshly prepared electrode. This means that at higher overpotentiais, mass 

transport ofL-cysteine still controls the overall oxidation rate and in that potential region, 

electron transfer is still a much faster process. Despite the observed ageing effect, the 

electrode can still be used. However, a better approach is to store the modified gold 

electrode in a buffer solution. 
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1500 nA 
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Figure 6.18: Electrocatalytic oxidation of 1.60 x 10-4 mol dm·3 L-cysteine in pH 4 buffer 

solution at CoOBTPc-SAM modified gold electrode before (i) and after (ii) 5 days dry 

storage in nitrogen atmosphere. Scan rate = 100 m V S-I. 

Thirdly, stability study was performed by simply storing in aqueous acidic 

solution before and after use in electro catalysis experiments with thiols. The calibration 

plot between peak current and L-cysteine concentration is shown in Figure 6.19 at the 

start time (curve ii), after 8 (curve iii), 14 (curve iv) and 28 days (curve v) of storing the 

electrode. Curve i is the theoretical plot (obtained using the Randles-Sevcik 

equation,209.210) with D = 4.8xlO·5 cm2 
S-1 and n = 1. During this period the electrode was 

stored in a pH = 4 buffer solution. It can be seen that the response of the modified gold 

electrode is more or less constant as a function of time and meets with the theoretically 

obtained peak currents. This result shows that the stability of the electrode is very good 

and is due to the strong bonding of the monolayer at the gold surface. 

Finally, the stability of the SAM was studied as a function of pH and applied 

potentiaL The most permissible conditions for their electro catalytic applications are the 

pH regions ranging from pH 2-9 and at applied potential window between -0.2 to +0.7 V 
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vs AglAgCI. At pH ~ ] 0 the SAM reductively desorbs at potentials more negative than 

-{).2 V vs AglAgCl and oxidatively at > +0.70 V vs AglAgCI. 
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Figure 6.19: Calibration plot between current and L-cysteine concentration at a gold 

electrode modified with CoOBTPc obtained by calculation using the Randles-Sevcik 

equation (i) and experimental after (ii) 0, (iii) 8, (iv) 14 and (v) 28 days of storing the 

modified electrode. In between the electrode was stored in pH = 4 buffer solution. 

The high alkaline pH and potential values conditions required for CN-

experiments are not only detrimental to the stability of the MPc-SAMs, as described in 

Section 6.3 above, but serve as convenient conditions for gold etching by cyanide. These 

harsh conditions conspired against any further investigations on the electro catalytic 

interactions of cyanide with MPc-SAMs, so these results were not followed up_ However, 

to gain an insight on the interaction of cyanide with MOBTPc or MOHETPc (M = Co or 

Fe) complexes, spectrophotometric technique was employed. The Chapter (7) that 

follows discusses the kinetics and equilibria of interactions of MOBTPc or MOHETPc, 

especially FeOBTPc, using UV -Vis spectrophotometry. 
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CHAPTER 7 

SPECTROSCOPIC STUDIES OF THE INTERACTION OF 

CYANIDE WITH THIOL-DERIV A TISED 

METALLOPHTHALOCYANINE COMPLEXES' 

• The following publication resulted from part of the research work presented in this chapter and 

it is not referenced further in this thesis: 

7. K. Ozoemena and T. Nyokong, J Chern. Soc., Dalton Trans., 2002,1806. 
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7.1 Interaction with Octabutylthiophthalocyaninatoiron(lI) 

7.1.1 Spectroscopic Studies 

The changes in spectral features observed on addition of cyanide solutions to 

solutions ofFeOBTPc, 35 are shown in Figure 7.1. On addition of DMSO solutions of 
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Figure 7.1: Absorption spectral changes observed on addition of (A) cyanide (4.8 x 10"" 

mol dm·3) to FeOBTPc, 35 (2.8 x 10-6 mol dm,3) in DMSO, (i) DMSO)2FeOBTPc, (ii) 

[DMSO)(CN)FeOBTPcr, (iii) [(CN)2FeOBTPct, and of (B) cyanide (5.4 x 10"" mol 

dm,3) to (DMF)2FeOBTPc, 37 (2.8 x 10-6 mol dm,3) in DMF (i) DMF)2FeOBTPc, (ii) 

[CN)2FeOBTPc f'· 

cyanide to a DMSO solution of FeOBTPc, 35. the Q band fIrst shifts from 676 nm to 684 

run, then to 686 nm and increases in intensity with time {(Figure 7.1(A)}. In the DMF 

system, on the other hand, the Q band shifts from 684 to 686 nm and then increases with 

time {(Figure 7.1 (B)}. In each solvent system, for example DMF (Figure 7.2), the B band 

splits and shifts to lower energy. The band in the 450 nm regions also splits. The splitting 
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of the B bands in the UV region and their shifts to lower energy is typical of cyanide 

coordination.32 The final spectra for both DMF and DMSO systems are similar to the 
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Figure 7.2: Absorption spectral changes observed (i) before and (ii) 15 minutes after 

addition of cyanide (S.4xIO-4 mol dm-3) to a solution of (DMF)2FeOBTPc, 37 (2.8xI0-<i 

mol dm-3) in DMF. 

spectra of the dicyano complexes discussed in Chapter 3 (Section 3.l.3.2, Fig.3.8 i and 

ii). The new spectra are formed with isosbestic points at 368, 524 and 706 nm for the 

DMSO system, and 365, 430, and 536 nm for the DMF system. Further addition of 

cyanide had no effect on the position of the peak maxima. These data indicate that the 

fmal spectrum obtained on addition of cyanide to a DMSO or DMF solution of 35 is that 

of the dicyano complex, [(CN)2FeOBTPct. 

Axial ligand substitutions in MPc (and porphyrin) complexes occur in a step-wise 

marmer with the coordination of the first cyanide occurring much faster than that of the 

second.30,46,50 The shift in the Q band from 676 to 684 nm before the fmal shift to 686 nm 
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in the DMSO system shows the step-wise nature of the cyanide coordination. The first 

shift to 684 run is most probably due to the formation of the monocyano species, 

[(CN)(DMSO)Fe(II)OBTPcr and the second to 684 run due to the dicyano complex, 

[(CN)2FeOBTPcf-_ The coordination of the first axial ligand in MPc complexes generally 

occurs at a fast rate causing very minor spectroscopic changes that are difficult to 

observe.41
,46 This may explain why Figure 7_1B does not show the stepwise change in 

wavelength observed in Figure 7.1A_ It is also most likely that the monocyano species, 

[(CN)(DMF)Fe(IJ)OBTPcr absorbs at about the same wavelength (684 run) with the 

original species, (DMFhFeOBTPc, 37. Spectral changes for the formation of the 

monocyano complexes in both solvent systems could not be followed using the 

techniques employed in this work since the changes occurred very fast. Hence, equilibria 

and kinetics could only be determined for the formation of the dicyano complex, 

[(CN)2Fe(I1)OBTPc ]2-. 

7_1_2 Kinetics and Equilibria 

Equilibrium data were determined by the standard spectrophotometric 

technique using the Hill equation38 (equation 1). 

log [Aeq- A,,) / (Are - Aeq)] = n log [CN-] + log K 7.1 

where Aeq is the equilibrium absorbance at 686 run, Ao is the absorbance before the 

addition of cyanide and Are is the absorbance for the complete formation ofthe dicyano 

complex_ From the plots of log [Aeq - Ao) / (Are -Aeq)] vs log [CN-] (Figure 7.3) 

equilibrium constants [K= (1.3 ± 0.2) x 103 with n = 1.01 ± 0.04 in DMSO and K= (6.8 ± 
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0.8) X 102 dm3 mOrl with n = 0.99 ± 0.05 in DMF] were obtained. A value ofn ~1 is an 

indication of the step-wise nature of the coordination of the second cyanide to these 
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Figure 7.3: Plots of log [(Aeq - A,)/(Aa, - A"'I)] vs log [CN-] for the formation of 

[CN)2FeOBTPct in (a) DMSO and (b) DMF. 

complexes. K = ~ (equation below), thus corresponds to the coordination of the second 

cyanide and formation ofthe (CN)2Fe(Il)OBTPc, 39, equations 7.2 - 7.5. 

(LhFe(lI)OBTPc 
k1 

(L)Fe(II )OBTPc + L 
k -1 

7.2 

(L)Fe(II)OBTPc + CN-
k2 

k .2 
[(L)(CN)Fe(II)OBTPcj- 7.3 

[(L)(CN)Fe(II )OBTPCj- k3 [(CN)Fe(II)OBTPcj- + L 7.4 
k .3 

k4 
[(CN)Fe(II)OBTPcj-+ CN- [(CNhFe(II)OBTPcj2- 7.5 

k-4 

where L is either DMSO or DMF. 
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The equilibrium constants obtained in both solvent systems are in the range 

(within experimental error) for those obtained for the coordination of the second cyanide 

in FePc complexes3o.46.47 (Table 7.1). The smaller ~ value of(6.S ± O.S) x 102 dm3 mor l 

in DMF in comparison to the value of(1.3 ± 0.2) x 103 dm3 mor l in DMSO is most likely 

to be due to the stronger O-bonded DMF in comparison to the weaker S-bonded DMSO, 

hence resulting in the lower lability of the DMF ligand. DMSO is known as a labile 

ligand because of the weak S-Fe a-bond. 15 AB a 11 acceptor ligand, DMSO gains extra 

stability by 11 back bonding. It has been suggested40 that this extra stability is reduced in 

the presence of the electron-withdrawing ring substituents {c£ ~ = 1.6xl03 dm3 mor l 

for [(DMSO)(CN)FePc(Cl)16)' compared to ~ = 5.7 X 102 dm3 morl for 

[(DMSO)(CN)FePc)' since the electron-withdrawing ligands pull electron density away 

Table 7.1: Kinetics and Equilibrium data for the axial exchange reaction of cyanide 

with iron(II) phthalocyanine complexes in DMSO: 

k4 
[(CN)(L)Fe(lI)OBTPc] + CN- [(CNhFe(II)OBTPc]2- + L 

FePc Complex ~ I k4f I 14, I Reference 
dm3 mor l d 3 r l .1 S·l m mo s 

[CDMSO)(CN)FePc)' 5.7x 102 0.20 3.5 x 104 30 

[(DMSO)(CN)FePc(CI) 16)' 1.6 x 103 4.2 X 10'3 2.3 X 10,6 46 

(CO)(DMSO)FePc (6.7±0.5) x 102 0.34 ± 0.12 5.9 x 104 47 

[(DMSO)(CN)FeOBTPc r (1.3±0.2) x 103 (S.2 ±0.3) x 10'2 5.5 X 10'5 This work 

[CDMF)(CN)FeOBTPc )' (6.S ±O.S) x 102 (1.9 ±0.1) x 10'2 2.5 X 10'5 This work 
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from the metal. It would be expected that electron-donating substituents (such as the 

SC4H9-) would result in the increase in stabilization of the Fe-DMSO bond by 7t back 

bonding. However, the electron-donating butylthio-group in [(DMSO)(CN)Fe(Il)OBTPcr 

results in similar K4 value as the electron-withdrawing [(DMSO)(CN)FePc(CI)J6T, again 

pointing to the weak electron-donating influence of the alkytbio-groups. 

The rate constants for the formation of the [(CN)2Fe(Il)OBTPct were determined 

by monitoring the absorption changes at 686 nm. Plots of 1n(A" - At) (where A., is the 

fmal absorbance at the end of the reaction and At is the absorbance at time t) against time 

were linear for the coordination of cyanide to FeOBTPc as exemplified by Figure 7.4. 
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Figure 7.4: Typical plot ofln (A" - At) vs time for the coordination of CN- to FeOBTPc, 

35 inDMSO 

The linearity of the plots is a confirmation that the reaction between FeOBTPc and 

cyanide is first order with respect to FeOBTPc. The observed rate constant (kob'), which 

is the slope of the plots of absorbance versus time, was obtained for several 

concentrations of cyanide. Plots of the observed rate constants against concentrations of 
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cyanide (Figure 7.5), in either DMSO (Figure 7.5a) or DMF (Figure 7.5b) were linear 

indicating that the axial ligand exchange reactions are first order with respect to cyanide 

in both solvent systems. 
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Figure 7.5 : The variation of observed rate constants with concentration for the formation 

of [CN)2FeOBTPct in (a) DMSO and (b) DMF. 

The rate law for the dissociative mechanism is generally given by (equation 7.6) 3g-47 

!cobs = lw.f [CNl + k4r 7.6 

where lw.f, the rate constant for the forward reaction, is given by kllw. / k_1 [L 1 (L =DMSO 

or DMF) and lw.r is the rate constant for the reverse reaction. From the least square 

analysis of the data presented in Figure 7.5 (summarized in Table 7.1) the values of lw.f 

(obtained from the slopes of the plots) were (1.9 ± 0.1) x 10-2 dm3 morl 
S-I in DMF and 

(8.2 ± 0.3) x 10-2 dm3 mor l 
S-I in DMSO while k4r values (obtained from the intercepts) 

were 2.5 x 10-5 
S-I in DMF and 5.5 x 10-5 s-I in DMSO. From these values, the 
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equilibrium constants were estimated from the relationship, I<4 = 14f / 14r = 7.6 x 102 dm3 

morl 
S·l in DMF and 1.5 x 103 dm3 mor l 

S·l in DMSO. These values are in good 

agreement (within experimental errors) with the value of (6.8 ± 0.8) x 102 dm3 morl 
S·l 

and (1.3 ± 0.2) x 103 dm3 mor l 
S·l determined directly from equation 7.1 for DMF and 

DMSO systems, respectively. 

It is apparent from Table 7.1 that the rate of coordination of the second cyanide, 

k3f, to [(DMSO)(CN)Fe(ll)OBTPcr is greater than that for [(DMF)(CN)Fe(lI)OBTPcr by a 

factor of 4. This is of course due to the higher lability of the DMSO compared to the 

DMF ligand. However, the 14f value for the coordination of cyanide to 

[(DMSO)(CN)Fe(lTlpc( -2)r or (DMSO)(CO)Fe(U)pc( -2) is approximately 3 times greater 

than that for its coordinatioll to [(DMSO)(CN)Fe(ll)OBTPcr but about 10 times greater 

than that for the coordination to [(DMF)(CN)Fe(ll)OBTPcr. The reason for the 

discrepancy may not be unconnected to the combined effects of the weak electron­

donating influence of the eight peripheral butylthio-substituents and the stronger O-Fe (J­

boud arising from DMF ligation. This is consistent with our discussion on 

electrochemistry concerning the small reducing influence of the alkythio-substituents on 

the reduction potentials. 
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7.2 Interaction of Cyanide with other Thiol-derivatised 

Metallophthalocyanine Complexes of Iron and Cobalt 

The possibility of the interaction of cyanide with other thiol-derivatised 

metallophthalocyanine complexes of iron (FeOHETPc, 36) and cobalt (CoOBTPc, 33 and 

CoOHETPc, 40) was investigated. Addition of cyanide solutions to the solutions of iron 

complex, 36, showed similar spectral changes observed for 35 described Section 7.1 

above. For example, addition ofDMSO solution of cyanide to the DMSO solution of iron 

complex, 36, (Figure 7.6) resulted in a shift of the Q band from 685 to 688 run, then to 

692 nm and its increase in intensity with time (Figure 7.6). 
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Figure 7.6: Absorption spectral changes observed (i) before and (ii) 20 minutes after 

addition of cyanide (- 8 x 10-4 mol dm,3) to a solution of FeOHETPc, 36 (- 5 xl 0-6 mol 

dm,3) in DMSO. 

As was observed for the 35, the B band also shifted to lower energy (354 to 370 nm) and 

split, a typical indication of cyanide coordination.32 The changes in spectral features gave 

rise to isosbestic points at 368, 530 and 710 run, for the coordination of CN' to 36 in 
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DMSO. The final spectrum of the cyanide coordination with this complex was similar to 

the spectrum of the dicyano complex [(CN)2FeOHETPc t (39), which was synthesized 

using the established method29
,237 employed in the experimental Section for the 37 and 38 

complexes. Although the elemental analysis of [(CN)2FeOHETPcj2- (39) was not 

satisfactory as the obtained CHN values were much lower than their expected values, it 

showed satisfactory FTIR with Fe-CN vibrations at 2168 em-I. Apart from the interaction 

of C~ with the central iron of the FeOHETPc complex, there is also the possibility of 

both the K+ and CN- interacting with the peripheral -OH groups. Such interaction was 

recently suggested by Drochioiu419 in his work on the reaction of KCN with the 2,2-

dihydroxy-I,3-indanedione. Thus, the equilibria and kinetic studies of the spectral 

changes shown in (Figure 7.6) were not followed up since any data obtained therefrom 

will be unreliable. However, the changes indicate interaction of 36 with cyanide. 

Interaction of cyanide with the cobalt phthalocyanine, 40 and 33, complexes were 

also observed in DMSO, The Q band of 33 shifted from 685 to 700 nm (Figure 7.7), 

while that of the 40 shifted from 685 to 712 lIIIL The Q band peak maxima of both 

complexes increased in intensity very slowly with time, and remained constant after 

about five hours with no further spectroscopic changes or spectral shifts, These data seem 

to suggest that the coordination of cyanide to CoPe complexes occurs much slower than 

for their FePc analogues. The slower coordination of these dicyano CoPe complexes is 

not surprising since it is known that axial ligand reactions occur faster for FePc than 

CoPc complexes.49 Hence, the equilibrium and kinetic studies of the spectral changes 

observed for these two thio-CoPc complexes were not followed up. 
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Figure 7.7: Q band absorption spectral changes observed for the DMSO solutions of 

CoOBTPc, 33 (A) and CoOHETPc, 40 (B) before (i) and after (ii) addition of DMSO 

solution of cyanide. 

Conclusion: 

The equilibrium and kinetic data of FeOBTPc for the binding with cyanide are 

comparable with those reported in literature. The formation of the dicyano species 

[(CN)2Fe(Il)OBTPct is limited in DMF solution by the weak dissociation of the trans 

DMF from the central metal iron. Although a direct comparison cannot be made between 

the rates of cyanide coordination by FePc complexes and the structurally similar iron 

porphyrin complexes because of differences in experimental conditions, especially with 

regard to solvent systems, it is worth noting that the rate constant for cyanide binding to 

iron (II) myoglobin (0.1 dm-3 mOrl S-I)420 is approximately the same as cyanide binding 

to the [(DMSO)(CN)Fe(Il)OBTPc r. This suggests that this complex may offer substantial 

advantages over the similar analogues reported in tbe literature. 
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Conclusion 

In this work, some metallophthalocyanine complexes (water-soluble and organic­

solvent soluble) have been synthesized, characterized and investigated as potential 

photocatalysts and electrocatalysts. Photochemical properties of the water-soluble 

sulphonated metallophthalocyanine (MPCS4 and MPCSmix, M = AI, Zn, Si or Sn) and 

octa-carboxymetaIlophthaIocyanine (MOCPc, M = AI or Zn) complexes were 

investigated. These water-soluble metallophthalocyanine (MPc) complexes, especially 

the sulphonated aluminium and zinc phthalocyanines, were found to be good 

photosensitisers for the transformation of the toxic 4-chlorophenol, trichlorophenol and 

pentachlorophenol in aqueous solutions. The kinetics of the photo-transformation of 

polychlorophenois depend on a number of factors, and it is essential to establish 

conditions for the highest degradation efficiency. Results obtained in this work show that 

the majority of processes (rates of polychlorophenol oxidation and the nature of 

photoproducts, and sensitiser stability) depend on pH. Hence, substrate ionisation is of 

crucial importance for any photophysical and photochemical step in the systems 

investigated. In general, the efficiency of the photo-oxidation of the polychloropheno~ 

mediated by singlet oxygen, 0 2 e L'>g) (Type II reaction mechanism) is lower in 

comparison with unsubstituted phenol and less chlorinated phenols, due to lower 

constants of chemical reaction and extensive physical quenching of singlet oxygen by 

substrates. Trichloropheno~ for instance, is able to deactivate about five molecules of 

singlet oxygen before it is being destroyed. 

Octabutylthiometallophthalocyanine (MOBTPc, where M = Co, Fe or Zn), 

octa(hydroxyethylthio)metaliophthalocyanine (MOHETPc, where M = Co or Fe) and 

octa(methylphenylthio )phthalocyaninatozinc(II) (ZnOMPPc) complexes were also 
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synthesized and characterized. The spectral and electrochemical properties of these octa­

substituted thiol-derivatised phthalocyanine complexes of cobalt, iron and zinc were 

comparable to similar complexes in literature. The photochemical properties of the zinc 

phthalocyanine (ZnOBTPc and ZnOMMPc) complexes in DMF solutions revealed that 

ZnOBTPc is relatively more stable and more efficient in singlet oxygen generation than 

ZnOMPPc. 

Octa-substituted thiol-derivatised phthalocyanine complexes (MOBTPc, 

MOHETPc and ZnOMPPc) were, for the fIrst time, immobilized onto gold electrodes 

using the self-assembling technique. The integrity of these SAMs, with respect to their 

ability to block certain Faradaic processes, was interrogated using surface 

electrochemical experiments in aqueous solutions. Results showed that the SAMs 

provided excellent blocking capability to the Faradaic processes emanating from gold 

surface oxidation, and for underpotential deposition (UPD) of copper and oxidation of 

ferric ammonium sulphate in perchioric acid. One of the important revelations of the 

study was the great improvement of the ill-defIned metal-centered reversible couple of 

the SAM of FeOBTPc and CoOBTPc by simple repetitive cycling of the modifIed 

electrode in a DMF solution containing TBAP within a short space of time (ca. 2 

minutes). This 'activation' process provides good information concerning the surface 

coverage and orientation of the monolayer. Surface electrochemistry of the MPc-SAMs 

suggested that the solid-like MOBTPc and ZnOMPPc assume flat (octopus) orientation 

while the liquid-like MOHETPc mostly take on the perpendicular orientation. The MPc­

SAM electrode modifIcation process is reproducible. The stability of the modifIed 

electrodes is dependent on both pH and applied potential, showing greater stability in the 
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pH 2-9 and at applied potential window between -0.2 to +0.7 V vs AglAgCl. At pH ~ 10, 

the SAM is prone to both reductive and oxidative desorptions. 

Since phthalocyanine complexes of cobalt (CoPc) and lIon (FePc) are well 

established as good electro catalysts, the gold electrodes modified with the SAMs of 

CoOBTPc, CoOHETPc, FeOBTPc and FeOHETPc were investigated for possible 

applications as electrochemical sensors for the detection of thiols (L-cysteine, 

homocysteine and penicillamine) and cyanides (cyanide and thiocyanate). The modified 

electrodes showed comparable electro catalytic behaviour towards the detection of the 

thiols and thiocyanate in aqueous solutions (acidic pH 4) with detection limits in the 

range of _10-7 and 10-6 mol dm-3
, respectively. The modification process was 

reproducible and the modified electrodes showed good stability and, if stored in pH 4 

buffer solutions, could be used for the analysis of thiols and thiocyanate for about a 

month without the need for recalibration. Electrochemical interaction of the MPc-SAM 

modified gold electrodes with cyanide was hampered by the etching of gold electrodes by 

cyanide solutions as well as the harsh experimental conditions, high pH and potential 

values that are detrimental to the stability of the MPc-SAMs, required for this study. 

Following the discovery of the adverse etching effect of cyanide against gold, a 

greater insight on the interaction of cyanide with the MOBTPc and MOHETPc (M = Fe 

and or Co) was made possible using UV -Vis spectrophotometry. Kinetic and equilibria 

studies revealed interaction ofFeOBTPc with cyanide in non-aqueous solutions. Kinetics 

and equilibrium measurements for the interaction of cyanide with FeOBTPc in both 

dimethylsulphoxide (DMSO) and dimethylformarnide (DMF) revealed the formation of 

the bis(cyano)phthalocyaninatoiron(II) complex, [(CN)2FeOBTPct. The kinetic and 
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equilibria data obtained are comparable with literature reports of cyanide coordination 

with FePc complexes. This result is interesting since metallopthalocyanines serve as 

useful models for investigating biological processes involving hemoproteins due to their 

close structural relationship with porphyrins. FePc is usually considered analogous to the 

haem group of hemoglobin and myoglobin, hence the study of its axial coordination with 

cyanide is important in the search for anti-cyanide drugs. 
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