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ABSTRACT 
 

    Syntheses, spectral, electrochemical and spectroelectrochemical studies of new thiol-

derivatised MPc complexes were satisfactorily carried out. For the first time, 

spectroelectrochemistry gave evidence for the formation of Ni2+/Ni+ process in a NiPc 

complex. Significant insights as to the nature of Fe+Pc and Ni+Pc spectra were obtained.  

    Transformations of chlorophenols using chemical and photochemical methods are 

presented. For cobalt tetrasulphophthalocyanine catalysed oxidation of chlorophenols 

using hydrogen peroxide as the oxidant, types of oxidation products formed depended on 

the solvent conditions. Photolysis of aqueous solutions of chlorophenols in the presence 

of immobilised non-transition metal phthalocyanine photosensitisers onto Amberlite® 

was carried out. For the first time, MPcSmix complexes were immobilised on Amberlite® 

for use in heterogeneous photocatalysis. Photolysis of the chlorophenols resulted mainly 

in the formation of chlorobenzoquinone derivatives. The generation of singlet oxygen 

(1O2) by these immobilised MPc photosensitisers was found to play a major role in their 

photoactivities. 

    Modifications of gold electrodes with the newly synthesised thiol-derivatised MPc 

complexes via electropolymerisation and SAM technique are presented. Cyclic 

voltammetry, impedance spectroscopy (NiPcs only) and spectroelectrochemical 

techniques (NiPcs only) confirmed that the complexes formed films on gold electrodes. 

Stable and well packed SAM films as evidenced by the voltammetric characterisation 

were obtained. For the first time, optimisation of the time for SAM formation based on 

CV technique was studied. First example of a formation of MnPc-SAM was achieved. 



 

 v 

  Catalytic activities of the NiPc towards chlorophenol depended on the nature of the 

NiPc in the polymer films and also anti-fouling ability of the films depended on polymer 

film thickness. The FeTBMPc polymer modified gold electrode showed the best catalytic 

activity in terms of peak potential, Ep when compared to reported work in literature for 

nitrite electrooxidation. Cyclic voltammetry and spectroscopy studies showed that the 

CoPcs, FePcs and NiPcs catalysed nitrite oxidation involve 2 electrons in total while that 

of MnPcs involve 1 electron. Better catalytic performance towards sulphite 

electrooxidation were obtained for the CoPcs, FePcs and MnPcs which have metal based 

redox processes within the range of the sulphite electrooxidation peak while the NiPcs 

which did not show metal based oxidation reaction performed less.  
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1.1     Introduction to Metallophthalocyanines (MPcs) 
 
Phthalocyanine (Pc) complexes are a special class of compounds that have similar 

structure to tetraazoporphyrin with additional four fused benzo rings (1, Figure 1.1).1,2 

Pcs were discovered in the 1900s.2-5 Traditionally, they have been used as dyes and 

pigments due to their intense blue-green colour.5 These class of molecules have high 

extinction coefficients which are of order of 105 M-1 cm-1 and they are thermally and 

chemically stable.6-7 Phthalocyanines consists of 16 carbon and 8 nitrogen atoms and 

have a two-dimensional 18π electron conjugated system, in which more than 70 different 

metals and non-metals can be incorporated. Incorporation of different ring substituents in 

the peripheral and non peripheral positions is also possible. Many of Pc properties, for 

example, solubility can be varied by changing the central metal ions, axial ligands and 

ring substituents.8,9 

As stated above, metallophthalocyanines (MPcs) are unique in terms of physical and 

chemical properties, which have resulted to a wide range of applications. Over the years 

phthalocyanine complexes have attracted many applications in areas such as catalysis10-14, 

sensors15-17 and photodynamic therapy (PDT).18-22 New applications of MPcs are 

emerging, these include ink jet printing,23
 

electrophotography,23,24
 

photocopying and laser 

printing,23,25
 

electrochromic display devices,26-28 optical computer re-writable discs and 

information storage systems,29-31
 

liquid crystal display devices,9,32
 

photovoltaic cells,33,34
 

fuel cells,35
 

molecular electronics,36
 

semi-conductor devices1,37-39 and electrochemical 

sensors.16,17,40 
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MPcs especially the FePcs and MnPcs have been shown to have the ability to mimic the 

certain enzymes catalytic behaviour,41-46 this enzyme-like catalytic behaviour will be 

further discussed later in this chapter. 

Non-transition metal MPc complexes are widely used as photocatalysts for degradation of 

pollutants such as chlorophenols.47-53 For use as photosensitisers
 

in photodynamic 

therapy,18-22,54-57 MPc complexes containing non-transition central metal ions such as 

Zn2+ and Al3+ are preferred. 

MPcs containing redox active transition metal ions such as Co2+, Fe2+ and Mn3+ are 

known to be effective electrocatalysts and electrochemical sensors under homogenous 

and heterogeneous conditions.58-67  

This work focuses on the use of MPcs as photocatalysts and chemical/enzyme-like 

catalysts for the degradation of phenolic pollutants and electrocatalysts for detections of 

pollutants such as chlorophenols, nitrite and sulphite.   

N

N

N

N N

N

N NM

(1)  

Figure 1.1: The structure of metallophthalocyanine (MPc) 
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1.1.1  General synthetic methods 
 
Synthesis of phthalocyanines can be achieved using different routes depending on the 

type of phthalocyanines to be synthesised; metal free, symmetrical and asymmetrical 

metallophthalocyanines. Various precursors such as phthalonitrile, phthalic acid, phthalic 

acid anhydride, phthalimide, diiminoisoindoline and o-cyanobenzamide have been 

developed for this syntheses.68-71 Phthalonitrile (2), phthalic anhydride (3), phthalic acid 

(4) and phthalimide (5) Figure 1.2, are the most used precursors for the synthesis of 

MPcs.  

CN

CN

O

O

O

CO2H

CO2H
NH

O

O

Phthalonitrile Phthalic anhydride (2) (3)

(5)(4)Phthalic acid Phthalimide  

Figure 1.2: The structure of some MPcs precursors 

 

In terms of choice of precursors for phthalocyanines synthesis, the use of phthalonitrile 

provides a mild and clean process72 with high yields of very pure MPcs suitable for 

research purposes while the use of phthalic anhydride is relatively a cheap method but the 

MPcs obtained are usually not as pure as the former. Synthesis using phthalic anhydride 
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(3) also require the presence of nitrogen source such as urea and a catalyst such as 

ammonium molybdate or boric acid,1 the latter is widely used for commercial purposes.  

Scheme 1.1 shows the synthetic route for unsubstituted metal free phthalocyanines (6) 

from phthalonitrile (2). The synthesis occurs by simple heating of phthalonitrile with 

either (a) a base such as ammonia (NH3) or 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 

(b) labile metal or metal salt such as Li+, Na+ or K+  in alcohol followed by addition of 

acid to yield the metal-free phthalocyanines or (c) organic reducing agents such as 

hydroquinone or 1,2,3,6-tetrahydropyridine which provide the two electrons and two 

protons required for cyclotetramerisation of the phthalonitrile.73,74   

CN

CN

N

N

N

NN

N

N

N

HH

(a) a base
e.g. 
NH3/DBU

(b) Li/Na/K or their salts/
an acid

(6)

(2)

(c) hydroquinone or 
1,2,3,6-tetrahydropyridine

 

Scheme 1.1: Synthesis of MPcs from o-cyanobenzamide and phthalonitrile73,74 
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For the synthesis of metallated phthalocyanines, precursors such as phthalonitrile (2), 

phthalic anhydride (3), phthalic acid (4), and phthalimide (5) are often used, Scheme 1.2. 

Basically, the reactions involve cyclotetramerisation of the precursor by heating it at high 

temperature with a suitable metal or metal salt in the presence of a base such as DBU and 

in a suitable solvent such as dimethyl formamide (DMF), dimethyl sulphoxide (DMSO), 

hydroquinone and quinoline. Also unmetallated phthalocyanine (6) can be metallated by 

heating in the presence of metal or metal salt, using aromatic solvents such as 1-

chloronaphthalene and quinoline.75  

N

N

N

NN

N

N

N

M NH

O

O

CO2H

CO2H

H2Pc

O

O

O

CN

CN

Metal
ion

urea

Metal ion, urea Urea, metal ion

Metal or
metal salt,

(6)

(3)

(4) (5)
(1)

urea, 

Metal salt
(2)

 

Scheme1.2: Synthesis of symmetrical MPcs from some precursors  
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By using mono (for tetrasubstituted MPcs) and di (for octasubstituted MPcs) substituted 

phthalonitrile (7) or substituted form of other precursors such as phthalic acid (8), 

symmetrically substituted MPc (9) can be synthesised, some of the synthetic routes are 

shown in Scheme 1.3.  

 

CN

CN

N

N

N

NN

N

N

N

M

COOH

COOH

1. Li-pentanol

2. metal salt
(7)

(9)
R1=H, R2= not H, tetrasubstituted MPc

R1=R2= not H, octasubstituted MPc

metal ion, 
urea

(8)

R1

R1

R2

R2

R1

R1

R1

R1

R2

R2

R2

R2

 

Scheme1.3: Synthesis of symmetrically substituted MPcs from some precursors  

 

Introduction of ring substituents such as sulphonic76 and carboxylic acid77,78 to MPc 

complexes enable the complexes to be water soluble. Weber and Bush method76  is a 

popular and effective way of synthesizing metallo-tetrasulphophthalocyanine (MPcS
4
) 

(10); the method involves refluxing at a high temperature (about 180oC) a mixture of the 
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monosodium salt of the 4-sulphonic acid (11), urea and appropriate metal salt in 

nitrobenzene in the presence of  ammonium molybdate as catalyst, Scheme 1.4. 

 A mixture of sulphonated MPc complexes (MPcSmix) can be obtained by direct 

sulphonation of unsubstituted MPc with oleum.79  

 

N
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SO3Na
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(10)

(11)

 
Scheme 1.4: General synthetic route for tetra sodium salt of metallo-

tetrasulphophthalocyanine (MPcS
4
)76 

 

Metallated octacarboxy phthalocyanine (MOCPc) complexes (12) can be obtained using 

the reaction shown in Scheme 1.5. Basically, they are obtained from benzene-1,2,4,5-

tetracarboxylic dianhydride (13) in the presence of urea using DBU as a catalyst.77,78  

Tetra-amido metallophthalocyanine (14) is obtained as the intermediate and is easily 

converted by acid hydrolysis to metallated octacarboxy phthalocyanine (MOCPc) 

complexes (12) by reacting it with aqueous sulphuric acid, H2SO4. 
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Scheme 1.5:   Synthetic route for water-soluble octacarboxy-metallophthalocyanine,        
(MOCPc)77,78 

 

 In this work, water soluble metallo-sulphonated phthalocyanine (MPcSmix, where S = 

SO3
-) complexes, (Al3+, Co2+, Zn2+, Ge4+, Si4+ and Sn4+) will be employed as catalysts for 

degradation of chlorophenols. The complexes will either be tetrasulphonated, MPcS4 

(where S = SO3
-) or will contain a mixture of sulphonated groups, MPcSmix. 

Octasubstituted MPcs with carboxylic groups will also be employed.  
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Thiol substituted MPcs will also be used in this work hence their general synthesis 

follows. The synthesis of thiol derivatised MPcs has been reported by some researchers. 

58,80-93 Cook and co-workers86-90 and Lieberman and co-workers91-93 have been actively 

involved in the synthesis of thiol-derivatised phthalocyanines for the fabrication of self 

assembled monolayer (SAMs.). Thiol-derivatised MPcs with long chain alkyl ring 

substituents have been synthesised for the use as liquid crystals.84 There are also thiol 

derivatised MPcs complexes which are used as IR absorbers93 since the substituents are 

known to cause high red shift of the Q band.   

The synthetic route adopted for the thiol derivatised MPcs synthesised in this work is 

shown in Scheme.1.6.81 Basically, it is the cyclotetramerisation of monosubstituted thiol 

phthalonitrile (15) in the presence of the desired metal ion salt to give a tetrasubstituted 

thiol-derivatised MPc (16). 

 

 

 

 

 

 

 

 

 

 

Scheme 1.6: Synthesis of symmetrical thiol derivatised MPc.81 
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Mechanisms in the formation MPcs   

Since the preparation of phthalocyanines can be achieved via many routes, several 

mechanisms have been proposed. The mechanism of the formation of MPcs is basically 

the cyclotetramerisation of the precursor such as diiminoisoindoline (17) as shown in 

Scheme 1.7.72 The first major step in the mechanism is the condensation reaction between 

the Pc precursors leading to formation of reactive intermediates with two isoindole unit. 

This is then followed by combination of the reactive species and central metal ion 

coordination which leads to MPc complex formation. Some intermediates isolated from 

these reactions have given some insights into how these complexes are formed even 

though the mechanism is not fully understood. The reaction leading to the formation of 

MPc complexes are generally thermodynamically feasible.1 
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N

M

N

N
N

N

N
N

N

N

OCH2R

OCH2R

R H

O

MPc
2 RCH2OH
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Scheme 1.7: Mechanistic scheme for MPcs forming reactions. 
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Aim of Thesis 

The synthesis of thiol-derivatised benzyl mercapto and dodecyl-mercapto tetra substituted 

Co2+, Fe2+, Mn3+, Ni2+ and Zn2+ MPc complexes will be carried out in this thesis. The 

choice of the first row transition central metal ions is because their macro complexes are 

known to be excellent electrocatalysts. Table 1.1 shows the list of some thiol-derivatised 

MPcs reported in literature. Sulphur containing groups as ring substituents will make the 

complexes to be suitable for gold electrode modification as SAMs. To date, there has 

been no reported work on the synthesis of a thiol-derivatised MPc containing Mn ion as 

the central metal despite the very rich and interesting Mn redox chemistry. In this work, 

benzyl mercapto ring substituents was chosen because it is a possible precursor for the 

synthesis of MPcs with –SH group (which are the ideal MPcs for SAM) and will be good 

for comparative studies with MPcs with long chain alkyl group. MPcs with dodecyl 

mercapto group were synthesised because long chain alkane thiols are known to form 

highly stable SAMs on gold. The influence of MPc ring substituents on the stability of 

SAMs should be of great interest and will be investigated in this thesis. 

Electropolymerisation of these complexes on gold electrodes will also be carried out and 

they will also be employed as electrocatalysts. 
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Table 1.1: List of known thiol-derivatised MPcs.  
 

Thiol-derivatised MPc Metal free/ Central metal 
ion 

References 

Octakis (hexylthio)-
metallophthalocyanines 

H+, Zn2+, Cu2+ 94 

Octakis (phenylthio)-
metallophthalocyanines 

Co2+, Fe2+ 95 

Tetrakis (alkylthio)-
metallophthalocyanines 

H+, Ni2+ 96 

Octakis (hydroxyethylthiol)-
metallophthalocyanines 

H+, Co2+, Zn2+, Ni2+ 97 

Octakis (butylthiol and 
hydroxylthiol)-
metallophthalocyanines 

Zn2+, Co2+, Fe2+ 58, 67 

1,4,8,11,15,18-Hexahexyl-22-
[8-methylsulfonyloxy) octyl]-
25-methyl-phthalocyanine 
 

H+ 98 

1,4,8,11,15,18-Hexahexyl-22-
[3-(methylsulfonyloxy) 
propyl]-25-methyl-
phthalocyanine 
 

H+ 98 

1,4,8,11,15,18-Hexahexyl-22-
(8-mercaptooctyl)-25-methyl-
phthalocyanine 
 

H+ 98 

1,4,8,11,15,18-Hexahexyl-22-
(3-mercaptopropyl)-25-
methyl-phthalocyanine 
 

H+ 98 

Octakis or tetrakis (Octylthiol 
or octylsulphonyl)- 
phthalocyanines 

Cu2+, Ni2+ 99 

‘Umbrella SiPc’ Si4+(CH3)[O(CH2)2SH]  91 
‘Octopus SiPc’ Si4+(OCH3)2 91 
1,(4)- and 2,(3)- 
(tetraphenylthio 
phthalocyaninato)-
titanium(IV)oxide 

Ti4+=O 100 

1,(4)- and 2,(3)-
(tetrabenzylthio 
phthalocyaninato)-
titanium(IV)oxide 

Ti4+=O 100 
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1.1.2 Spectral properties 
 
1.1.2.1 Electronic spectra  
 
Figure 1.3 shows typical electronic absorption spectrum of an MPc complex. The 

spectrum consists of distinct band in the visible spectrum called the Q band which is the 

most intense band and the B or Soret band101,102  lying just to the blue of the visible region 

near 340 nm.  

 

300 350 400 450 500 550 600 650 700 750 800

Wavelength/nm

A
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ba

nc
e
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Figure 1.3: Typical electronic absorption spectrum of MPc 

 

The origin of the UV-Visible spectrum is well explained by Gouterman’s 4-orbital linear 

combination of atomic orbital model,6 Scheme 1.8. According to the theory, the highest 

occupied molecular orbitals (HOMOs) of the MPc ring are the a1u(π) and a2u(π), the 

lowest unoccupied orbital (LUMO) of the MPc ring is the eg(π). The Q and B bands arise 
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from transitions from the a
1u

(π) (Q band), and a
2u

(π) and b
2u 

(B bands), respectively to the 

e
g 

orbital. There are other bands exhibited by MPcs, bands such as N, L and C bands 

which occur at high-energy (below 300 nm) in the ground state electronic absorption 

spectra of some diamagnetic MPcs such as ZnPcs and MgPcs.103 

There are also possibilities of charge transfer transitions (CTTs)7,8 which usually appear 

as weak absorption bands between Q and B bands. If the central metal has d-orbital lying 

within the HOMO-LUMO gap there is a possibility for the CTT occurring, which either 

can be metal to ligand (MLCT) or ligand to metal (LMCT), Scheme 1.8. 
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Scheme 1.8: Gouterman’s 4-orbital linear combination of atomic orbital model.6 
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Metal oxidation or reduction is characterised by a shift in Q band without much lowering 

in intensity while ring oxidation will result in collapse of the Q band and formation of a 

broad peak at around 500 nm. This results in a ‘hole’ in the a
1u

 (π) level which allows 

transition from the low-lying, e
g
(π) level to the HOMO. Ring reduction also results in 

collapse of Q band followed by formation of new bands between 550 nm and 650 nm.  

Scheme 1.9 shows the energy level diagram for one-electron ring reduced or ring 

oxidised MPc complex.  

 

Q B
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Q B
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x
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Scheme 1.9:   Energy level diagram for one-electron ring reduced or ring oxidised MPc 

complex. 
 
 
Aggregation in MPcs can be described as the association of molecules leading to dimers, 

oligomers or mixtures of both. Aggregation can be due to the following processes;101 

direct linkage or bridge between two or more phthalocyanine rings (i.e. intramolecular 

interaction),104
 

covalent bonding between the metals as µ-oxo-links (especially MPc 

complexes of Fe and Si),35,105
  

sandwich-type complex formation in which two MPc rings 

eg(π*) 

b1u(π*) 

a1u(π) 

a2u(π) 

eg(π) 
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share one central metal,106-108  or by weak association whereby the peripheral substituents 

hold two rings in space.109 The degree of aggregation in the latter type of MPc complexes 

in solutions depends on the π-π interaction, Van der Waal forces and hydrogen bonding 

between MPc molecules and/or with solvents. The effectiveness of these interactions 

depend on factors such as the closeness of the ring, the overlap position, the tilt angle the 

Pc ring adopt, the bulkiness of the peripheral groups, and the extinction coefficient102 of 

the electronic bands involved. High concentration of MPc complexes encourages 

aggregation, since this will bring closeness of the neighboring MPc rings. The bulkier the 

peripheral groups, the less the aggregation, since bulkier groups reduces the closeness of 

the rings. Also, symmetrical MPcs tend to have more aggregation than the unsymmetrical 

ones; this can be attributed to the more effective overlap of the rings in symmetrical 

MPcs than in the unsymmetrical ones. The nature of solvents also plays a role in 

aggregation formation; aggregation tends to be more pronounced in polar solvents than in 

non polar solvents. In polar solvents, stronger interactions occurs, for example, hydrogen 

bonding occurs between water molecules and ring substituents such as sulphonated 

group. The effect of aggregation on the electronic spectra of MPcs can be seen by the 

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

The solid state spectra of MPc complexes can be studied mainly as thin films by 

electrodeposition on transparent electrodes such as indium tin oxide (ITO)110 and 

immobilised on materials such as silica gel111 and Amberlite®112,113  Solid state spectra of 

MPc complexes are usually broader but not necessarily showing more aggregation 

behaviour than their respective solution spectra.  
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1.1.2.2 Infra red spectroscopy 
 
The infra red (IR) spectra of MPc complexes are typically complex but similar. The main 

bands are the C-H stretching vibration at around 3030 cm-1, C-C ring skeletal stretching 

vibrations at around 1600 and 1475 cm-1
, C-H out of plane bending vibrations at around 

750-790 cm-1,114 all these bands are from the aromatic ring of the MPc. The unmetallated 

phthalocyanines can be distinguished from the metallated ones by the presence of N-H 

stretching vibration at near 3298 cm-1 115   in the former but absence of the band in the 

latter. For thiol derivatised MPcs, the prominent band is the aryl C-S stretching vibration 

which can be found at around 715-670 cm-1. 

 

1.1.2.3 1H NMR spectroscopy 
 
Proton nuclear magnetic resonance (1H-NMR) signal for symmetrical MPcs generally 

appears at lower field because of the deshielding effect of the induced secondary field in 

the phthalocyanine ring. The peripheral and non-peripheral H atoms resonances are of 

equal intensity for unsubstituted MPcs. The signals are generally broad for tetra-

substituted MPcs because they exist as mixtures of isomers while the octa substituted 

MPcs in all cases exhibit well defined spectra because they exist as just one isomer. The 

1H-NMR signal for MPcs with transition metal ions such as Co2+, Mn3+ and Fe2+ are 

usually broad because of the paramagnetism of the metal ions. 

The incorporation of axial ligands or ring substituents can lead to more complicated 1H-

NMR spectra for MPc complexes and can also shift the signals to lower or higher field 

depending on the nature and positions of the substituents. Ideally, electron donating 

groups are expected to shift the 1H-NMR signals to lower field while the reverse will be 
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the case for the electron withdrawing groups. For the same electron-donating ring 

substituents, 1H-NMR signals usually shift to a lower field for the MPc complexes with 

substituents in non-peripheral positions than those with substituents in peripheral 

positions.100 

 

1.1.3 Photochemistry  
 
Non-transition metal MPcs complexes are well known red light photosensitisers. Non-

transition metals such as Zn2+ and Al3+ are diamagnetic and have long triplet lifetimes 

and a relatively high triplet quantum yield suitable for photocatalytic purposes.116,117 

Non-transition MPcs produce singlet molecular oxygen (1O2, (
1∆g)) on exposure to red 

light,116,117 through Type II mechanism, Scheme 1.10. The energy transfer starts with the 

excitation of the sensitizer by irradiation with visible light, which yields the excited 

singlet state (1MPc*) and then by intersystem crossing (isc) gives the excited triplet state 

(3MPc*), equation 1.1, Scheme 1.10. This is followed by energy transfer from 3MPc* to 

ground state (triplet) oxygen (3O2, (
3Σg

-)) resulting in generation of singlet oxygen (1O2, 

(1∆g)), equation 1.2. Although the excited singlet states of MPc (1MPc*) have a higher 

energy (1.8-1.9 eV) than the triplet states (3MPc*) (1.1 – 1.3 eV), the former has 

relatively lower lifetimes making the latter more important in photochemical process. The 

processes in Scheme 1.10 are feasible since the triplet states of MPcs are readily 

quenched by molecular oxygen. Singlet oxygen (1O2, (
1∆g)) is the reactive species22,118-120 

during the photocatalytic applications of MPcs in areas such as photodynamic therapy 

and photodegradation of pollutants. The other possible process is the Type I mechanism, 

in this case, the triplet state of the MPc (3MPc*) either reacts directly with a substrate 
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(equation 1.3) or molecular oxygen by electron transfer to generate the oxidised MPc+. 

and superoxide radical (O2
-.), equation 1.4 in Scheme 1.10. Type II mechanism is known 

to be the predominating process in PDT and in photodegradation of pollutants such as 

chlorophenols. Equations 1.5 and 1.6 of Scheme 1.10 respectively show the reactions of 

1O2, and O2
-. with substrates during photocatalysis processes.  

 
 

3MPc* + Sub MPc-. + Sub

3MPc* + O2
MPc -.+ O2

+.

+.

(1.3)

(1.4)

+ Sub Sub(ox)O2 (1∆g) (1.5)
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Scheme 1.10: Type I and Type II photoreaction mechanisms in MPc sensitiser 
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1.2 Basics of Electrochemistry 
 
Electrochemistry is employed in this work for characterisation of MPcs and for 

electrocatalytic studies. Thus this section gives a brief overview of electrochemical 

techniques employed. 

 

1.2.1 Cyclic voltammetry 
 
Cyclic voltammetry (CV) is the most widely used electrochemical technique. The 

technique can be used to study electron transfer mechanisms in reactions including 

providing information on the reversibility, kinetics, formal reduction and oxidation 

potentials of a system.121-126 

In a cyclic voltammetry experiment, the potential of an electrode is cycled from a starting 

potential, Ei to a final potential, Ef (the potential is also called the switching potential) 

and then back to Ei, Figure 1.4. The potential at which the peak current occurs is known 

as the peak potential, Ep. At this potential, the redox species has been depleted at the 

electrode surface and the current is diffusion limited. The magnitude of the Faradaic 

current, Ipa (anodic peak current) or Ipc (cathodic peak current), is an indication of the rate 

at which electrons are being transferred between the redox species and the electrode.  

Cyclic voltammetric processes could be reversible, quasi-reversible and irreversible. 

 

A reversible process obeys the Nernst reaction in which the electron transfer is rapid, 

allowing the assumption that the concentration of both the oxidised (O) and the reduced 

species (R) are in a state of equilibrium (equation 1.7). Figure 1.4 shows a typical CV for 

a reversible process. The electroactive species are stable and so the magnitudes of Ipc and 
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Ipa are equal and they are proportional to the concentrations of the active species. ∆E (Epa-

Epc) should be independent of the scan rate, v but in practice ∆E slightly increases with v, 

this is due to the solution resistance, Rs between the reference and working electrodes.127  

O + ne- R                                           (1.7) 
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Figure 1.4: Typical cyclic voltammogram for a reversible process.  

 

 

For a reversible process, the half-wave potential (E1/2) equals the formal potential (Eo′) 

and are related to the standard potential (Eo) as follows (Equation 1.8): 

][

][
ln

2
'

2/1 R

O

F

RT
EEE oo +==                                  (1.8) 

where R = gas constant, T = temperature (K), F = Faraday’s constant 



Introduction  

                                                                       23
  

[O] = concentration of oxidised species (mol L-1), [R] = concentration of reduced species 

(mol L-1) 

 

The formal redox potential, Eo' can be calculated from equation 1.9:  

2
' pcpao

EE
E

+
=                                                       (1.9) 

where Epa = anodic peak potential, Epc = cathodic peak potential 

The number of electron transferred in a reversible process can be calculated from 

equation 1.10: 

∆
nF

RT
EEE papc =−= , at 25 oC 

n

V
E

059.0=∆       (1.10) 

n = number of electrons transferred, other symbols as in equation 1.8. 

At 25oC, the peak current of a reversible process is given by the Randles-Sevcik equation, 

1.11  

2/12/35 )(][)1069.2( νDAOnxI p =                            (1.11) 

where I
p 
= peak current (A), A = electrode area (cm-2), D = diffusion coefficient (cm2

 

s-1), 

ν = scan rate (V s-1).  

Using the Randles-Sevcik equation (1.11), a linear plot of I
p 

vs. ν1/2
 

is obtained for a 

planar diffusion126,128,129 to the electrode surface. Deviation from linearity indicates the 

presence of chemical reaction involving either the oxidised, reduced or both species. 

 

For an irreversible process, only forward oxidation or reduction peak is observed but at 

times with a weak reverse peak, Figure 1.5. This process is usually due to slow electron 

exchange or slow chemical reactions at the electrode surface.130 Nernst equation is not 
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applicable in this case since the rate of electron transfer is insufficient to maintain surface 

equilibrium and thus the oxidised [O] and reduced [R] species are not at equilibrium. 

 The peak current, Ip for irreversible process is given by equation 1.12. 

Ip = (2.99 x 105) n [(1-α)n]1/2 A c (Dv)½                                                  (1.12) 

where α is the rate of electron transfer, c is the concentration of the active species in mol 

cm-3. The rest of the symbols are as in above and they are listed in the Table of symbols. 

For a totally irreversible system, ∆Ep is calculated from equation 1.13: 

∆Ep = Eo’ – RT/αnF [0.78 – In(ko/D1/2) In(αnF/RT)1/2]                  (1.13)                                      

ko = heterogeneous electron transfer coefficient (cms-1). The rest of the symbols are as in 

above and they are listed in the Table of symbols. 

At 25oC, the peak potential (E
p
) and the half-peak potential (E

1/2
) differ by 0.048/αn.  
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Figure 1.5: Typical Cyclic voltammogram for an irreversible process. 
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Quasi-reversible process is intermediate between reversible and irreversible systems. 

The current due to quasi-reversible processes is controlled by both mass transport and 

charge transfer kinetics.125,131 The process occurs when the relative rate of electron 

transfer with respect to that of mass transport is insufficient to maintain Nernst 

equilibrium at the electrode surface.  

For quasi-reversible process, Ip increases with υ1/2   but not in a linear relationship and ∆E 

> 59/n mV increases with increasing υ. 

The CV experimental set up consist of a working electrode which can be gold, platinum, 

glassy carbon etc., a reference electrode against, which the potential is measured against  

can be  standard calomel electrode (SCE) or silver|silver chloride (Ag|AgCl) and counter 

electrodes such as platinum wire can be used. During the CV, the solution is kept 

stationary and is therefore not stirred in order to avoid movement of ions to the electrode 

surface by mechanical means. 

 

1.2.2 Square wave voltammetry (SWV) 
 
This is a differential technique in which potential waveform composed of a symmetrical 

square wave of constant amplitude is superimposed on a base staircase potential.131,132  It 

is the plot of the difference in the current measured in forward (if) and reverse cycle (ir), 

plotted against the average potential of each waveform cycle. In this technique, the peak 

potential occurs at the E1/2 of the redox couple because the current function is 

symmetrical around the potential.133,134  The main advantages of SWV are excellent peak 

separation and high sensitivity. 
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1.2.3 Spectroelectrochemistry 
 
It is a technique which combines spectroscopic and electrochemical techniques. It 

involves the use of a spectroscopic technique such as ultraviolet-visible light 

spectroscopy (UV-Vis) to monitor electrochemical processes which include study of 

species electrotransformation, elucidation of reaction mechanism and studies of reaction 

kinetics and thermodynamics. 

With this technique, optically transparent electrodes (OTEs) are often employed.127,130,135-

144 Several types of OTEs are available, examples include fine wire mesh of metal 

minigrids, (which comprises several wires of platinum, gold, silver) and thin films of 

semiconductors such as doped tin oxide. Optically transparent thin layer electrode 

(OTTLE) cells incorporate these types of electrodes. The working volumes of OTTLE 

cells are very small in the range between 30-50 µL and thus the electrolysis time is very 

short, usually seconds. 

The number of electrons (n) transferred during the redox process can be determined using 

the Faraday’s law, given by equation 1.14. 

n = Q/FVc                                  (1.14) 

where Q = amount of charge passed (C), V = volume of OTTLE cell (L). F = faraday 

constant, c = molar concentration of analyte.  

This technique is useful for identification of species formed during MPcs electrochemical 

transformations, and also the number of electrons transferred can be deduced.  
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1.2.4 General electrochemistry of MPcs 
 

MPcs have very rich and interesting electrochemical properties mainly due to their rich 

redox properties. The CV technique can be used to characterize newly synthesised MPcs, 

information such as the formal metal and ring based redox potentials, the influence of 

axial ligands and ring substituents on the electrochemical properties can be obtained from 

it. Figure 1.6100 displays a typical cyclic voltammogram of an MPc complex showing 

both metal and ring based redox processes. In both positive and negative potential 

directions, metal based redox processes are in most cases (depending on the electrolyte 

system) firstly observed before the ring based ones for MPcs with redox active central 

metal ions. 
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Figure 1.6:      A cyclic voltammogram of an MPc showing both metal and ring based 

redox processes.100 
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At neutral state, the Pc ring has an oxidation state of -2 (Pc-2).145  The Pc ring can undergo 

oxidation by successive removal of up to two electrons from the HOMO (a1u), leading to 

MPc-1 and MPc0 species respectively and it can undergo reduction by successive addition 

of up to four electrons to the LUMO (eg), leading to MPc-3, MPc-4, MPc-5 and MPc-6 

species respectively.146-153  Because non-transition metal ions are not electroactive, their 

redox chemistry is similar to that of metal free Pcs and the complexes show redox 

activities of the Pc ring only. Factors such as solvent, electrolyte, axial ligands, ring 

substituents and aggregation can have significant influence on the redox properties of 

MPcs.66,151,154-157
   

 

1.2.5 Electrochemistry of thiol derivatised MPcs  
 
The electrochemistry of thiol-derivatised MPcs has not received much attention. The 

effect of the sulphur in the thiol group is still not clear. As stated above, in 

phthalocyanines, up to four reversible ring reductions and two ring oxidations are 

possible, however the electrochemistry of thiol substituted MPc complexes is often 

different from that of other substituted MPc complexes. For example irreversible ring 

reductions have been reported,94 often coupled with chemical reactions and adsorption of 

the reduction products. Overlaps of reduction couples to form one peak, and single step 

(irreversible) multi-electron oxidation accompanied by decomposition have also been 

reported.83 
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Aim of Thesis 

The voltammetric and spectroelectrochemical properties of thiol derivatised MPcs 

complexes have not received much attention. In this work, newly synthesised thiol 

derivatised MPcs will be electrochemically and spectroelectrochemically characterised; 

the formal potential positions, the influence of the central metal ion and ring substituents 

on the formal potential positions, the nature of the electronic spectra in various oxidised 

and reduced species of the thiol derivatised MPcs will be studied. These investigations 

are important for better understanding of these complexes’ behaviour during 

electrocatalysis. 

 

 

1.3 Electrocatalysis 
 
MPc complexes especially those containing transition metals are known to have good 

electrocatalytic properties. The physical and chemical stability of MPcs during electron 

transfer is a major factor that contributes to their suitability as electrocatalysts and makes 

them to be superior to metals and metal oxides in this regard. MPcs have been used 

extensively in both homogeneous and heterogeneous electrocatalysis; in heterogeneous 

catalysis, they are used to modify electrodes such as glassy carbon and gold electrodes 

and thus act as electron mediators or promoters during electrocatalysis. In general, metal 

based redox processes mediate catalytic reactions of MPcs,61,144,158-163 but ring based 

catalyses have been reported.164 The mechanism for the electrooxidation using MPcs as 

catalysts are shown in equations 1.15-1.17. Basically metal (equation 1.15) or ring 

oxidation (equation 1.17) occurs first followed by a chemical process leading to oxidation 
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of the analyte by the reactive oxidised catalyst, the latter is then regenerated. Equations 

1.15 and 1.16 are metal based oxidation and equations 1.17 and 1.18 are ring based 

oxidation process. 

M2+Pc2- → M3+Pc2- + e-                             (1.15)                                                                      

M3+Pc2- + A → M2+Pc2- + P                       (1.16) 

 M2+Pc2- → M2+Pc- + e-                               (1.17)                                                                     

M2+Pc- + A → M2+Pc2- + P                          (1.18) 

where A is the analyte and P is the product  

Electrocatalysis can be observed by comparing the CV of an analyte on modified 

electrode with that on bare electrodes; higher catalytic current, Ip and shift to a less 

positive peak potential in the CV of the former compared to the latter  is an indication of 

electrocatalysis of oxidation of analyte. Typical example of catalysis is shown in Figure 

1.7. 
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Figure 1.7:      Cyclic voltammogram showing catalytic behaviour of an MPc-modified 
electrode catalyst towards the electrooxidation of an analyte. 

 

Environmentally and biologically important molecules such as nitrite, sulphite, nitric 

oxide, sulphur dioxide, chlorophenols and many more have been electrooxidised by MPc 

chemically modified electrodes. 

Chemically modified electrodes (CMEs) are electrodes coated with conducting materials 

for the purpose of improving the chemical and electrochemical properties of the 

electrodes. Macro molecules such as MPcs, metal Schiff bases and metalloporphyrins 

have been used to modify electrodes for use as electrocatalysts and sensors. These 

macromolecules act as electron mediators, increasing the rate of electron transfer at the 

electrode-solution interface and also lowering the potentials of redox processes. The 

modification introduces some chemical and electrochemical properties which the bare 

electrodes do not posses.165-167 
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Various techniques can be used to modify electrodes, these techniques include covalent 

bonding,168,169 composite method,170-173 dip dry,174-177 drop dry,63 spin coating,91,178-183 

electropolymerisation,59,60,110,184-198 Langmuir-Blodgett technique,90 vapour deposition199 

and self assembled monolayer (SAM).86-93,200-202  

In this work electropolymerisation and SAM techniques will be used to modify gold 

electrodes and therefore these will be discussed in this section. 

 

1.3.1 Electropolymerisation 
 
Electropolymerisation is the most efficient method of depositing polymer films on 

electrodes. Electropolymerisation process involves the repetitive voltammetric scanning 

of the solution of the modifier monomers at the electrode surface within a specific 

potential window.110,197,198 This can be oxidative184-190 or reductive191-193 voltammetric 

scanning in which the monomer forms radicals which combine to form polymers on 

electrodes. Electropolymerisation forms multilayered polymer coatings of the complexes 

forming a three-dimensional reaction zone at the electrode surface, thus improving the 

response sensitivity of the electrode.203 It is a reproducible process and also it is possible 

to control the film thickness by varying the conditions for polymerisation process such as 

time, scan rate, potential range and the type of electrolytes. Various conducting surfaces 

such as metals, metal oxides and carbon based electrodes can be used as the depositing 

surface. Formation of new peaks (polymer peaks) is expected and at the same time as 

continuous growth of the monomer peaks. The peaks increase in size with film thickness 

until the process is complete.  
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A lot of work has been done on the study of mechanisms of polymer formations from 

monomers containing groups such as amino, polyaniline, polypyrrole and polythiophene 

groups.204-206 Factors such as solubility of monomer, nature of solvent, electrode size and 

nature, and ability to form an insoluble polymer govern the polymer growth 

mechanism.207 The mechanism of polymer growth of polypyrrole, polythiophene and 

polyaniline has been studied using cyclic voltammetry, electrochemical quartz crystal 

microbalance (EQCM) and spectroelectrochemical methods.187,208-210   

Nyokong and Bedioui211 have recently reviewed work done on electropolymerised thin 

films of phthalocyanines as electrocatalysts for biologically and environmentally 

important molecular materials. MPc complexes with ring substituents such as amino, 

pyrrole, sulphonate and mercaptopyrimidine groups have been used to modify various 

electrodes as polymer films for analytes such as glycine, chlorophenols, dopamine, L-

cysteine, hydrazine and oxygen. Table 1.2 summarises some of the work carried out in 

this regard. To date, thiol-derivatised MPcs have not been used to modify electrodes by 

electropolymerisation; first attempts will be carried out in this work.  
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Table 1.2: Electrocatalysis of some analytes using poly-MPcs electrodes 

 
MPc 

speciesa 

Electrodeb Analyte Ep/ V vs. 

SCEc 

Medium References 

CoPc(NH2)4 GCE Hydrazine ~-0.05 pH 13 212 

CoPc(NH2)4 VCE L-Cysteine -0.13 0.5 M 

NaOH 

213 

CrPc(NH2)4 GCE nitrite 0.76 pH 7.3 214 

MnPc(NH2)4 GCE glycine -0.68 pH 4 60 

NiPc(NH2)4 VCE dopamine ~0.15 pH 7.4 215 

MnTpPc VCE oxygen -0.65 pH 4 216 

NiTpPc VCE or Pt 4-CP 0.39 0.1 M 

NaOH 

217 

Ni(OH)TpPc VCE or Pt 4-CP 0.33 0.1 M 

NaOH 

217 

CoTpPc GCE L-Cysteine 0.46 pH 4 218 

NiPcS4 GCE 2-CP 0.16 pH 11 219 

 

aTpPc= tetra-4-(pyrrol-1-yl) phenoxy phthalocyanine, bVCE = Vitreous carbon electrode, 
GCE= glassy carbon electrode, cTo convert potential vs. Ag|AgCl to SCE, a correction 
factor of -0.0045 V is applied.211 
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1.3.2 Electrodeposition 
 
Electrodeposition is also done in the same way as electropolymerisation, but unlike the 

latter polymers are not formed. The process occurs because the oxidised or reduced form 

of the modifier is less soluble in the depositing solvent and is adsorbed onto the 

electrodes without polymer formation. The first scan is generally similar to the 

subsequent scans.220,221  

 

 

1.3.3 Self Assembled Monolayer (SAM) 
 
Self assembled monolayers (SAMs) can be defined as the formation of highly ordered 

molecular assemblies formed by the adsorption of molecules from solution directly onto 

the surface of an appropriate substrate.122,201,202 SAM technique has a number of 

advantages which include simplicity, reproducibility and formation of highly ordered and 

stable monolayers which are chemically bound onto gold electrodes.222 Reported types of 

SAMs include chlorosilanes on silicon or glass,201,223-226 carboxylic acids on metal 

oxides227,228 and organosulphur compounds such as thiols and disulphides compounds on 

gold.222,229-238 Gold has strong affinity for sulphur and the formation of gold sulphur 

bound is thermodynamically feasible with the Au-thiolate bond having bond strength of 

44 kcal mol-1.239,240 It has been shown that SAMs formed on Au by alkane thiols with 

chain length of 12 or more are well-ordered and dense monolayers. These alkanethiols 

are known to form densely parked crystalline or liquid crystalline material on gold with 

attractive Van der Waal forces between the alkyl chains that enhances the stability and 

order of the SAMs.241 Figure 1.8 shows a schematic representation of alkane thiols SAM 

on gold electrode.  
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Figure 1.8: Schematic representation of alkane thiols SAM on gold. 

 

Thiol derivatised MPc complexes have been used to form SAMs on gold electrodes 

especially for the purpose of using them as electrocatalysts.58,82  However, the number of 

MPc complexes with thiol substituents is still limited and the electrochemistry of these 

molecules has not been fully explored, this is due to the fact that the synthesis of thiol-

derivatised metallophthalocyanines is tedious and requires toxic chemical reagents. 

Hence, the study of thiol-derivatised MPc-SAMs has not received much attention.  

Thiol-derivatised MPc-SAMs can adapt flat or vertical orientation on gold electrodes as 

shown schematically in Figure 1.9. Formation of MPc-SAMs on gold electrode gives the 

advantages of both enhancement of the Faradaic current of the adsorbed species relative 

to the charging current, (these will improve the sensing and selectivity) and creating 

chemically selective sites, which is the basis of an electrochemical sensor.122,201 
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Figure 1.9: Schematic representation of thiol derivatised MPc SAM on gold. 

 

The preparation of SAMs is simple and straight forward. Basically, the modifier is 

dissolved in a suitable solvent and purged with N2 gas. The clean gold electrode is then 

immersed in the solution, SAM is allowed to form for about 24 hours or more depending 

on the solution concentration usually the higher the concentration the lower the 

deposition time; concentrations in millimolar to micromolar range are often employed. 

There has been no report on determination of the minimum time needed for SAM 

formation, in this work CV technique will be used to monitor SAM formation progress; 

hence finding the minimum time for SAM formation. 
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1.3.3.1 Characterisation of MPc-SAMs by Cyclic voltammetry (CV)  
 
A number of non-electrochemical analytical tools89-93,181 have been used for SAM 

characterisation namely infra red spectroscopy, X-ray photoelectron spectroscopy, 

ellipsometry and scanning probe measurements. Electrochemical techniques especially 

cyclic voltammetry (CV),50,104 have proven to be effective for SAM characterisation. In 

this work, cyclic voltammetry will be used for SAM characterisation. A well formed 

MPc-SAM with flat orientation has a surface coverage concentration of about 10-10 mol 

cm-2, free of pinholes (a pinhole is a site at which the electrode surface is exposed to the 

electrolyte) and also defect free (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).222,231,232 The surface roughness of gold electrode surface plays a role in 

determining whether or not the SAMs formed will have pinholes and defects or not; 

increase in surface roughness usually increases the chances of having pinholes and 

defects because it leads to formation of SAMs with poor uniformity.201,202,242 

Cyclic voltammetry has been used to characterise SAMs in this work. For the 

determination of surface concentration, various methods can be used, these are explained 

below. 

 

(i) For species that are surface confined, the peak current, Ip (µA) is directly 

proportional to the scan rate, v (V s-1), equation (1.19).201,202 

RT4

AFn
I

22

p

νΓ=                                                                                         (1.19) 
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where A = surface area of the electrode (cm2), Г = total surface coverage by electroactive 

species, n = number of electron transfer, v = scan rate, F = faraday constant, R = gas 

constant and T = temperature in Kelvin. 

Г may be also determined from equation 1.20 

Г = Q/ nFA                                                                                          (1.20) 

where Q = quantity of charge in coulombs, the rest of the symbols have their usual 

meaning. 

 

(ii)  The surface concentration can be estimated by using charge, Q from either 

reductive or oxidative desorption of SAM in strong alkaline solution as illustrated by the 

equations 1.21, 1.22 shown below; 

Au-SCnX + ne- + M+                Auo + XCnS
-M+                                                 (1.21) 

 
Au-SCnX + 4OH-                     Auo + XCnSO2

- + 3e-  + 2H2O               (1.22) 
 

 

where M+
 

cation from the electrolyte is usually included in the equation for desorption 

because the peak is sensitive to the identity of the cation. X = the end group of the alkane 

thiol chain. 

 

(iii)  The surface concentration of the MPc complexes on gold electrode can also be 

estimated using the charge difference between the bare gold (QBare) and the MPc-SAMs 

(QSAM) from the CVs obtained in basic media at bare and MPc modified gold electrodes. 

The difference is proportional to the fraction of the gold sites covered by the MPc-SAMs. 

This fraction is then divided by three to get the charge proportion of gold sites covered 

with MPc-SAM, according to equation 1.23. 
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Au.H2O + 2H20                      Au(OH)3 + 3H+ + 3e-                             (1.23)        
 

The amount of gold sites covered by the MPc-SAM is then divided by the number of 

‘thiol arms’ of the MPc followed by division with the surface area of the gold electrode to 

get the charge density proportional to each MPc molecule. These values can then be 

converted to the corresponding surface concentration (mol cm-2) by dividing them with 

the Faraday constant (96485 C mol-1). The surface concentration in number of molecules 

per area (in cm2) can be obtained by simply multiplying the ΓMPc (mol cm-2) by the 

Avogadro’s constant (NA). Finally the inverse of the concentration in molecules per Å2 

correspond to the approximate surface area occupied per molecule.  

Determination of ion barrier factor as shown in equation 1.24 is a measure of how 

pinholes free the SAM is; specifically how the monolayers effectively prevent ions from 

the electrolyte solution from reaching the electrode surface. It is the comparison of the 

total charges under the gold oxide striping peak at the bare gold (Q
Bare

) and the SAM-

modified gold electrode (Q
SAM

).  

Γibf = 1 – QSAM/QBare                        
                                (1.24)        

where Γibf = ion barrier factor 

 

A well formed MPc-SAM should be able to block the gold surface oxidation redox 

process.231,242 Blockage of this process indicates that the gold electrode surface is 

effectively covered and isolated by SAM of MPc and is free from pinholes and defects. 

Figure 1.10 shows typical CVs of both MPc-SAM and bare gold electrodes in basic 

media. 
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Other Faradaic processes231,242  used for verifying the integrity of MPc-SAM formed on 

gold include underpotential deposition (UPD) of copper and solution redox chemistry 

[Fe(H2O)6]
3+/ [Fe(H2O)6]

2+of Fe(NH4)(SO4)2 in perchloric acid solution.  
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Figure 1.10: Typical CVs of both MPc-SAM and bare gold electrode basic media. 

 
 

Work done on SAMs of phthalocyanines as electrocatalysts for biologically and 

environmentally important molecular materials has recently been reviewed.211 Table 1.3 

shows some selected work carried out in this regard. As the Table shows, it is only Co2+ 

and Fe2+ MPcs that have been used; in this work Mn3+ and Ni2+ thiol derivatised MPcs in 

addition to their Co2+ and Fe2+ counterparts will be used to form SAMs on gold. Also 

from Table 1.3, the applications have been limited to analysis of thiol compounds (L-

cysteine, 2-mercaptoethanol, homocysteine, penicillamine and thiocyanate), hydrazine, 
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molecular oxygen and hydrogen peroxide. First examples of application of thiol-

derivatised MPc-SAMs to sulphite electrooxidation will be carried out in this thesis.  

 

Table 1.3: Electrocatalysis of some analytes using MPcs-SAM electrodes  

 

MPc speciesa Electrodeb Analyte Ep/ V 

vs. 

SCE 

LoD / 

mol L -1 

Medium References 

CoPc(SC4H9)8 Au L-Cysteine 0.38 3.1 ± 

0.8 x 10-7 

pH 4 58 

FePc(SC4H9)8 VCE L-Cysteine 0.29 3.1 x 10-7 pH 4 82 

CoPc(SC4H9)8 Au Homocysteine 0.48 5.2 ± 

0.6 x 10-7 

pH 4 67 

CoPc(SC4H9)8 Au Penicillamine 0.54 2.7 ± 

0.6 x 10-6 

pH 4 67 

CoPc(SC4H9)8 Au Thiocyanate 0.74 1.1 ± 

0.8 x 10-7 

pH 4 67 

FePc 4-MPy-Au Thiocyanate 0.51 8.4 x 10-7 pH 4 243, 244 

CoPc(NH2)4 Au O2 -0.31 5 x 10-6 pH 7 245 

CoPc(COOH)4
 2-ME-Au H2O2 0.56 5 x 10-7 pH 4 246 

 

apreformed SAM,  b2-ME = 2- mercaptoethanol, 4-MPy = 4-mercaptopyridine 
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Aim of Thesis 

A major part of the work described in this thesis is based on fabrication of MPc-SAMs on 

gold electrodes for potential applications in electrocatalysis and analysis. These thiol 

derivatised MPc-SAMs on gold will be characterised by the standard CV methods to 

ascertain the surface concentration of the complexes on gold electrodes and their integrity 

in terms of being free from defects and pinholes. For the first time, optimisation of the 

time for SAM formation based on CV technique will be studied. 

 

1.3.4 Electrochemical Impedance Spectroscopy (EIS) 
 
Electrochemical impedance spectroscopy (EIS) is a powerful tool for the investigations of 

the mechanisms of electrochemical reactions, the properties of porous electrodes, and for 

investigating passive surfaces.247-251 EIS technique has been shown to be effective for 

probing the redox and structural features of a surface-confined species.252 Impedance 

measurements include both the electrical resistance and resistance due to morphological 

state of the materials. Generally, a bare electrode should exhibit an almost straight line 

for the Nyquist plot (representation of impedance spectra) which is imaginary impedance 

versus the real impedance (−Zim versus Zre) because electrochemical reactions at such 

electrode surfaces are expected to be a mass diffusional limiting electron-transfer 

processes.253,254  For a modified electrode, the Nyquist plot shows characteristic semi-

circle pattern due to barrier to the interfacial electron transfer. The interfacial barrier 

behaviour has been described by Randles equivalent circuit (Figure 1.11),255-258 it 

incorporates various contributions to the interfacial barrier behaviour, these factors are 

the resistance of electrolyte (Rs), the charge transfer resistance (Rct), double-layer 
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capacitance (Cdl) and Warburg impedance (Zw). In the case of modified electrodes, Cdl is 

replaced by constant phase electrode (CPE). The Rct value is influenced by the film 

thickness and the nature of the films on the electrodes. 

Applications of EIS to modified electrodes characterisation have been reported. 

246,253,254,259 EIS studies in Fe(CN)6
3-/4- electrolyte solution have been performed for SAMs 

of thiols with different alkyl chains and carboxylic acid (COOH) terminal group,259 and 

the charge transfer resistance, Rct was found to increase with the length of the alkyl 

chains and with pH. In the EIS study of the formation of SAMs of cysteamine 

functionalised with phosphate groups,253 both Rct values and the Nyquist semi-circle plots 

increased as stepwise build up of the three layers of cysteamine, glutaraldehyde and 2-

amino-ethyl dihydrogen phosphate were formed. The biosensor consisting of preformed 

2-mercapto ethanol SAM, followed by attachment tetra carboxyl acid 

metallophthalocyanine and the enzyme (Au-ME-CoTCAPc-GOx SAM)246 for H2O2 

analysis was characterised using EIS and the result was found to be comparable to that of 

CV characterisation. Films of electrodeposited poly-nickel(II)tetrasulphophthalocyanine 

(poly-NiTSPc)254 with two different film thicknesses were characterised using EIS in pH 

11 carbonate-hydrogencarbonate buffer as the electrolyte, it was shown that Rct values 

was about twice higher for the thicker film.  
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Figure 1.11:   The CPE equivalent of circuit model showing the various factors for 
behaviour at the electrode thin film-electrolyte interface.  

 

 

 

Aim of Thesis 

In this work, EIS technique will be used to study the characteristics (nature and film 

thickness) of thiol derivatised NiPcs polymer films on gold electrodes. Poly-NiPcs are the 

only derivatives chosen for EIS studies because of the importance of differentiating 

between the poly-NiPc and poly-Ni(OH)Pc on Au electrode. A transformation from NiPc 

to Ni(OH)Pc only occurs for NiPc complexes. 
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1.4 Background on the analytes 
 

The analytes chosen in these studies for catalysis using MPcs are chlorophenols, nitrite 

and sulphite. Below is a brief survey of these analytes. 

 
1.4.1 Chlorophenols 
 
The molecular structures of chlorophenols (18-22) studied in this work are shown in 

Figure 1.12. 
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Figure 1.12: Molecular structure of chlorophenols 

 
 
 

Rapid industrial and agricultural growth worldwide has led to more and more discharge 

of toxic substances such as chlorophenols as effluents. Chlorinated phenols such as 2-

chlorophenol, 4-chlorophenol, 2,4-dichlorophenol, 2,4,5-trichlorophenol, and 
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pentachlorophenol are classified as priority pollutants by both the European Union (EU) 

and the United State Environmental Protection Agency (USEPA). According to both 

USEPA and EU the current admissible level for phenols in drinking water is set at 0.5 µg 

L-1 for total content and 0.1 µg L-1 for the individual phenol content, and 5 µg L-1 in 

bathing water.260,261  Their toxicity depends on degree of chlorination and the positions of 

chlorine atoms relative to the hydroxyl group and it increases as the chlorine atom is 

further away from the hydroxyl group.262,263 Chlorophenol toxicity also depends on pH 

and the presence of some other compounds accompanying them in the environment.262-264  

The physical and chemical properties of the chlorophenols of interest in this work are 

summarised in Table 1.4.264 Chlorophenols undergo physical and chemical 

transformations in the environment, these transformations depend on the values of their 

dissociation constant (Ka) and the partition coefficient (KO/W) in the octanol-water system. 

Both Ka and KO/W depend on the structures of the chlorophenols. The higher the number 

of chlorine atoms, the higher the dissociation constant (Ka) and partition coefficient 

(KO/W). The KO/W values decrease as the water solubility of phenols increases. Chlorinated 

phenols are generally recalcitrant and in particular the polychlorinated ones exhibiting 

more resistance to biotransformation in the environment than the monochlorinated ones. 

Generally their resistance to degradation increases with the number of halogen 

substituents.265-268 
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Table 1.4:   Physical-chemical properties of chlorophenols264 

Compound Molecular 

weight 

Boiling 

point (oC) 

Melting 

point 

(oC) 

Solubility 

g L-1 at 

20oC 

pKa Log KO/W 

2-chlorophenol 128.56 174.9 9.3 28 8.3-8.6 2.12-2.17 

4-chlorophenol 128.56 217-219 42-44 27 9.1-9.4 2.35-2.50 

2,4-

dichlorophenol 

163.00 Sublimes 45 4.50 7.5-8.1 2.75-3.30 

2,4,5-

trichlorophenol 

197.45 Sublimes 67-70 0.948 7.0-7.7 3.72-4.10 

Penta 

chlorophenol 

266.34 300 190 0.014 4.7-4.9 5.01-5.86 

 

Chlorophenols can be physically or chemical transformed  in the environment by three 

major ways namely (i) biodegradation by bacteria in soil, these processes are slow 

because they are hindered by the chlorine atoms in chlorophenols which interfere with the 

action of many oxygenase enzymes that initiate the degradation of aromatic rings of the 

chlorophenols and (ii) photodegradation by UV light which can lead to photochemical 

processes such as photodissociation, photosubstitution, photoreduction and 

photooxidation264   

Efficient chemical catalysts are needed to convert chlorinated phenols to more 

biodegradable molecules. Hitchman et al.269 have reviewed the various methods for the 

degradation of chlorophenols, which ranges from biological to chemical and to 
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photochemical methods. MPc complexes containing electroactive central metals are 

preferred catalysts for the enzyme-like oxidation of chlorophenols since these complexes 

have a wide range of readily available oxidation states. Iron and manganese 

tetrasulphophthalocyanine (MPcS4) complexes have been extensively studied as enzyme-

like catalysts for the oxidation of chlorophenols in the presence of an environmentally 

clean hydrogen peroxide (H2O2) as the oxidant.14,41-44 

Review of the use of MPcs as electrocatalysts for chlorophenols analysis will be dealt 

with in section 1.5.3.1. 

    

1.4.2        Nitrite 

Uses of nitrite are numerous,270  these include (i) color fixative and preservation in meats, 

(ii) manufacturing diazo dyes, (iii) in the textile industry, (iv) photography, (v) 

manufacture of rubber chemicals, (vi) fertilizers in agriculture and (v) medicinal agents 

(used as a vasodilator,271  bronchodilator,272 intestinal relaxant, 273  and even as an antidote 

for cyanide poisoning274). Thus, nitrite ions are of both environmental and biological 

importance and because they are widely used, there have been toxicological studies on 

acute and chronic exposure to nitrite. Nitrite ions are known to react with amines forming 

nitrosamines which are known to be carcinogenic.275-278 In the blood, they can inhibit 

oxygen intake of the body by oxidizing Fe2+ to Fe3+ of the hemoglobin, this condition is 

known as methemoglobinemia and infants are mostly affected by it. The United State 

Food and Drug Administration (USFDA) recognize 22-23 mg kg-1 body weight as the 

fatal dose of nitrite.279-281 Various methods have been used to determine nitrite ions, 

traditionally, nitrite is determined quantitatively by spectroscopic methods,282 this is 
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carried out by reacting nitrite with sulphanilamide and N-(1-naphthyl)ethylenediamine, 

the colour intensity of the complex formed can be used for quantitative determination of 

nitrite. However, this method suffers from interferences such as sulphide and sulphite. 

Chromatographic methods283 have also been used for nitrite determination. Both 

spectroscopic and chromatographic methods have some disadvantages such as the use of 

complicated sample pre-treatment process, unsuitability for on-site monitoring and 

inability for detoxification. In order to tackle this problems, devices which are simple, 

inexpensive, stable and having the potential for the detoxification of these molecules are 

highly in demand. Electrochemical devices fall into this category,15,214,284-287 which have 

more advantages over the other methods in terms of cost and time. Electrochemical 

determination of nitrite is either by reduction or oxidation. Polarographic and 

voltammetric methods for the detection of nitrite involve the catalytic reduction of nitrite 

in the presence of some polyvalent metal ions, such as molybdate and chromium. All of 

these methods suffer from poor sensitivity and are subject to interference from nitrate and 

molecular oxygen; hence detection using nitrite oxidation is preferred. The use of bare 

electrodes for the oxidation of nitrite requires high potentials and these electrodes tend to 

be poisoned by the species formed during the electrochemical process resulting in 

decrease in the electrode sensitivity and accuracy. The use of chemically modified 

electrodes for nitrite electrooxidation have been reported,288 including the use of 

electrodes coated with thin films of mixed valence CuPtCl6, silicotungstic 

heteropolyanions, enzymes, osmium polymers and ruthenium. A good way of lowering 

potentials for nitrite electrooxidation is by modification of the electrodes with complexes 
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such as MPcs. Review of the use of MPcs as electrocatalysts for nitrite analysis will be 

dealt with in section 1.5.3.2. 

 

1.4.3        Sulphite 

Sulphite (SO3
2-) ions have antioxidant and antimicrobial activities and they are used as 

preservative for foods and beverages. Sulphite ions are used extensively in wine industry 

as inhibitor of yeasts and bacteria. In aqueous medium, the ions can exist in different 

forms depending on pH and the acid dissociation constant as shown in equation 

1.25.289,290 

SO3
2-SO2 + H2O H2SO3 HSO3

-
-H+ -H+

(1.25)  

Under physiological pH condition (pH 7.4), SO2 exist as a mixture of hydrogen sulphite 

(HSO3
-) and sulphite (SO3

2-) with the latter, predominating.289 In this work, 

electrocatalysis and analysis of sulphite will be carried out at pH 7.4 where it is expected 

that it exist mainly in SO3
2- form. Sulphite ions are of great importance environmentally 

and biologically, it is the form in which sulphur dioxide (SO2) gas exist in aqueous 

alkaline solution and thus can be used for the indirect measurement of  SO2. Atmospheric 

SO2 can be absorbed by plant in the form of sulphite into chloroplast290,291 and this can 

lead to increase in reactive oxygen species (ROS)292-294 which can be very toxic to human 

beings. Methods for sulphite/SO2 determination include absorption spectroscopy,295  

titrimetric,296 ion chromatography297 and electrochemical methods.298,299  Electrochemical 

methods provide a simple, cost effective and a quick way of analysing sulphite/SO2. Most 

works on electrocatalysis of sulphite/SO2 involve electrode modification with macro 

complexes since these complexes are robust in nature and also provide catalytic sites for 
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sulphite electrooxidation to occur. Use of an amperometric sensor for SO2 based on 

adsorption of (3-mercaptopropyl)-trimethoxysilane (MPS) on a glassy carbon (GC) 

electrode followed by complexation with silver has been reported; in the study, sulphite 

was used for the indirect determination of SO2.
300 Copper hexacyanoferrate (CuHCF) 

modified with graphite electrode prepared by immobilisation method has been used for 

the determination of sulphite.301 Review of the use of MPcs and metalloporphyrins as 

electrocatalysts for sulphite analysis will be dealt with in section 1.5.3.3. 

 

 

 

1.5 Catalytic behavior of MPcs towards chlorophenols, nitrite and 
sulphite 

 
Over the years, MPc complexes have been shown to exhibit interesting catalytic activities 

in various types of catalysis such as (i) chemical/enzyme-like catalysis, (ii) 

photocatalysis, and (iii) electrocatalysis. In this work, these three types of catalysis are 

studied using MPcs for the transformations of chlorophenols, nitrite and sulphite. Hence a 

review on the above catalysis types and their applications towards these analytes 

transformations are discussed below. 

 

 
1.5.1  Enzyme-like catalytic transformation of chlorophenols 
 
Enzyme-like catalysis mimic the catalytic reactions of biological enzymes. MPc enzyme-

like processes can be divided into four categories namely (i) catalase-like oxidation 



Introduction  

                                                                       53
  

reactions,302-309 (ii) peroxidase-like oxidation reactions,310-313 (iii) oxidase-like oxidation 

reactions312,314-319 and (iv) oxygenase-like oxidation reaction.311,312,320-322  

(i) Catalase-like oxidation reactions 

This type of reaction mimics the naturally occurring catalase. Catalase has an aproprotein 

and four molecules of protoheme IX and it is known to catalyse the decomposition of 

hydrogen peroxide (H2O2) into water and molecular oxygen as shown in equation 1.26. 

2H2O2
2H2O + O2

Catalase
(1.26)

 

FePcS4, (where S = SO3
-) complexes have been shown to be effective in the catalytic 

decomposition of H2O2 based on this type of catalysis.
310 

 

(ii)  Peroxidase-like oxidation reaction 

Catalysis of oxidation of proton donors (AH2) such as vitamin C, phenols, aminophenol, 

p-aminobenzoic acid and p-phenylenediamine with H2O2 by naturally occurring heme 

enzyme peroxidase is well known, equation 1.27. FePcS8 has been shown to be effective 

in the mimicking of the peroxidase-like oxidation reaction and it has been used as a 

catalyst, for example, for guaiacol oxidation.313 

AH2 + 2H2O2 A + 2H20
Peroxidase

(1.27)  

Sorokin and co workers14,41-44  have extensively reported on peroxidases-like catalytic 

degradation of chlorophenols using FePcS4 and MnPcS4 (where S = SO3
-) as catalysts in 

the presence of oxidants such as hydrogen peroxide and potassium hydrogen persulphate, 

formation of products like maleic acid and formic acid were reported.  

 

 



Introduction  

                                                                       54
  

(iii)  Oxidase-like oxidation reaction 

The oxidation-reduction enzymes are known to catalyse the reaction of sulfhydryl-

containing substrates and hydrogen acceptors (equation 1.28) and reduced form of 

nicotinamide adenine dinucleotide (NADH) with O2, equations 1.29. Attempts have been 

made to mimic these types of reactions using divalent and trivalent MPc complexes, 

several examples using MPc complexes for the catalyses of aerobic conversion of thiols 

to disulphide have been reported.314-319  

SH2    +     A   S    +     AH2                 (1.28)

S    +     H2O2               (1.29)SH2    +     O2 

Dehydrogenase

  Oxidase

 

where S represents sulfhydryl containing substrate 

 

(iv) Oxygenase-like oxidation reaction 

This is a synthetic model of cytochrome P-450 (equation 1.30). Cytochrome P-450 is an 

enzyme found in mammalian tissues such as liver and kidney, it catalyses the 

hydroxylation of non-polar substances such as drugs and pollutants thereby making them 

to be water soluble and easier to remove from the body.302 

R3C-H   + O2 + 2H+ + 2e- R3C-OH + H2O           (1.30)
P-450

 
 

These types of reactions are mostly carried out using iron and manganese MPc complexes 

as catalysts. The active species in these reactions are generally believed to be the Fe-oxo 

and Mn-oxo species.302 Several workers have used these type of reactions to oxidise 

industrially important molecules such as cyclohexene, styrene, and 3,5,5-

trimethylcyclohex-3-en-1-one.320-322 These reactions usually lead to the formation of an 

epoxide and can still lead to other oxidised products. Epoxidation of styrene321 was 
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catalysed with the use of some MPc complexes; it was found that the FePc and MnPc 

performed significantly better than the NiPc and CoPc. Ito et al.322 performed the 

oxidation of 3,5,5-trimethylcyclohex-3-en-1-one using molecular oxygen as the oxidant 

and the reaction was catalysed by Mn3+, Mn2+, Fe3+, Fe2+, Ni2+, Cu2+ or Co2+Pcs; Mn3+Pc 

showed an excellent catalytic activity with a 93% yield 3,5,5-trimethylcyclohex-2-en-1,4-

dione. 

MPcs employed as chemical/enzyme-like catalysts for chlorophenols oxidation are listed 

in Table 1.5. Emphasis has been mainly on the investigation of catalysts/substrate ratio 

effects on the rate of reaction and the type of products formed. There has been no 

reported work on the effect of the influence of solvent composition on the type of 

products formed; this thesis will do investigation on that. Also FePcS4 and MnPcS4 have 

been mostly used, the mechanisms involve complicated steps via Fe-oxo and Mn-oxo 

species formation and FePcS4 and MnPcS4 spectra are relatively more complicated than 

that of CoPcS4, the latter will be employed in this work.  
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Table 1.5: Data for the enzyme-like catalysis of chlorophenols transformation using MPc 
complexes 
 

MPc/ 
mediuma 

Chlorophenol Oxidant Productsb (% Yield) References 

FePcS4 in 
aqueous 
solution 

TCP H2O2 CMA, CFA, MA, FA, 
coupling products 

24, 3, 1, 1, 27 323 

FePcS4 on 
Amb. IRA 
400/ PVP 

TCP H2O2/ 
KHSO5 

Not stated  41 

FePcS4 in 
aqueous 
solution/ 

Amb. IRA 
900 

TCP H2O2 Water soluble 
product, dimers and 
trimers  CO2, CO 

69, 13, 11, 3 42 

FePcS4 in 
aqueous 
solution 

TCP H2O2 CMA, CFA, MA, FA, 
coupling products 

24, 3, 1, 1, 27 46 

FePcS4 on 
silica 

TCP H2O2 CMA, CFA, MA, FA, 
coupling products 

24, 3, 1, 1, 27 324 

MOCPcs 
(M = Fe, 
Mn, Co) 

TCP H2O2 Formic acid, OA, 
chloropropenic acid, 
coupling products 

Not stated 51 

 

aAmb. = amberlite®, S = SO3
-, PVP = poly (vinyl pyridine) polymer, bCMA = 

Chloromaleic acid, CFA = chlorofumaric acid, MA = maleic acid, FA = fumaric acid, OA 
= oxalic acid 
 
 
 

Aim of Thesis 

CoPc complexes have rich redox chemistry and because of their high catalytic activities, 

they have been more widely employed in electrocatalytic reactions than their FePc or 

MnPc counterparts. It is surprising therefore that, up to date; there has been no detailed 

literature report on the catalytic oxidation of chlorinated phenols by any CoPc complex. 

CoPc have been shown to mimic the oxygenase-like catalysis.322 
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This work will involve the use of CoPcS4 catalyst for the H2O2 oxidation of 2-

chlorophenol (2-CP) and 2,4,5-trichlorophenol (TCP). The effect of solvent on the type of 

products formed from the degradation of the chlorophenols using H2O2 as oxidant and 

CoPcS4 as catalyst will explored. For a good understanding of the reactivities of CoPcS4 

in relation to the extent of aggregation, a mixture of water and methanol as well as water 

as sole solvent will be employed for the catalytic processes. 

 

 

1.5.2 Photocatalytic oxidation of chlorophenols 
 
The need for a facile phototransformation or photodegradation of phenols and chlorinated 

phenols to less harmful products has been of great research interest.48-50,52,53,325,326 UV 

irradiation represents an important means of degradation of chlorophenols.327  

Regrettably, however, direct irradiation of chlorophenols in water generates more toxic 

organic compounds (like the polychlorinated dibenzo-p-dioxins) than the parent 

compound. Also, the semiconductor, titanium (IV) oxide (TiO2) (band gap of 3.2 eV) 

widely used as a photocatalyst for the mineralisation of chlorophenols absorbs in the UV 

region where only approximately 4% of solar radiation is effective.328-340 To overcome 

the above disadvantages, photosensitizers, which strongly absorb in the visible region are 

preferred. MPc photosensitizers are more efficient in photocatalytic reactions and also 

lead to the production of less harmful and relatively easily oxidised photoproducts such 

as chlorinated benzoquinones and hydroquinones.48-50,52,53,325,326 Non-transition MPc 

complexes, such as Zn2+, Al3+ and Si4+ exhibit excellent photosensitizing properties 

towards many environmentally relevant photo-assisted reactions. Photosensitised 
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transformation of organic substrates or pollutants in aqueous media with MPc 

photosensitisers mostly occur by the well-known Type II mechanism (section 1.1.3), 

which involves the generation of the highly oxidative singlet oxygen species responsible 

for the destruction of organic pollutants. Type I mechanism (section 1.1.3), which 

involves the participation of superoxide radical, may also take part in the reaction but this 

is generally limited. 

An essential factor for these energy or electron transfer processes is the monomolecular 

distribution of the photosensitizers. Aggregated and dimeric MPc photosensitisers show 

significantly reduced photochemical activity compared to their unaggregated counterparts 

in energy transfer reactions probably due to enhanced radiationless excited state 

dissipation341 and therefore, reduce the quantum yields of the singlet oxygen generation. 

Oxidative transformation of polychlorophenols by phthalocyanine and porphyrin 

complexes electrostatically bound onto supports such as Amberlite® and silica gel have 

been shown to result to disaggregation of the complexes, improved catalytic activity and 

higher stability.51,113,324,342  

Table 1.6 gives a summary of MPcs as photocatalysts for visible light oxidation of 

chlorophenols. From literature, the main focus has been on the use of MPcS4 and 

MOCPcs immobilised on supports. MPcSmix which are known to exhibit less aggregation 

than their MPcS4 in aqueous solution have not been used as photocatalysts for 

chlorophenols transformation on support. MPcSmix and also MPcS4 will be used as 

photocatalysts for chlorophenols oxidation in this thesis. 
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Table 1.6: Photocatalytic data for the transformation of chlorophenols using MPc 
complexes 

 
MPca/medium Chlorophenolb Oxidantc Productsd References 

MPcS4,  
(M = Al or Zn), 

MOCPc 
 (M = Al or Zn) in 

aqueous 

4-CP 1O2 BQ 52 

MPcS4 
(M = Al, Zn, Sn or 

Si) in aqueous 
solution 

TCP/PCP 1O2 BQ 
derivatives 

53 

[Pc(-2)Nd(III)Pc 
(-2)]- solid 
particles in 

aqueous solution 

4-CP 1O2 4-CC 343 

AlPcS4 on Amb. 
IRA 400 

4-CP H2O2 Not stated 344 

MPcS4 (M = Al, 
Zn, Ga)  in 

aqueous solution 

2-CP, 3-CP, 4-
CP 

1O2 MA and 
carbonates 

49 

 
aS = SO3

-, b4-CP = 4-chlorophenol, 3-CP = 3-chlorophenol, 2-CP = 2-chlorophenol, TCP 
= trichlorophenol, PCP = pentachlorophenol, c 1O2 = singlet oxygen, dBQ = 
benzoquinone, 4-CC = 4-chlorocatechol, MA = maleic acid,  

 

 

Aim of Thesis 

In this work, photocatalytic activities towards the phototransformation of chlorophenols 

of the following ring substituted non-transition metal MPc photosensitisers (i) tetra 

sulphonated (MPcS4, M = Al3+ and Zn2+) (ii) ‘mixed sulphonated’ (MPcSmix, M = Si4+, 

Al 3+, Zn2+, Ge4+ and Sn4+) and (iii) octacarboxy MOCPc, M = Al3+ and Zn2+) all 

immobilised on Amberlite® support will be studied. Prior to this work, the ‘mixed 

sulphonated’ (MPcSmix) types of photosensitisers have not been immobilised onto support 
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such as Amberlite® nor investigated for the phototransformation of organic pollutants 

such as the chlorophenols. These MPc photosensitizers are chosen because of their 

different photochemistry characteristics and hence possible different photoactivity 

towards the degradation of pollutants. By immobilising these MPc photosensitisers on 

Amberlite®, it is aimed that there will be improvement in their stabilities, ability to reuse 

them and preventing them from aggregating. 

 

 

 
1.5.3    Electrocatalysis of chlorophenols, nitrite and sulphite oxidation using    

MPcs 

Generally, electrochemical techniques offer a suitable means of both detecting and 

transforming environmentally and biologically important molecules like chlorophenols, 

nitrite and sulphite. Work done on the use of N4-macrocyclic metal complexes (MPcs and 

metalloporphyrins, MPPs) modified electrodes as sensors for biologically and 

environmentally important molecules has been recently reviewed.345 This section will 

deal with the review of the work done on the electrocatalysis of chlorophenols, nitrite and 

sulphite oxidation since the electrocatalysis part of this thesis involves that aspect. 

 

1.5.3.1   Chlorophenol oxidation 
 
Electrochemical techniques have the advantage over other techniques of their ability to 

both determine the quantity and also to transform chlorophenols into less toxic 

substances. Electrooxidation of chlorophenols on glassy carbon (GC),346  platinum (Pt)347-

349 and on gold (Au) electrodes350  have been reported, these electrodes showed instability 



Introduction  

                                                                       61
  

due to electrode fouling as a result of the formation of passivating polymer films derived 

from electrogenerated phenoxy radicals.351,352 These polymers are formed by the coupling 

of phenoxy radicals to form dimeric or polymeric products, the coupling of the phenoxy 

radicals occurs through oxygen, using unpaired electrons, or through ortho or para-carbon 

atoms. The equation for the formation of the electrogenerated phenoxy radicals from 

phenol (23) is shown in Scheme 1.11. 

 

OH O  

+ + e-H+

(23) phenoxy radical  

Scheme 1.11:    Schematic representation of the formation of electrochemically generated 
phenoxy radicals 

 

Factors such as the concentration of the phenol or the chlorinated derivative, the structure 

of the phenolic compounds and the operational conditions also play an important role in 

the extent of electrode passivation. Also for unmodified electrodes, the potentials for 

oxidation of chlorinated phenols are very high. For both Pt and Au,347-350 the 

chlorophenols oxidation potentials are at the region where the metal oxides are formed. 

The quest for electrocatalysts and sensors which are stable and prevent electrode fouling 

is a major area of research and this has led to the use of macro complexes for electrode 

modifications. Chemically modified electrodes using transition metal macro complexes 

improves the performance of solid electrodes because of their robust nature and provision 

of catalytic sites at the electrode/solution interface.353,354 Among these transition metal 
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macro complexes, the nickel macro complexes have been shown to be the most effective 

in this regard,355 and improvements in terms of stability and electrocatalytic abilities 

towards chlorophenols and other analytes have been observed when these nickel macro 

complexes modified electrodes are repetitively cycled in strong alkaline media leading to 

the formation of O-Ni-O oxo bridges between the macro complexes,215,356-358 which plays 

a key role in the improvement of their catalytic efficiency. 

Table 1.7 gives a summary of MPcs used as electrocatalysts for chlorophenol oxidation. 

This Table shows that there has been very few MPc complexes employed for 

chlorophenol oxidation. 

 

Table 1.7: Electrochemical data for the detection of chlorophenols using MPc complexes 

 
MPca Electrodeb 

 
Method of 

Modification 
Analytec Ep / V 

(vs. 
SCE) 

Medium References 

CoPc GCE Drop dry 2-CP 1.05 0.05 
H2SO4 

359 

CoPc GCE Drop dry 4-CP 1.06 0.05 
H2SO4 

359 

NiTPhPyPc VCE Electro 
polymerisation 

4-CP ~0.43 0.1M 
NaOH 

360 

Ni(OH) 
TPhPyPc 

VCE Electro 
polymerisation 

4-CP ~0.35 0.1M 
NaOH 

360 

NiPcS4 GCE/ITO Electro 
polymerisation 

2-CP ~0.25 pH 11 361 

 

aTPhPy = tetra (pyrro-1-yl) phenoxy, bITO = indium tin oxide, VCE = vitreous carbon 
electrode, GCE = glassy carbon electrode, cCP = chlorophenol 
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Aim of Thesis 

This work will explore the use of gold electrode coated films of poly-NiPcs containing 

tetrakis benzylmercapto and tetrakis dodecylmercapto ring substituents for the 

electrooxidation of 4-CP and TCP. Elimination of electrode fouling by the polymer 

products from electrooxidation of chlorophenols has been a major challenge to 

researchers. Decrease in electrode fouling has been attributed to the bulkiness of MPc 

ring substituents group by their ability to allow analytes (chlorophenols) to catalytic sites 

because of the high porosity of the films despite the formation of polymer film 

products.362,363 Benzylmercapto and tetrakis dodecylmercapto groups of the NiPcs were 

chosen for this purpose since they are bulky. In addition, the effects of the nature and 

thickness of the films on the electrodes’ catalytic efficiency and stabilities against 

electrode fouling will be explored. This should be a significant contribution towards 

finding suitable electrocatalysts and sensors for chlorophenol electrooxidation.      

 

1.5.3.2       Nitrite oxidation 
 
Carbon electrodes modified with MPc complexes are known to lower both the reduction 

and oxidation potentials of nitrites.364 The oxidation of nitrite on vitreous carbon 

electrode modified (by adsorption) with different CoPc has been investigated using CV 

and rotating disk electrode.63 An amperometric nitrite sensor287 based on a polymeric 

nickel tetraaminophthalocyanine film coated GC electrode has been developed; it showed 

a detection limit of 1 x 10-7 M and linear concentration range of 5 x 10-7 to 8 x 10-3 M for 

nitrite detection.  



Introduction  

                                                                       64
  

Table 1.8 gives a summary of MPc and metalloporphyrin complexes employed as 

electrocatalysts for nitrite oxidation. Nitrite oxidation generally occurs at potentials 

greater than 0.7 V (vs. SCE) on porphyrin and phthalocyanine modified electrodes (Table 

1.8), with CoPcs being the most studied complexes. The central metals in MnPcs and 

FePcs are more easily oxidised (depending on substituents) compared to CoPc hence the 

former complexes may lower the overpotential for nitrite oxidation.  

 

Table 1.8: Electrochemical data for the electrochemical detection of nitrite using MPc 
and MPP complexes 

 
MPca Electrodeb 

 
Method of 
Modification 

Ep / V (SCE) Medium References 

CoPc VCE Drop dry +0.87 pH 7.3 63 

CoTPyP-
[Ru(bipy)2Cl]4 

GCE Dip dry +0.91 pH 4.7, 0.25 
LiTFMS 

365 

CoTPyP-
[Ru(bipy)2Cl]4: 
ZnTSPP 

GCE Drop dry +0.72 0.2 M 
BaClO4 

366 

CoTPyP-
[Ru(bipy)2Cl]4

+/ 
ZnTSTPP 

GCE Drop dry +0.76 pH 4.7 367 

H2TPyP- 
[Ru(5-
ClPhen2Cl)]4 

GCE or Pt Electro 
polymerisation 

+1.0 pH 4.5 368 

FeTMPyP/ 
DNA 

GCE Electro 
deposition 

+0.81 pH 9 369 

CrPc(NH2)4 GCE/ITO Electro 
polymerisation 

+0.76  
(vs. Ag|AgCl) 

pH 7.3 214 

NiPc(NH2)4 GCE Electro 
polymerisation 

+0.86 pH 2 287 

 

aTPyP = tetrakis(3-pyridyl)porphine, TSPP = meso-tetrakis(p-
sulphonatophenyl)porphine, TMPyP = tetra meso (3- and 4- pyridyl) porphyrin, DNA = 
deoxyribonucleic acid, phen = phenyl, bipy = bipyridine. bVCE = vitreous carbon 
electrode, GCE = glassy carbon electrode, ITO = indium tin oxide. 
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Aim of Thesis 

This work thus explores a comparative study on the application of newly synthesised 

thiol derivatised MPcs (Co2+, Fe2+, Mn3+ and Ni2+) towards nitrite electrooxidation. The 

possibility of lowering the overpotential by the use of MPcs with different central metal 

ions will be explored. The catalytic effect of the nature of the NiPcs films (poly-NiPc or 

poly-Ni(OH)Pc) will for the first time extended to electrooxidation of nitrite. Also, to 

further give insight to the understanding of the mechanisms behind electrooxidation of 

nitrite by MPcs (with different central transition metal ions) modified electrodes; 

interaction of nitrite ions with the MPcs will be studied using UV-Vis spectroscopy. 

 

1.5.3.3     Sulphite oxidation 
 
Electrocatalytic oxidation of sulphite in strongly acidic aqueous media by iron(II) 

tetrakis(4-sulphonatophenyl) porphine (FeTSPP) and manganese (III) tetra meso (3-

pyridyl) porphine Mn(III)(4-TMPyP) immobilised on a zeolite molecular sieve has been 

reported, the oxidation of sulphite to sulphate was found to occur via Fe(III)(TSPP.-) 

species and Mn(IV)(4-TMPyP) species,370 respectively. Meso-pyridylporphyrins 

coordinated to four ruthenium bipyridyl porphyrin [Ru(bipy)2Cl]+ complexes form 

electrostatic active and stable nanomaterials by layer by layer electrostatic assembly films 

with CuPcS4 anion, these were shown to have distinct catalytic activities towards nitrite 

and sulphite oxidation.371  The indirect measurement of the SO2 using aqueous solution of 

sulphite with adsorbed FePc on ordinary pyrolytic graphite (OPG) electrode has also been 

reported.372 
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Table 1.9 summarised MPc and metalloporphyrin complexes employed as 

electrocatalysts for sulphite. Reported work on the use of MPc and MPP modified 

electrodes as electrocatalysts for sulphite electrooxidation is limited and has been mostly 

on glassy carbon electrode. For the first time (i) a comparative effect of the central metal 

(first row transition metal; Co2+, Fe2+, Mn3+ and Ni2+ of the MPcs) on electrooxidation of 

sulphite  and (ii) use of MPc-SAMs for electrooxidation of sulphite will be explored. 

 

Table 1.9: Electrochemical data for the electrochemical detection of sulphite using MPc 
and MPP complexes 
 

MPca Electrode 
 

Method of 
modification 

Ep / V 
(SCE) 

Medium References 

Co(2-TMPyP) GCE Solution +0.58 pH 2.2 373 

CoTPyP-
[Ru(bipy)2Cl]4 

GCE Dip dry +0.91 pH 4.7, pH 
0.25 

LiTFMS 

365 

CoTPyP-
[Ru(bipy)2Cl]+/ 

ZnTSTPP 

GCE Drop dry +0.76 pH 4.7 367 

Fe(2-TMPyP) GCE Solution +0.82 pH 9.2 373 

FeTSPP GCE Solution +0.94 pH 2.0 370 

Mn(2-TMPyP) GCE Solution +0.30 pH 11.5 370 

Zn(3-RPyP)/ 
CuPcS4 

Pt disk Dip-coating ~+0.85 pH 6.8 371 

FePc OPG Dip-dry ~+0.5 pH 5 372 

 
aRPyP = 4-pyridyl porphine, TMPyP = tetra meso (3-pyridyl) porphine 
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Aim of Thesis 

A comparative study on the potential use of MPc-SAMs of Co2+, Fe2+, Mn3+ and Ni2+ 

MPcs complexes, ring substituted with tetrakis benzylmercapto and dodecylmercapto as 

potential electrocatalysts and sensors for sulphite oxidation will be studied. The role of 

the central metal ion on the catalytic efficiency will be explored. The effect of the nature 

of the NiPcs films on the catalytic efficiency will also be explored. 
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1.6         Summary of Aim of Thesis 
 
The aims of the thesis are summarised as follows:     
 

i) Homogenous catalysis of chlorophenol transformations by monomeric and 

aggregated forms of cobalt tetrasulphonated phthalocyanine complex 

(CoPcS4) (24, Figure 1.13). 

ii)  Photocatalytic transformations of chlorophenols using sulphonated (MPcS4 

and MPcSmix) and carboxyphthalocyanine (MOCPc) complexes of aluminium, 

zinc, tin, germanium and silicon (25-33, Figure 1.13), immobilised on 

Amberlite@.  

iii)  Syntheses and investigation of the electrochemical properties of alkanethiol-

derivatised first row transition metal MPcs complexes (34-43, Figure 1.14) 

which are capable of forming self assembled monolayers (SAMs) and 

polymer films on gold electrodes. 

iv) Fabrication and EIS, electrochemical and spectroelectrochemical 

characterisations of electrodes modified by thiol-derivatised MPcs complexes. 

Electrodes are modified by electropolymerisation and SAMs.  

v) Investigation of the electrocatalytic properties of the MPcs complexes 

modified gold electrodes towards detection of some environmentally 

important analytes such as chlorophenols, nitrite and sulphite. 
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Complex Central metal ion 

(M) 

Complex 

number 

Co2+ 24 

(OH)Al3+ 25 

MPcS4, R = H, R1 = SO3
-Na+ 

  

 

Zn2+ 26 

(OH)Al3+ 27 MOCPc, R = R1 = COOH 
  

 

 
Zn2+ 28 

(OH)Al3+ 29 

Zn2+ 30 

(OH)2Ge4+ 31 

(OH)2Si4+ 32 

MPcSmix, R = H, 

 (R1)n = SO3
-Na+ 

 (where n = 1, 2, 3 or 4) 

 

(OH)2Sn4+ 33 

 
Figure 1.13: Structures of MPc complexes used for chlorophenols catalysis in this thesis 
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(MTDMPcs): M = Mn 3+(OAc) (39), Co 2+ (40),

Fe2+ (41), Ni2+ (42), Zn2+ (43)

where R = 

 
Figure 1.14: Structures of thiol-derivatised MPc complexes studied in this thesis.
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2.1         Materials 
 
Phenol, dichlorobenzoquinone (DCBQ), benzoquinone (BQ), hydrogen peroxide (H2O2), 

2, 4, 5-trichlorophenol (TCP), 2-chlorophenol (2-CP), amberlite® IRA-900 ion exchange 

resin, 4-chlorophenol, 2,4-dichlorophenol, 1,4-benzoquinone, 2-chloro-1,4-

benzoquinone, 2,5-dichloro-1,4-benzoquinone, 2,3,4,5-tetrachloro-1,4-benzoquinone, 

anhydrous potassium carbonate, aluminium chloride, sodium azide, manganese(II)acetate 

salts, zinc acetate, tetrabutylammonium tetrafluoroborate {(TBABF4), recrystallised from 

ethanol and was used as electrolyte for all electrochemical experiments}, potassium 

carbonate, cobalt(II)chloride, zinc acetate, ferrous acetate and nickel(II)chloride 

hexahydrate were obtained from Sigma-Aldrich. Sodium nitrite was obtained from BDH. 

Silica gel 60 (0.04-0.063 mm) were purchased from Merck. Dichloromethane (DCM), 

DBU, maleic acid, pentachlorophenol (PCP) and fumaric acid were obtained from 

SAARCHEM (South Africa). Hydroquinone was obtained from May and Baker. 

(Cl)AlPc, ZnPc, (OH)2GePc, (OH)2SiPc, (OH)2SnPc and copper(II)tetrasulphonated 

phthalocyanine (CuSO4) were available in our laboratory. Tetrasodium α,α-(anthracene-

9,10-diyl) dimethylmalonate (ADMA) was a gift from Dr. V. Negrimovsky (from 

Organic Intermediates and Dyes Institute, Russia). Quinoline, ethylene glycol, 

dimethylsulfoxide (DMSO), dimethylformamide (DMF), dichloromethane (DCM), 

tetrahydrofuran (THF), diethyl ether, chloroform, methanol and ethanol were distilled 

prior to use. Where necessary, solutions used were deaerated by bubbling nitrogen prior 

to the experiments. Phosphate buffers were employed where needed.  
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2.2   Instrumentation 
 
The UV/Vis absorption spectra were recorded with the use of Cary 500 UV/Vis/NIR 

spectrophotometer, Fourier transform infra red (FTIR) spectra (KBr pellets) were 

recorded on a Perkin-Elmer spectrum 2000 FT-IR spectrometer. 1H-nuclear magnetic 

resonance (1H-NMR, 400 MHz) was obtained in DMSO-d6 or CDCl3 using Bruker EMX 

400 NMR spectrometer. MALDI-TOF spectra were obtained with Perspective 

Biosystems Voyager DE-PRO Biospectrometry Workstation and Processing Delayed 

Extraction at the University of Cape Town, Cape Town, South Africa. Mass spectra were 

recorded with Finnnigan LCQ-MS coupled with µ-Bondapak C-18 (390 x 3.00 mm 

diameter). Elemental analyses were performed with a Carlo Erba NA 1500 Nitrogen 

analyzer at the University of the Cape Town, Cape Town, South Africa. High Pressure 

Liquid Chromatography (HPLC) analysis was performed using Quad-Gradient HPLC 

system, Agilent 1100 series fitted with an analytical column, µ-Bondapak C-18 (390 x 

3.00 mm) and connected to a variable wavelength UV-Vis detector (set at λ = 280 nm). 

Cyclic voltammetry (CV) and square wave voltammetry (SWV) data were obtained either 

using Autolab Potentiostat PGSTAT 30 (Eco Chemie, Utretch, The Netherlands) driven 

by the General Purpose Electrochemical Systems data processing software (GPES, 

software version 4.9, Eco Chemie) or Advanced Electrochemical System (Princeton 

Applied Research) Parstat 2273 equipment. Spectroelectrochemical data were obtained 

with the use of a home made optically transparent thin-layer electrochemical (OTTLE) 

cell which was connected to a Bioanalytic Systems (BAS) CV 27 voltammograph. A 

WTW pH meter was used for pH measurements. 
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2.3      Synthesis 
 
2.3.1 Metallotetrasulphophthalocyanines (MPcS4)

76 
 
Monosodium salt of 4-sulphophthalic acid (11).148

 
 

 
Equimolar mixture of 30% 4-sulphophthalic acid (12.3 g, 0.05 mol) and NaOH (2.0 g, 

0.05 mol) was thoroughly mixed together in a flask. After 24 hours, the pink product 

crystallised out of the solution and was filtered off under pressure, washed with water and 

air dried. Yield: (88%). IR [(KBr) ν
max

/ cm-1]: 3440, 3065, 2655 and 2536 (O-H), 1745 

and 1705 (C=O), 1595, 1574, 1496 and 1437 (C–C), 1396, 1375, 1280, 1242 and 1175 

(C–O), 1070, 832, 794 and 720 (C–H).  

 
Synthesis of metallotetrasulphophthalocyanines (MPcS4),

76 Scheme 3.1 
 
Cobalt (CoPcS4) (24), aluminum (AlPcS4) (25) and zinc (ZnPcS4) (26) 

tetrasulphophthalocyanine complexes were synthesised and purified using Weber and 

Busch method.76  Monosodium salt of 4-sulphophthalic acid  (4.32 g, 16 mmol), 

ammonium chloride (0.47 g, 9.0 mmol), urea (5.8 g, 97 mmol), ammonium molybdate 

(0.34 g, 0.03 mmol) and the metal salt (4.8 mmol) (CoCl2 for 

cobalt(II)tetrasulphophthalocyanine, CoPcS
4 

(24), AlCl
3 

for 

aluminium(III)tetrasulphophthalocyanine, AlPcS
4 

(25) and ZnCl2 
for 

zinc(II)tetrasulphophthalocyanine, ZnPcS
4 

(26) were thoroughly mixed together by 

grinding until a homogeneous mixture was formed. The mixture was added slowly to 

heated (180oC) nitrobenzene (10 cm3) in a three-necked round-bottomed flask fitted with 

a thermometer and a condenser under stirring over a period of 1 hour at 180-200oC. 

Thereafter the mixture was heated for 6 hours at 200oC. The crude product obtained was 
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a dark solid cake. The product was washed several times with methanol to remove 

nitrobenzene and then treated in a Soxhlet extraction apparatus with methanol for 24 

hours to remove traces of nitrobenzene left. The final product was dried in an oven at ~ 

120oC for 24 hours after it was cooled to room temperature and filtered. The resulting 

product was then dissolved in 150 cm3
 

of 1.0 mol dm3
 

HCl saturated with NaCl and then 

heated to boiling. The mixture was cooled to room temperature, filtered, dissolved in 0.1 

mol L-1
 

NaOH (70 cm3) and then heated to 80oC. The solid impurities were separated by 

centrifugation and then NaCl (27.0 g) was added to the filtrate and heated at 80oC with 

stirring until the evolution of ammonia gas was complete (this was monitored using 

litmus paper). The crystallised 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 L-1
 

AgNO
3
). Finally, the product was 

heated under reflux in 20 cm3 ethanol for 4 hours. Thereafter, cooled, filtered and dried in 

oven at 120oC for 12 hours. 

 
CoPcS4 

(24): Yield: (55%). IR [(KBr) ν
max

/ cm-1]: 1645 (C=C), 1577, 1523, 1497, 1399, 

1342, 1193, 1148, 1111, 1076, 1038 (S=O), 925, 746, 694. UV-Vis [H2O, λ
max

/nm (log 

ε)]: 655 (5.12), 622 (4.98), 315 (5.02).  
 
AlPcS4 (25): Yield: (43%). IR [(KBr) ν

max
/ cm-1]: 3462 (O-H), 1642 (C=C), 1581, 1534, 

1497, 1399, 1342, 1193, 1148, 1111, 1076, 1035 (S=O), 925, 830, 755, 699. UV-Vis 
[H2O, λ

max
/nm (log ε)]: 690 (5.2), 660 (5.1), 387 (4.92). 

 
ZnPcS4 

(26): Yield: (58%). IR [(KBr) ν
max

/ cm-1]: 3451, 1644, 1586, 1397, 1344, 1198, 

1154, 1107, 1077, 1037 (S=O), 925, 834, 735, 701. UV-Vis [H2O, λ
max

/nm (log ε)]: 692 

(4.54), 652 (5.05), 376 (4.94).  
 

 

 



Experimental  

                                                                       76
  

2.3.2 Mixed sulphonated metallophthalocyanines (MPcSmix), Scheme 3.2 
 
(OH)AlPcSmix (29), ZnPcSmix (30), (OH)2GePcSmix (31), (OH)2SiPcSmix (32), and 

(OH)2SnPcSmix (33) complexes were synthesised from (Cl)AlPc, ZnPc, (OH)2GePc, 

(OH)2SiPc and (OH)2SnPc, respectively, using fuming sulphuric acid (30% SO3) 

according to literature procedure described for the synthesis of AlPcSmix.
79 The required 

MPc (0.40 mmol) was placed in a round-bottomed flask and heated to 100oC, thereafter, 

1 cm3 oleum was slowly added and the mixture stirred vigorously with the temperature 

kept at 100oC. After 30 minutes, the reaction 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 L-1
 

NaOH solution to give a deep blue solution. The solution was evaporated to dryness and 

the residue Soxhlet extracted using methanol for 24 hours. Finally, the solvent was 

removed by evaporation and the solid product oven-dried at 120oC.  

 

AlPcSmix (29): Yield: (16%). IR [(KBr) ν
max

/ cm-1]: IR [(KBr) ν
max

/ cm-1]: 3435 and 3202 

(O-H), 1732, 1635 and 1502, 1400, 1335, 1234, 1176, 1117, 1036 (S=O), 918, 756, 727. 
UV-Vis [H2O, λ

max
/nm (log ε)]: 681 (5.01), 608 (5.02), 355 (4.97). 

 
ZnPcSmix (30): Yield: (18%). IR [(KBr) ν

max
/ cm-1]: 1737, 1626, 1548, 1394, 1226, 1212, 

1154, 1086, 1045 (S=O), 984, 908. UV-Vis [H2O, λ
max

/nm (log ε)]: 675 (4.98), 616 

(4.99). 
 
GePcSmix (31): Yield: (12%). IR [(KBr) ν

max
/ cm-1]: 3444 and 3212 (O-H), 1728, 1627, 

1550, 1396, 1223, 1215, 1148, 1091, 1041 (S=O), 974, 909, 747, 718. UV-Vis [H2O, 
λ

max
/nm (log ε)]: 677 (5.18), 639 (5.05), 607 (4.96), 349 (4.78). 

 
SiPcSmix (32): Yield: (11%). IR [(KBr) ν

max
/ cm-1]: 3452 and 3215 (O-H), 1736, 1628, 

1547, 1395, 1224, 1206, 1146, 1095, 1047 (S=O), 984, 908, 745, 713. UV-Vis [H2O, 
λ

max
/nm (log ε)]: 685 (5.11), 618 (4.98), 351 (4.96). 

 



Experimental  

                                                                       77
  

SnPcSmix (33): Yield: (11%). IR [(KBr) ν
max

/ cm-1]: 3464 and 3210 (O-H), 1734, 1585, 

1396, 1312, 1197, 1142, 1080, 1043 (S=O), 886, 855, 811, 753, 722, 636, 572. UV-Vis 
[H2O, λ

max
/nm (log ε)]: 697 (5.24), 647 (4.86). 

 
 
 
2.3.3 Synthesis of octacarboxymetallophthalocyanines (MOCPc),77,78 Scheme 3.3 
 
Octacarboxy phthalocyaninato aluminium(III), (AlOCPc) (27) and zinc(II) 

octacarboxyphthalocyaninatozinc(II), (ZnOCPc) (28) were prepared and purified 

according to the reported procedure.77,78 

Benzene-1,2,4,5-tetracarboxylic dianhydride (13) (3.75 g, 17.25 mmol), urea (19.5 g, 

0.33 mol), 1,8-diazabicyclo[5.4.0] undec-7-ene (DBU) (0.1 g, 0.7 mmol) and metal salt 

(23.5 mmol) (i.e. AlCl
3 
for octacarboxy phthalocyaninato aluminium(III), (AlOCPc) (27) 

or zinc acetate for zinc(II) octacarboxyphthalocyaninatozinc(II), (ZnOCPc) (28)) were 

mixed together and placed in 100 ml two-necked flask fitted with a reflux condenser and 

a thermometer. The reaction mixture was heated at 250oC under reflux for about 20 

minutes and this resulted to formation of a fused product. Thereafter, the fused product 

was washed with water followed with acetone and finally with 6 mol L-1
 

HCl. The tetra-

amide product (14) formed was dried and then hydrolysed by heating under reflux with 

20% H
2
SO

4 
(3.0 cm3) for 3 days. The product was washed with 200 cm3

 

portions of 5% 

H
2
SO

4
, 100 cm3

 

portions of water and acetone. The product was dried in the air and 

purified by column chromatography on an alumina column using 2% aqueous NaOH as 

eluent. The pure blue product (27 or 28) was filtered and then dried at 120oC for 12 

hours.  

AlOCPc (27): Yield: (9.1%). IR [(KBr) ν
max

/ cm-1]: 3418 (O-H), 3235 (C-H), 1705 

(C=O), 1641, 1618, 1507 and 1452 (C-C), 1378, 1282, 1249 and 1191 (C-O), 1154, 1133, 
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1075, 1038, 1016, 998, 912, 831 and 724 (C-H). UV-Vis [pH 10, λ
max

/nm (log ε)]: 694 

(5.10), 622 (4.85), 357 (4.99). 
 

ZnOCPc (28): Yield: (11.5%). IR [(KBr) ν
max

/ cm-1]: 3421 (O-H), 3236 (C-H), 1702 

(C=O), 1639, 1623, 1572 and 1451 (C-C), 1394, 1284, 1247 and 1184 (C-O), 1088, 1043, 
1017, 982, 911 and 723 (C-H). UV-Vis [pH 10, λ

max
/nm (log ε)]: 689 (5.26), 616 (5.11), 

348 (4.95).  

 
 
 
 
2.3.4 Synthesis of thiol-derivatised metallophthalocyanines  

 
2.3.4.1 Synthesis of 4-nitrophthalonitrile,375 Scheme 3.4 

 
4-nitrophthalimide (44) 

Fuming HNO3 (60 mL) was slowly added to 360 ml of concentrated H2SO4 in the 1 L 

round bottom flask immersed in an ice bath. When the reaction mixture temperature 

cooled to ~ 12oC, phthalimide (5), 100.0 g (0.6 mol) was then added quickly under 

stirring and maintaining the temperature between 10oC and 15oC in an ice bath. The 

solution was then allowed to stand overnight at room temperature. The solution was 

poured on ice (~ 2 kg) while stirring to precipitate out the product which was a beige 

suspension and was isolated by filtration under reduced pressure. The solid product (44) 

was washed thrice with ice water. Yield: 58%. 1H NMR CDCl3: δ (ppm): 8.74 (d, 1H, Ar-

H); 7.96 (s, 1H, N-H); 8.14 (d, 1H, Ar-H); 8.76 (dd, 1H, Ar-H). IR (KBr) v/ cm-1: 1778 

(s), 1717 (s) (CO-NH-CO), 1535 (vs) (NO2 assym.), 1354 (vs) (NO2 sym.). 
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4-nitrophthalamide (45) 

4-Nitrophthalimide (44) (40 g, 0.2 mol), was added to 600 ml of 25% ammonia solution 

under stirring for 24 hours. Thereafter, another 200 ml 25% ammonia solution was added 

and the reaction mixture was left under stirring for another 24 hours. The resulting 

yellowish product was filtered off under reduced pressure and thoroughly washed several 

times with distilled water. The solid product, 4-nitrophthalamide (45) was dried in the 

oven at 100oC. Yield: 83%. 1HNMR CDCl3: δ (ppm): 8.15 (d, 1H, Ar-H); 8.32 (dd, 1H, 

Ar-H); 8.46(d, 1H, Ar-H). IR (KBr) v/cm-1: 3346 (NH2 str), 1685 (s) (C=O str), 1620 (vs) 

(NH2 def.).  

 

4-nitrophthalonitrile (46) 

Freshly distilled thionyl chloride, 25 mL (0.035 mol) was added slowly to 100 mL of dry 

dimethylfomamide (DMF) in a nitrogen atmosphere while stirring at 0 oC. The reaction 

mixture was further stirred for 2 hours and then 8.5 g (0.04 mol) of compound 45 was 

added to the mixture. The mixture was stirred for 5 hours at 0 oC and then at room 

temperature for 12 hours. The product was poured into 300 ml of ice water, filtered under 

reduced pressure and washed several times with distilled water. The product was 

recrystallised twice from methanol to yield yellow 4-nitrophthalonitrile (46). Yield: 74%.  

1H NMR CDCl3: δ (ppm): 8.15 (d, 1H, Ar-H); 8.56 (dd, 1H, Ar-H); 8.70 (d, 1H, Ar-H). 

IR (KBr) v/ cm-1: 2230 (s) (C≡N) 1545 (vs) (NO2 assym.), 1355 (vs) (NO2 sym.). 
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2.3.4.2 Synthesis of monosubstituted thiol-derivatised phthalonitriles,81 Scheme 3.5 

 
4-(benzylmercapto) phthalonitrile (47)  

A procedure similar to that reported81 for the synthesis of 1,2-di(alkylthio)-4,5 

dicyanobenzene was used in this work. Briefly 4.0 g (23 mmol) 4-nitrophthalonitrile (46) 

and 3.7 g (30 mmol) benzylmercapto thiol were dissolved in 20 ml DMSO and stirred 

strongly for 20 minutes under dry nitrogen atmosphere at room temperature. Thereafter, 

10 g potassium carbonate was added portion wise for over 2 hours. The reaction was then 

left for another 12 hours to ensure complete reaction. The crude product was precipitated 

out from the reaction mixture and washed with water twice and then it was extracted with 

chloroform. Na2CO3 (5%) aqueous solution was added to the product in chloroform in a 

separating funnel, thoroughly mixed and then the aqueous layer removed. Thereafter, 

anhydrous Na2SO4 was added to remove traces of water, shaken and then decanted. The 

chloroform was then evaporated off and the light yellow solid product was crystallised 

from ethanol. Yield: 72%. IR (KBr) v (cm-1): 1478, 1578, 2231 (νCN), 3026, 3060, 3069. 

1H NMR (CDCl3): 4.30 (s, 2H, -CH2), 7.28-7.38 (m, 5H, phenyl), 7.47-7.51 (dd, 1H, 

benzyl), 7.65 (d, 1H, benzyl), 7.58-7.62 (d-1H, benzyl).  

 

 4-dodecylmercaptophthalonitrile (48) 

The same procedure as for compound 47 was also used to make compound 48, with 6.1 g 

(30 mmol) of dodecyl thiol being used in place of benzylmercapto. Yield: 62%. IR (KBr) 

v (cm-1): 1465, 1579, 2228 (νCN), 2849, 2919. 1H NMR (CDCl3): 0.85 (t, 3H,-CH3), 1.25 

(m, 16H, -CH2), 1.45 (m, 2H, -CH2), 1.7 (m, 2H, -CH2), 3.00 (t, 2H, -CH2), 7.45-7.49 

(dd, 1H, benzyl), 7.53-7.55 (d, 1H, benzyl), 7.60-7.63 (d, 1H, benzyl).   
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2.3.4.3 Thiol-derivatised tetrasubstituted phthalocyanine complexes,81 Scheme 3.5 
 
Manganese(III)acetate tetrakis (benzyl-mercapto) phthalocyanine, Mn(OAc)TBMPc (34) 

 4-(Benzylmercapto) phthalonitrile (47, 1 g, 4 mmol) was mixed with 0.182 g (1.05 mmol) 

anhydrous manganese(II)acetate and 6 ml ethylene glycol and then refluxed for 5 hours at 

200oC under N2 atmosphere. The mixture was allowed to cool to room temperature and 

then excess methanol was added to precipitate out the crude reddish brown solid product 

which was then treated in a Soxhlet extraction apparatus with ethanol for 48 hours. The 

product was purified using silica gel column chromatography eluting twice with 

chloroform and THF. The pure complex was a deep red solid. Yield: 48%. IR (KBr) v (cm-

1): 696 (νC-S), 865 (νMn-O), 1743 (νC=O). λmax (nm) (log ε)  in DCM: 742 (5.1), 526 (4.8), 452 

(4.4). Anal. Calcd. for C60H40N8S4Mn: %C, 66.79; %H, 3.86; %N, 10.06. Found: %C, 

66.07; %H, 4.18; %N, 10.26. MALDI-TOF: C62H43N8S4O2Mn. Calc. 1054.9 g mol-1, found 

(M+) 1054.3 g mol-1. 

 

Manganese(III)acetate tetrakis (dodecyl-mercapto) phthalocyanine, Mn(OAc)TDMPc 

(39) 

Similar procedure as for the synthesis of complex 34 was also used for complex 39. 4-

Dodecylmercaptophthalonitrile (48, 1.3 g, 4 mmol) was used instead of compound 47. 

The pure complex was a deep red solid. Yield: 41 %. IR (KBr) v (cm-1): 698 (νC-S), 857 

(νMn-O), 1765 (νC=O). λmax (nm) (log ε) in DCM: 746 (4.9), 528 (4.6), 450 (4.3). Anal. 

Calcd. for C80H112N8S4Mn: %C, 69.01; %H, 8.07; %N, 7.86. Found: %C, 70.22; %H, 

7.98; %N, 6.84. MALDI-TOF: C82H115N8S4O2Mn: Calc. 1370.9 g mol-1, found (M+) 

1370.5 g mol-1. 
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Cobalt tetrakis (benzyl mercapto) phthalocyanine, CoTBMPc (35)   

4-(Benzylmercapto) phthalonitrile (47, 1 g, 4 mmol) was mixed with 0.14 g (1.05 mmol) 

anhydrous cobalt chloride and 8 ml ethylene glycol and then refluxed for 4 hours at 

200oC under N2 atmosphere. The mixture was allowed to cool to room temperature and 

then excess methanol was added to precipitate out the crude blue-green solid product 

which was then treated in a Soxhlet extraction apparatus with ethanol for 48 hours. The 

product was purified using silica gel column chromatography with chloroform as the 

eluting solvent. Yield: 47%. IR (KBr) v (cm-1): 694 (νC-S). λmax (nm) (log ε)  in DCM: 676 

(4.94), 613 (4.99), 325 (4.81). Anal. Calcd. for C60H40N8S4Co.3H2O: C, 64.60; H, 3.59; 

N, 10.80; S, 11.49. Found: C, 64.78; H, 3.68; N, 9.24; S, 11.25. MALDI-TOF: 

C60H40N8S4Co. Calc. 1060.2 g mol-1, found (M+) 1059.1 g mol-1.  

 

      Cobalt tetrakis (dodecylmercapto) phthalocyanine, CoTDMPc (40) 

Similar procedure as in the synthesis of complex 35 was also used for complex 40. 4-

Dodecylmercaptophthalonitrile (48, 1.3 g, 4 mmol) was used instead of compound 47. 

The blue-green product was purified by using silica gel column chromatography with 

chloroform-THF (ratio 3:1) as the eluting solvent. Yield: 33%. IR (KBr) v (cm-1): 673 

(νC-S). λmax (nm) (log ε)  in DCM: 684 (4.93), 623 (5.00), 310 (4.92). Anal. Calcd. for 

C80H112N8S4Co: C, 69.98; H, 8.22; N, 8.16; S, 9.34. Found: C, 70.55; H, 9.22; N, 8.35; S, 

9.09. MALDI-TOF: C80H112N8S4Co: Calc. 1373.0 g mol-1, found (M+) 1372.6 g mol-1.   
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Iron tetrakis (benzyl mercapto) phthalocyanine, FeTBMPc (36) 

4-(Benzylmercapto) phthalonitrile (47, 1 g, 4 mmol) was mixed with anhydrous ferrous 

acetate (0.174 g, 1 mmol) and 4 ml quinoline. The mixture was refluxed for 7 hours at 

200oC under N2 atmosphere. Thereafter, the reaction mixture was allowed to cool to room 

temperature and then excess methanol was added to precipitate out the crude green solid 

product which was then treated in a Soxhlet extraction apparatus for 48 hours to remove 

quinoline. The product was purified by using silica gel column chromatography with 

chloroform as the eluting solvent. Yield: 37 %. IR (KBr) v (cm-1): 692 (νC-S). λmax (nm) 

(log ε) in DCM: 705 (4.06), 675 (4.25), 638 (4.45), 349 (4.57). Anal. Calcd. for 

C60H40N8S4Fe.3H2O: C, 64.80; H, 3.60; N, 10.08; S, 11.52. Found: C, 65.34; H, 3.78; N, 

9.87; S, 9.47. MALDI-TOF: C60H40N8S4Fe: Calc. 1057.1 g mol-1, found (M+) 1056.4 g 

mol-1.      

 

Iron tetrakis (dodecylmercapto) phthalocyanines, FeTDMPc (41) 

Similar procedure as in the synthesis of complex 36 was also used for complex 41. 4-

Dodecylmercaptophthalonitrile (48, 1.3 g, 4 mmol) was used instead of compound 47. 

The green product was purified by using silica gel column chromatography with 

chloroform-THF (ratio 3:1) as the eluting solvent. Yield: 26 %. IR (KBr) v (cm-1): 744 

(νC-S). λmax (nm) (log ε)  in DCM: 712 (4.66), 586 (4.99), 422 (3.97), 350 (5.00), 310 

(5.00). Anal. Calcd. for C80H112N8S4Fe.5H2O: C, 65.76; H, 7.70; N, 7.70; S, 8.77. Found: 

C, 64.38; H, 7.54; N, 7.10; S, 7.94. MALDI-TOF: C80H112N8S4Fe. Calc. 1369.9 g mol-1, 

found (M+) 1369.9 g mol-1.  
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Nickel tetrakis (benzyl mercapto) phthalocyanine, NiTBMPc (37) 

4-(Benzylmercapto) phthalonitrile (47, 1 g, 4 mmol) was mixed with 0.136 g (1.05 mmol) 

anhydrous nickel(II)chloride and 3 ml quinoline and then refluxed for 4 hours at 200oC 

under N2 atmosphere. The mixture was allowed to cool to room temperature and then 

excess methanol was added to precipitate out the crude green solid product which was 

then treated in a Soxhlet extraction apparatus with ethanol for 24 hours. The product was 

purified using silica gel column chromatography with chloroform-THF (ratio 3:1) as the 

eluting solvent. Yield: 39%. IR (KBr) v (cm-1): 685 (νC-S). λmax (nm) (log ε) in DCM: 681 

(4.82), 625 (5.05), 410 (5.00), 301 (5.00). Anal. Calcd. for C60H40N8S4Ni.3H2O: C, 67.99; 

H, 3.80; N, 10.57, S, 12.10 Found : C, 67.43, H, 3.85; N,10.72; S,13.40. MALDI-TOF; 

C60H40N8S4Ni: Calc. 1059.9 g mol-1, found (M+) 1058.0 g mol-1. 

 

Nickel tetrakis (dodecyl mercapto) phthalocyanine, NiTDMPc (42) 

NiTDMPc (42) has been synthesised before,96 in this work the complex was synthesised 

according to literature81 and gave satisfactory characterisation as follows: Yield: 31%. IR 

(KBr) v (cm-1): 748 (νC-S). λmax(nm) (log ε) in DCM: 685 (4.99), 632 (4.99), 400 (5.00), 

310 (5.00).  Anal. Calcd. for C80H112N8S4Ni.4H2O: C, 69.99; H, 8.22; N, 8.16; S, 9.34. 

Found: C, 69.46; H, 8.20; N, 8.24; S, 9.58. MALDI-TOF; C80H112N8S4Ni: Calc. 1372.8 g 

mol-1, found (M+) 1372 g mol-1. 

 

Zinc tetrakis (benzylmercapto) phthalocyanine, ZnTBMPc (38) 

4-(Benzylmercapto) phthalonitrile (47, 1 g, 4 mmol) was mixed with anhydrous zinc 

acetate (0.19 g, 1.05 mmol) and 4 ml quinoline. The mixture was refluxed for 7 hours at 
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200oC under N2 atmosphere. Thereafter, the reaction mixture was allowed to cool to room 

temperature and then excess methanol was added to precipitate out the crude green solid 

product which was then treated in a Soxhlet extraction apparatus with ethanol for 48 

hours to remove quinoline. The green product was purified by using silica gel column 

chromatography with chloroform as the eluting solvent. Yield: 58%. IR (KBr) v (cm-1): 

692 (νC-S). λmax (nm) (log ε) in DCM: 689 (5.22), 620 (4.99), 359 (4.81). 1H NMR 

(DMSO d6): 4.80 (s, 8H, -CH2), 7.30-7.60 (m, 20H, -phenyl), 7.95 (m-4H, -Pc), 7.60-7.90 

(m, 8H, -Pc). Anal. Calcd. for C60H40N8S4Zn: C, 67.56; H, 3.78; N, 10.51; S, 12.02. 

Found: C, 66.53; H, 3.73; N, 9.69; S, 12.01. MALDI-TOF: C60H40N8S4Zn: Calc. 1066.7 g 

mol-1, found (M+) 1066.0 g mol-1.   

 

Zinc tetrakis (dodecyl mercapto) phthalocyanine, ZnTDMPc (43) 

Similar procedure as in the synthesis of complex 38 was also used for complex 43 

synthesis except 4-dodecylmercaptophthalonitrile (48, 1.3 g, 4 mmol) was used instead of 

compound 47. Yield: 49 %. IR (KBr) v (cm-1): 668 (νC-S). λmax (nm) (log ε)  in DCM: 691 

(5.4), 622 (4.99), 356 (4.97).  1H NMR (CDCl3): 0.95 (t, 12H, -CH3), 1.20-1.50 (m, 80H, 

-CH2), 2.20-2.90 (t, 8H, -CH2), 6.50-7.80 (m, 12H –Pc). Anal. Calcd. for 

C80H112N8S4Zn.3H2O: C, 66.99; H, 7.82; N, 7.82; S, 8.93. Found: C, 66.50; H, 7.95; N, 

7.81; S, 8.53. MALDI-TOF: C80H112N8S4Zn: Calc. 1379.5 g mol-1, found (M+) 1379.5 g 

mol-1.   
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2.3.5 Immobilisation of photosensitisers 
 
The various MPc photosensitizer–Amberlite (represented as MPc-Amb.) ion exchange 

resin compositions were prepared using the established procedure.41 Unbuffered water 

was employed to deposit sulphonated MPc complexes onto Amberlite® supports. In order 

to ensure ionisation of the MOCPcs, pH 8 boric acid buffer was employed for 

immobilisation of these complexes onto Amberlite® instead of unbuffered water. The 

resin was thoroughly washed with water and dried. A 0.01 g of the resin was suspended 

in 100 ml solution of MPc with an absorbance of approximately 1. The immobilisation of 

MPc was performed on a small scale of 0.01 g in order to have freshly prepared ones for 

each experiment. Also reproducibility was ensured by strictly using the same condition 

such as stirring rate, time of immobilisation and finally ensuring that the same number of 

moles of MPcs were immobilised on the amberlite as judged by the difference in the MPc 

absorbance before and after immobilisation.  The reaction mixtures were left under gentle 

stirring with a magnetic stirrer and the reaction progress were monitored with Cary 500 

UV-Vis-NIR spectrophotometer. For consistency, the immobilisation was carried out 

until the number of moles of MPc immobilised was 5 x 10-8 mol. The change in UV-Vis 

Q-band absorbance values of the various MPc in aqueous solutions was used to calculate 

the number of moles of the MPc photosensitizer.  

Following immobilisation, the colored (light green or light blue) immobilised product 

obtained was first thoroughly washed with copious amount of distilled deionised water, 

then methanol and acetone, and finally dried in the oven at 70oC for 24 hours. Diffused 

reflectance spectra of the solid MPc-resin were recorded with Cary 500 UV-Vis-NIR 

spectrophotometer.  
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2.4      Methods 
 

2.4.1 Chlorophenol transformations 
 

2.4.1.1   Chemical/Enzyme-like  catalysis studies 
 
Millipore water containing 60% methanol (v/v) (pH 3.4) or phosphate buffers (pH = 7 

and pH = 10) were used to prepare all the solutions. The reaction mixtures containing 1.0 

x 10-2 mol L-1 of substrate (2-CP or TCP), 1.0 x 10-2 mol L-1 of the oxidant (hydrogen 

peroxide) and the catalyst were stirred together in a sample vial for the desired time of 

reaction. Various amounts of the CoPcS4 catalyst (0.1 to 2.5% of the total mixture) were 

employed in order to determine the optimal catalyst loading. Substrate conversions were 

monitored by HPLC. The mobile phase comprised of 70:30 methanol: water mixture, 

with a flow rate of 1 ml min-1. The sample injection volume was 2 µL. The separation of 

the substrates and the products was achieved within 9 minutes for TCP and 4 minutes for 

2-CP. The oxidation products were identified by spiking using standards and by retention 

times in HPLC traces. The nature of some of the products was further confirmed by mass 

to charge ratios of molecular ion peaks and fragmentation patterns as obtained from a 

liquid chromatograph connected to a mass spectrometer (LC/MS). The UV/VIS 

absorption spectra of the catalyst were monitored at regular intervals during the reaction 

using Cary 500 UV/Vis/NIR spectrophotometer. For the purpose of studying the effect of 

the central metal of the catalyst, AlPcS4, CuPcS4 and NiPcS4 were also employed as 

catalysts, using 1% catalyst loading. The degradation reactions were monitored for up to 

5 hours.   
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2.4.1.2 Photochemical studies  
 
All photochemical studies were performed using a home-made photochemical set-up as 

shown in Scheme 2.1. Photolysis was performed in the visible region to avoid the effects 

of uncatalysed photodegradation of the chlorophenols in the ultra violet region. A 1 cm 

pathlength UV–Vis spectrophotometer quartz cell fitted with a tight-fitting stopper was 

employed for the photolysis studies. Briefly, the set-up comprised of a light source from a 

General Electric Quartz lamp (300 W); using a 600 nm glass (Schott) and water filters to 

filter off UV and far infrared radiations respectively. An interference filter (Intor, 700 nm 

with a bandwidth of 40 nm) was placed in the light path before the quartz cell containing 

the sample.  

Typically, for the phototransformation of the chlorophenols (4-CP, 2,4-DCP, 2,4,5-TCP 

and PCP), a 2.5 ml solution of the substrate containing 5 x 10-8 mol of immobilised 

photosensitizer on Amberlite® was first saturated with oxygen and then photolysed under 

gentle stirring. The light intensity was measured with a power meter (Lasemate/A) and 

was found to be 5 x 1016 photons s−1 cm−2. Kinetic studies were monitored with UV-VIS-

NIR spectrophotometer or HPLC. Products identification (by spiking with standards and  

by comparing retention times) was carried out with the use of  Quad-Gradient HPLC 

system, Agilent 1100 series fitted with an analytical column, µ-Bondapak-C18 (390 x  

3.00 mm) and connected to a variable wavelength UV-VIS detector (set at λ = 280 nm). 

The mobile phase was made up of methanol/water (70:30) mixture. The volume of 

injected samples was 2 µL, and the elution rate was 1 ml min-1. 

Investigation of the singlet oxygen generation efficiencies of the immobilised 

photosensitizers was carried out by photolysis of an aqueous (unbuffered) solution of the 
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MPc containing tetrasodium α,α-(anthracene-9,10-diyl) dimethylmalonate (ADMA) as 

chemical scavenger for singlet oxygen. The participation of 1O2 in the photolysis was 

further confirmed by the addition of sodium azide (which is a 1O2 quencher) to the 

photolysis reaction containing the chlorinated phenols and the MPc photosensitizer.  

 

 

 

 

 
 
 
 
 
 
 

Scheme 2.1:  Diagrammatic representation of the photochemical set-up. 
 
 
 
 

2.4.2        Electrochemical methods 
 

2.4.2.1 Characterisation of thiol-derivatised MPcs 
 

Voltammetry data for the characterisation of thiol-derivatised MPc complexes were 

obtained with Autolab potentiostat PGSTAT 30 (Eco Chemie, Utretch, The Netherlands) 

driven by the General Purpose Electrochemical Systems data processing software (GPES, 

software version 4.9, Eco Chemie), using a three-electrode set-up. The working electrode 

was glassy carbon (GCE, 3.0 mm diameter); Ag|AgCl wire and platinum wire were 

pseudo reference and counter electrodes respectively. Square wave parameters were: step 

light source lens water filter glass cut-off filter
with interference filter

cell with reaction
 mixture
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potential 5 mV; amplitude 20 mV at a frequency of 25 Hz. All electrochemical 

experiments were carried out in nitrogen atmosphere.  

 

2.4.2.2 Spectroelectrochemical characterisation of thiol-derivatised MPcs 
 
Spectroelectrochemical data were obtained with the use of a home made optically 

transparent thin-layer electrochemical (OTTLE) cell, with the same construction as that 

described by Hartl and Denek.376 
 

The cell has as working and counter electrodes  

platinum grits and a piece of silver wire was used as the reference electrode. The OTTLE 

cell was connected to a BAS CV 27 voltammograph. Solutions of the complexes were 

introduced into the cell and electrolysis was performed at the appropriate potentials. 

Spectral changes during the electrolysis processes were monitored with a Cary 500 

UV/Vis/NIR spectrophotometer. 

For studies involving electronic spectra on indium titanium oxide (ITO), a 0.7 cm wide 

and 1 cm long ITO was placed against the wall of the 1 cm path length cell in the path of 

the light beam. Spectra were recorded on a Cary 500 UV/Vis/NIR spectrophotometer. 

 

 

2.4.3       Electrode modification procedures 
 
2.4.3.1 Electropolymerisation techniques 
 

The working electrode was bare Au electrode, GCE or indium tin oxide, ITO; Ag|AgCl 

wire pseudo reference and platinum wire counter electrodes were employed. All 

electrochemical experiments were carried out in nitrogen atmosphere. Depositions of the 

complexes on gold, glassy carbon or ITO electrodes were performed by repetitive 
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scanning (CV) of the complexes solutions (1 mM) in DCM/TBABF4 at the potential 

window from -0.5 to 1.2 V vs. Ag|AgCl at scan rate of 100 mV s-1. Faradaic impedance 

measurements were performed using the Autolab FRA equipment with a 10 mV rms 

sinusoidal modulation, this was used to characterise the poly-NiPc and poly-Ni(OH)Pc 

films.  

 

2.4.3.2 Self-assembling techniques 
 

SAM studies were carried out using Advanced Electrochemical System (Princeton 

Applied Research) Parstat 2273 or Autolab potentiostat PGSTAT 30 (Eco Chemie, 

Utretch, The Netherlands) driven by the General Purpose Electrochemical Systems data 

processing software (GPES, software version 4.9, Eco Chemie) equipment with a three-

electrode set-up consisting of either bare gold (r = 0.8 mm from  Bioanalytical systems, 

BAS) or MPc-SAM modified gold electrodes,  Ag|AgCl (3 M NaCl) or Ag|AgCl wire 

pseudo reference electrode and platinum wire counter electrode, the difference in the 

potentials is ~ 0.02 V. The gold electrodes were polished with slurries of 1.0 µm followed 

by 0.05 µm alumina on a SiC-emery paper (type 2400 grit) and then subjected to 

ultrasonic vibration in ethanol to remove residual alumina particles at the surface. The 

gold electrodes were then treated with ‘Piranha’ solution {1:3 (v/v) 30% H2O2 and conc. 

H2SO4} for about 1 minute, this step is necessary in order to remove organic 

contaminants and was followed by thorough rinsing with distilled water. The electrodes 

were rinsed with ethanol and finally with dichloromethane (DCM). Following this pre-

treatment, the electrodes were then placed in nitrogen-saturated 1 mM solutions of the 

MPcs in DCM. After allowing the SAMs to form for a desired period of time, the 
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modified electrodes were then thoroughly rinsed with DCM and dried gently in a weak 

flowing nitrogen gas. The modified electrodes were stored in nitrogen-saturated 

phosphate buffer pH 4.0 at room temperature.   

 

2.4.4 Electrocatalytic procedure 
 
Experiments for electrocatalysis of chlorophenols oxidation were carried out using N2 

purged solutions in 0.1 M NaOH with the modified Au electrode (on Au by 

polymerisation) as the working electrode while Ag|AgCl and platinum electrodes were 

employed as reference and counter electrodes respectively.  

For both electrocatalysis of nitrite (on Au by polymerisation) and sulphite oxidation (on 

Au by SAM), the experiments were carried out using N2 purged solutions of the nitrite or 

sulphite in phosphate buffer (pH 7.4) solution using Au electrode modified with the 

complexes as the working electrodes while Ag|AgCl and platinum electrodes were 

employed as reference and counter electrodes respectively. 
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CHAPTER 3 
 

SYNTHESIS AND CHARACTERISATION 
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This chapter deals with the synthesis, spectral and electrochemical characterisation of the 

MPcs complexes used for transformation of chlorophenols, electrooxidation of 

chlorophenols, nitrite and sulphite.  

Table 3.1 gives the list of the MPc complexes synthesised and their UV-Vis bands 

spectral data. 

 

Table 3.1: List of complexes synthesised with their UV-Vis bands. MPcS4 and MPcSmix 
complexes in water, MOCPc complexes in phosphate buffer pH 10, and MTBMPcs and 
MTDMPcs in DCM. 

 
 

MPc complexes 
Abbreviations and 
Numbers 

Q band maximaa,b  

CoPcS
4 
(24) 655 (m) (5.12) 622 (d) (4.98) 

AlPcS
4 (25) 690 (m) (5.2) 660 (d) (5.1) 

ZnPcS
4 
(26) 692 (m) (4.54), 652 (d) (5.05) 

AlPcSmix (29) 681 (5.01)  
ZnPcSmix (30) 675 (m) (4.98), 616 (d) (4.99) 

 
GePcSmix (31) 677 (5.18) 
SiPcSmix (32) 685 (5.11) 
SnPcSmix (33) 697 (m) (5.24), 647 (d) (4.86) 
AlOCPc (27) 694 (5.10) 
ZnOCPc (28) 689 (5.26) 
MnTBMPc (34) 742 (5.1) 
MnTDMPc (39) 746 (4.9) 
CoTBMPc (35) 676 (4.94) 
CoTDMPc (40) 684 (4.93) 
FeTBMPc (36) 705 (m) (4.06), 675 (d) (4.25) 
FeTDMPc (41) 712 (m) (4.66), 586 (d) (4.99) 
NiTBMPc (37) 681(m) (4.82), 625 (m) (5.05),  
NiTDMPc (42) 685 (m) (4.99), 632 (d) (4.99),  
ZnTBMPc (38) 689 (5.22) 
ZnTDMPc (43) 691 (5.4) 

 

am and d represent monomer and aggregate respectively, 
b log ε values in bracket 
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3.1     Synthesis and Spectral Characterisation 
 
3.1.1 Sulphonated and Carboxyl MPc derivatives 
 
The tetrasulphonated and octacarboxy MPc complexes used for transformation of 

chlorophenols were synthesised and characterised as before76-79 and their spectroscopic 

characterisations were consistent with literature.76-79 

 
 
3.1.1.1 Sulphonated MPcs 
 
The tetra sulphonated MPc complexes (MPcS4) were synthesised using Weber and Busch 

method76 shown in Scheme 3.1. High yields of the complexes were obtained as listed in 

Chapter 2, experimental section.  

MPcS4 complexes are generally known to exist as aggregates in equilibrium with 

monomers in aqueous solutions. From Figure 3.1, the spectra of (a) CoPcS4 (24) (655, 

monomer; 622, aggregates) and (b) ZnPcS4 (26) (692, monomer; 652, aggregates) are 

highly aggregated but (c) AlPcS4 (25) showed much less aggregation in water.  

The S=O vibrations which were observed in the 1030 – 1040 cm-1
 

region in the IR spectra 

are characteristic of MPcS4 complexes. The O-H band appeared at 3462 cm-1 for AlPcS4 

(25) but was absent for both CoPcS4 (24) and ZnPcS4 (26), this is not unusual because the 

former has O-H axial ligand whereas the latter two do not.      
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reflux
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, 200oC(11)

 
Scheme 3.1:  Synthetic route for tetra sodium salt of Co2+, (OH)Al3+ and Zn2+ 

tetrasulphophthalocyanine (MPcS
4
) 
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Figure 3.1:  Electronic spectra of (a) CoPcS4 (24), (b) ZnPcS4 (26) and (c) AlPcS4 (25) in 

water. 
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The synthesis and purification of the mixed sulphonated MPcs were carried out using an 

established procedure from literature,79 Scheme 3.2. Appreciable yields (11-16%) of the 

complexes were obtained and were characterised using UV-Vis and IR spectra. 

Furthermore, HPLC analyses were carried out in order to know the extent of sulphonation 

in the complexes. The sulphonation process is not reproducible and therefore the fraction 

composition will vary from one experiment to the other even using the same MPc 

complex and that is why HPLC analysis is essential. 

 

N
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N
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M = (OH)Al 3+(29), Zn2+ (30),
(OH)2Ge4+ (31), (OH)2Si4+ (32),
(OH)2Sn4+ (33),
R = SO3

- or H

 
Scheme 3.2: Synthetic route for the mixed sulphonated MPcs79 

 

 

Figure 3.2 showed the spectra of the MPcSmix in water; with the exception of 

AlPcSmix(29), all other complexes showed either broadened or split Q band characteristic 

of aggregation behaviour. It has been shown in our laboratory377 that these observations 

for GePcSmix (31) and SiPcSmix (32) (Figure 3.2a) were not due to aggregation but 
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probably due to the presence of unsymmetrical species while for ZnPcSmix (30) and 

SiPcSmix (32), they were due to aggregation as proven by the addition of Triton X-100 to 

the PBS 7.4 solutions of the complexes which resulted to lack of change in the intensities 

of the spectra of the former, AlPcSmix (29), GePcSmix (31), SiPcSmix (32) but for the latter, 

{ZnPcSmix (30) and SnPcSmix (33)} considerable increase in intensities of the low energy 

side of the Q bands were observed. 
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Figure 3.2:       Electronic spectra of the MPcSmix in water, (a) AlPcSmix (29), GePcSmix 
(31), SiPcSmix (32) and (b) ZnPcSmix (30), SnPcSmix (33). 

 
 
The characteristics bands of the S=O vibrations appeared for all the MPcSmix complexes 

in the 1030-1050 cm-1 region. While with the exception of ZnPcSmix (30), the O-H and 

weak M-O vibrations due to the OH axial ligands were observed respectively in the 3100-

3300 cm-1 and 700-800 cm-1 regions.   

The extent of sulphonation for each of the five MPcSmix (where M = Al, Ge, Si, Sn and 

Zn) complexes were obtained by HPLC. It is expected that the most highly sulphonated 

(most soluble) would be the first to be eluted from the chromatographic column, and so 

give the lowest retention time and that the monosulphonated fractions give the highest 

retention times. The HPLC signals with the lowest retention times (~ 1 minute) are 

assigned to the tetrasulphonated fractions, using the respective metal tetrasulphonated 

phthalocyanine as references. AlPcSmix (29), GePcSmix (31) and SiPcSmix (32) gave mainly 

the tetrasulphonated (Figure 3.3a) and ZnPcSmix (30) and SnPcSmix (33) (Figure 3.3b) 



Synthesis and Characterisation 

                                                                       102
  

showed three main HPLC peaks confirming a large contribution of less sulphonated 

derivatives. The lack of aggregation behaviour of the former set of complexes could be 

due to the large fractions of the tetrasulphonated species while the aggregation behaviour 

of the latter maybe due to presence of large fractions of less sulphonated species. The 

extent of aggregation has been shown to decrease with increasing degree of 

sulphonation.378 

The same MPcSmix batches for HPLC analyses were used for the photolysis studies to be 

discussed in Chapter 4.  
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Figure 3.3: HPLC traces for (a) GePcSmix (31) and (b) ZnPcSmix (30) 

 

 

 

 

 

 

 

3.1.1.2 Carboxyl MPcs 
 
Synthesis of the MOCPcs were carried out using established methods from literature.77,78   

(Scheme 3.3). Generally, very low yields of the complexes were obtained.  
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Scheme 3.3: Synthetic route for water-soluble (OH)Al3+, Zn2+ octacarboxy-

metallophthalocyanine, (MOCPc)77,78 

 

 

Figure 3.4 shows the electronic spectra of AlOCPc (27) and ZnOCPc (28). Both 

complexes exhibited monomeric behaviour in phosphate buffer pH 10 as evidenced by 

the sharp Q band and no aggregated Q band. 
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Figure 3.4:            Electronic spectra of (a) AlOCPc (27) and (b) ZnOCPc (28) in 
phosphate buffer pH 10. 

 

 
The FTIR data of both AlOCPc (27) and ZnOCPc (28) complexes showed characteristics 

bands of the complexes. Characteristic bands such as the O-H, C=O and C-O appeared at 

3418, 1705 and 1191 cm-1 respectively for the former while for the latter they appeared at 

3421, 1702 and 1184 cm-1. 

 

 

3.1.2 Thiol-derivatised MPcs 
 

3.1.2.1 4-Nitro phthalonitrile (46), Scheme 3.4 
 
The synthetic procedure is in three steps as shown in Scheme 3.4. High yields and 

satisfactory IR and NMR data were obtained for all the compounds. The 1H NMR data 

for compounds (44), (45) and (46) gave expected number of protons (details in the 
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experimental section) indicating the purity of these compounds. The conversion of 

compound (5) to (44) was evidenced by the appearance of IR NO2 bands at 1535 and 

1354 cm-1 corresponding to assymetrical and symetrical NO2 stretch. For the conversion 

of compound (44) to (45), the dissappearance of 1717 cm-1 (s) (CO-NH-CO) and 

appearance of 3346 cm-1 (NH2 str), 1685 cm-1 (s) (C=O str), 1620 cm-1 (vs) (NH2 def) 

confirmed the formation of compound (45). The synthesis of 4-nitro phthalonitrile (46) 

was comfirmed by the sharp and intense IR band at 2230 cm-1 corresponding to (C≡N) 

and others bands such as 545 cm-1 (vs) (NO2 assym.), 1355 cm-1 (vs) (NO2 sym.). 
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Scheme 3.4: Synthetic route for 4-nitro phthalonitrile81 
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3.1.2.2  Monosubstituted thiol-derivatised phthalonitrile 
 
The syntheses of 4-(benzylmercapto) phthalonitrile (47) or 4-(dodecylthiol) phthalonitrile 

(48) were achieved by base (K2CO3) catalysed nucleophilic substitution of nitro groups in 

(46) using benzylmercapto or dodecylthiol respectively, Scheme 3.5. The substitution 

was performed in DMSO at room temperature in an inert nitrogen atmosphere. 

Satisfactory yields were obtained for the synthesis of compounds 47 and 48. 

The CN band in the IR spectrum of 47 was observed at 2231 cm-1 and at 2228 cm-1 for 

48. The protons in the 1H-NMR spectrum of the phenyl substituent for 47 appeared as a 

multiplet integrating for 5 between 7.28 and 7.38 ppm, benzyl protons were observed 

between 7.47 and 7.65 ppm, the CH2 protons at 4.30 ppm.  For complex 48, the CH3 

protons were observed at 0.85 ppm, the CH2 protons between 1.25 and 3.00 ppm, and the 

benzyl protons between 7.45 and 7.63 ppm.  
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Scheme 3.5: Synthetic route for MTBMPc and MTDMPc complexes.81 
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3.1.2.3  Thiol-derivatised MPcs (Scheme 3.5) 
 
Peripherally substituted tetrakis (benzylmercapto) or (dodecylthiol) phthalocyanines 

containing different central metals (Zn, Co, Fe, Ni, and Mn) were synthesised by 

cyclotetramerisation of 4-(benzyl mercapto) phthalonitrile (47) or 4-(dodecylthiol) 

phthalonitrile (48) in the presence of the required metal salts. Quinoline was used as the 

solvent for Fe (36 and 41), Ni (37 and 42) and Zn (38 and 43) phthalocyanine complexes 

while ethylene glycol was used as the solvent for synthesis of CoPc (35 and 40) and 

MnPc (34 and 39) derivatives. 

All the metallophthalocyanine complexes were found to be soluble in less polar solvents 

such as DCM and chloroform while only the benzylmercapto substituted phthalocyanines 

(34-38) dissolved in the more polar solvents such as DMSO and DMF. The non-solubility 

of the (dodecylthiol) phthalocyanines in DMSO and DMF is not surprising; it is due to 

the presence of the highly non-polar long dodecylthiol alkyl chain.  

The MPc complexes were characterised by several methods including UV-VIS, IR and 

1H NMR spectroscopies, and by MALDI-TOF mass spectroscopy and elemental 

analyses. Both MALDI-TOF and elemental analyses gave expected results as shown in 

the experimental section.  For the MnPcs, IR bands at  865 cm-1 and 857 cm-1 correspond 

to the bond between Mn3+ and O atom of the acetate ion (Mn3+─OCOCH3) of complexes 

34 and 39 respectively, while both complexes showed the C=O bands of the acetate ion at 

1743 cm-1 and 1765 cm-1 respectively. Only the ZnPc derivatives were employed for 1H-

NMR analysis since the central metal is diamagnetic.  Both complexes 38 and 43 

exhibited broad peaks in the 1H-NMR spectra probably due to the aggregation occurring 

at the high concentrations used.379 The signals due to the Pc ring were observed from 7.60 
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to 7.95 ppm and integrated for a total of 12 protons for complex 38, and for complex 43 

the Pc ring protons were observed from 6.50 to 7.80 ppm. Hence the protons were more 

deshielded for complex 38 due to the presence of the phenyl ring. The protons due to the 

phenyl substituents for complex 38 integrated correctly and were observed at 7.30-7.60 

ppm. For complex 43 the protons of the ring substituents integrated correctly. 

The UV-Vis spectral Q band peak positions bands are listed in Table 3.1 in DCM. From 

the values of Q bands for the complexes in DCM, all the MTDMPc complexes with the 

long alkyl chain dodecylthiol ring substituent (39-43) exhibited red shift in Q band 

relative to their respective MTBMPc (34-38) counterparts. This observation may be due 

to the effect of the electron donating ability of the Pc ring substituent; dodecyl thiol group 

may have more electron donating ability than the benzyl mercapto group.  

 
 

MnPcs 

The MnPc complexes are deep red in colour due to absorption in the 400 to 500 nm 

region and the red shift of the Q band, typical of Mn3+Pc complexes,101,216,380,381 Figure 

3.5. The UV-Vis bands at 452 and 526 nm for MnTBMPc, 34 and at 450 and 528 nm for 

MnTDMPc, 39 are charge transfer bands between metal and ligand. MALDI-TOF spectra 

showed the complexes without the acetate residue though the reason could not be 

ascertained but similar observation has been reported before.381 However, elemental 

analysis of both complexes gave satisfactory results corresponding to the Mn(OAc)Pcs. 
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Figure 3.5: The UV-Visible spectra of (a) MnTBMPc (34) and (b) MnTDMPc (39) in DCM. 

 

CoPcs 

The spectra of CoPc complexes (35 and 40) are typical of monomeric species, Figure 3.6. 

The Q bands were observed at 676 and 684 nm for complexes 35 and 40 respectively in 

DCM. Both complexes obeyed Beer’s Law behaviour at concentrations less than 1 x 10-5 

M. 
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Figure 3.6: The UV-Visible spectra of (a) CoTBMPc (35) and (b) CoTDMPc (40) in DCM. 

 

FePcs 

For complex 36 the main absorption bands were observed at 675 and 705 nm in DCM, 

and for complex 41 the absorption band was at 712 nm in DCM, Figure 3.7. Aggregation 

in MPc complexes is typified by a broadened or split Q band, with the high energy band 

being due to the aggregate and the low energy band due to the monomer.101 Complex 36 

showed a split Q band in DCM while complex 41 Q band is broadened; both complexes 

can be said to be aggregated in DCM but there is more aggregation in complex 36 than in 

complex 41, showing that the benzyl group on the former might increase aggregation due 

to possible π-π interactions between the neighboring Pcs. 
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Figure 3.7: The UV-Visible spectra of (a) FeTBMPc (36) and (b) FeTDMPc (41) in DCM. 

 
Figure 3.8 shows the UV-Vis spectra of complex 36 in DMF. The complex exhibited 

spectra typical of stacked monomer in FePc complexes,44 which is normally observed 

near 630 nm.  This suggests that the Q band observed for the complexes at 630 nm is due 

to the stacked monomer. Aggregation was evident even at concentrations as low as 3 x 

10-6 M. Figure 3.8 also shows the effect of decreasing concentration on the spectra of 

complexes 36. As the concentration was lowered for 36, the peak due to the aggregate at 

638 nm decreased at a faster rate compared to the monomer peak at 725 nm. These 

observations confirm that complex 36 is aggregated at high concentrations. Beer’s law 

was not obeyed at concentration greater than 1.2 x 10-5 M.  
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Figure 3.8:    UV-VIS spectral changes observed for complex (36) in DMF as 
concentration is decreased. Starting concentration = 1.5 x 10-5 M. 

 
 

 NiPcs 

UV/Vis spectra in Figure 3.9 shows considerable aggregation for both complexes as 

judged by split Q bands. NiTBMPc (37) showed more aggregation than NiTDMPc (42) at 

the same concentration as was the case for the FePc derivatives, in that the band due to 

the aggregated species at high energy was more pronounced than the band due to the 

monomeric species. For NiTDMPc (42), the band at low energy due to the monomeric 

species was more pronounced than the high energy band. The difference in the extent of 

aggregation maybe partly due to the influence of ring substituents, the former has 

benzylmercapto as the substituent, which can increase the π-π interaction of the 

molecules and thereby increasing aggregation as explained above.  
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Figure 3.9: The UV-Visible spectra of (a) NiTBMPc (37) and (b) NiTDMPc (42) in DCM. 

 
Figures 3.10 and 3.11 respectively show the effect of decreasing concentrations from 1.5 

x 10-5 to 0.3 x 10-5 M on the UV-Vis spectra of NiTBMPc (37) and NiTDMPc (42) in the 

Q band region. The former has two Q bands at 625 and 681 nm, while the latter has a 

broad Q band at ~ 632 nm and a sharp Q band at 685 nm. As the concentrations of the 

complexes are decreased, the Q bands at relatively lower wavelengths (due to the 

aggregated species) became less pronounced compared to the lower energies (due to the 

monomer species), confirming the aggregated nature of the complexes. 
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Figure 3.10: The UV-Visible spectral changes on dilution of NiTBMPc (37) in DCM. 
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Figure 3.11: The UV-Visible spectral changes on dilution of NiTDMPc (42) in DCM. 
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ZnPcs 

The spectra of Zn (38 and 43) phthalocyanine complexes are typical of monomeric 

species, Figure 3.12. The Q bands for complexes 38 and 43 were observed at 689 and 691 

nm, respectively in DCM. Both complexes exhibited Beer’s Law behaviour at 

concentrations less than 1 x 10-5 M. 
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 Figure 3.12: The UV-Visible spectra of (a) ZnTBMPc (38) and (b) ZnTDMPc (43) in DCM. 

 

The differences in the aggregation behaviour of the complexes from one metal derivative to the 

other can be explained in terms of the central metal effects; the aggregation behaviour of both 

FePc and NiPc derivatives can be attributed to the former FePcs µ-oxo formation which could 

encourage interactions between neighboring molecules and the latter which has Ni atom in the 

‘in plane of the Pc ring’ position thereby enabling neighboring Pc rings to interact more 

effectively. Less aggregation in ZnPc has been attributed382,383 to Zn atom ‘out of plane’ 
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position in the Pc ring; this could also be the case for the monomeric behaviour of the ZnPc 

derivatives. The non-aggregation behaviour of the MnPc derivatives can be attributed to the 

presence of acetate axial ligand which can prevent aggregation from occurring. 

 

 

 

3.2 Electrochemical characterisation of thiol derivatised MPcs 
 
The solution redox properties of the complexes were studied using cyclic (CV) and 

square wave voltammetry (SWV) in DCM and DMF (DCM only for the MTDMPc 

complexes). The potential values and assignments are summarised in Table 3.2 a-d.   

 
 
Table 3.2a: Summary of redox potentials (E1/2 vs. Ag|AgCl) of the CoPc and FePc 
complexes in DCM containing TBABF4. Values in brackets are in DMF for complexes 
35 and 36 which were soluble in DMF. 

 

Complex M3+Pc-/ 

M3+Pc2-  

I 

M3+Pc2-/ 

M2+Pc2- 

II 

M2+Pc2-/ 

M+Pc2- 

III 

M+Pc2-/ 

M+Pc3- 

IV 

M+Pc3- / 

M+Pc4- 

V 

M+Pc4-/ 

M+Pc5- 

VI 

CoTBMPc (35) 0.89, 

(0.89) 

0.42, 

(0.42)  

-0.40,  

(-0.38) 

-0.84, 

(-1.41)  

- - 

CoTDMPc (40) 0.66  0.44   -0.46  - - - 

FeTBMPc (36) 0.82, 

(0.70)  

0.44, 

(0.36)  

-0.24,  

 (-0.37) 

-0.62,  

 (-0.78)  

-0.85,   

(-1.18)  

- 

FeTDMPc (41) 1.01  0.62  -0.53  -0.84  -1.16  -1.40  
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Table 3.2b: Summary of redox potentials (E1/2 vs. Ag|AgCl) of the MnPc complexes in 
DCM containing TBABF4. 
   
 

Complex Mn2+Pc2- 

/Mn 2+Pc3- 

Mn 3+Pc2- 

/Mn 2+Pc2- 

Mn 4+Pc2- 

/Mn 3+Pc2- 

Mn 4+ Pc- 

/Mn 4+Pc2-  

MnTBMPc 
(34) 

-0.84  -0.08  ~ 0.9  1.12  

MnTDMPc 
(39) 

-0.98  -0.26  ~ 0.9  1.06  

 
 
Table 3.2c: Summary of redox potentials (E1/2 vs. Ag|AgCl) of the NiPcs in DCM 
containing TBABF4.  
 
 

Complex Ni2+Pc0/Ni2+Pc- Ni2+Pc-

/Ni2+Pc2- 

Ni2+Pc2-

/Ni+Pc2- 

Ni+Pc2-

/Ni+Pc3- 

Ni+Pc3-

/Ni+Pc4- 

NiTBMPc 
(37) 

0.96  0.70  -0.25  -0.94  - 

NiTDMPc 
(42) 

0.99  0.73  -0.18  -0.93  -1.15  

 
 
 
Table 3.2d: Summary of redox potentials (E1/2 vs. Ag|AgCl) of the ZnPcs in DCM 
containing TBABF4. Values in brackets are in DMF for complex 38 which was soluble in 
DMF. 
 
 

 
 
 

Complex Zn2+Pc-/ 
Zn2+Pc2- 

Zn2+Pc2-/ 
Zn2+Pc3- 

Zn2+Pc3-/ 
Zn2+Pc4- 

ZnTBMPc (38) 0.36,  
 
(0.62)  

-1.04,  
 
(-0.93) 
 

-1.49,  
 
(-1.33) 

ZnTDMPc (43) 0.46  -1.1  - 
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3.2.1 CoPcs 
 
3.2.1.1 Voltammetry 
 
For complex 35 more resolved voltammograms were observed in DMF than in DCM. 

Figure 3.13 shows the CV (Figure 3.13a) and SWV (Figure 3.13b) of complex 35 in 

DMF containing TBABF4. Complex 35 showed excellent voltammetric behaviour, with 

four redox processes labelled I (E½ = 0.89 V vs. Ag|AgCl), II (E½ = 0.42 V vs. Ag|AgCl), 

III (E½ = -0.38 V vs. Ag|AgCl), and IV (E½ = -1.41 V vs. Ag|AgCl). Based on the well 

known381 electrochemical behaviour of CoPc complexes in coordinating solvents such as 

DMF, couples I, II, III and IV in Figure 3.13 are assigned to Co3+Pc-/Co3+Pc2-, Co3+Pc2-

/Co2+Pc2-, Co2+Pc2-/Co+Pc2- and Co+Pc2-/Co+Pc3- respectively. The ratios of the anodic to 

cathodic peak currents (Ia to Ic) for couples II , III  and IV  are close to unity, suggesting  

reversible redox processes but for couple I  (which is expected to be ring oxidation), the 

anodic peak current was more pronounced compared to cathodic current (couple I ratio of 

Ia to Ic (13.7 µA/10.7 µA) is 1.15); this may be partly due to the decomposition upon 

oxidation commonly observed for thiol-derivatised MPc complexes.83 For all couples 

anodic to cathodic peak separation (∆E) was ≥ 90 mV (∆E = 90 mV was obtained for 

ferrocene standard), suggesting slow electron transfer. Plots of square root of scan rate 

versus current (Figure 3.13c inset) were linear, suggesting diffusion control for all 

couples in Figure 3.13a. The peak currents are close in values for scan rate 50 mV s-1 but 

the difference became more significant as the scan rate increased, these may be due to 

decomposition especially oxidation reactions typical of thiol-derivatised 

metallophthalocyanines. 

There was no effect on the voltammograms when the potential window was narrow (-1.0 

to 1.0 V), or when starting at the rest potential of zero volts. 
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Figure 3.13: The (a) cyclic voltammogram, (b) square wave voltammogram and (c) 

cyclic voltammogram changes with scan rate and inset is the plot of 
current against square root of scan rate of complex (CoTBMPc, 35) in 
DMF solution containing 0.1 M TBABF4. Glassy carbon electrode used. 
Scan rate: 100 mV s-1. 

 
 

 

For complex 40, three couples were observed and are assigned in Table 3.2a, and shown 

in Figure 3.14. The difference in the CV of 35 from that of 40 could still be due to the 

difference in the ring substituent. Couples I and III  exhibited quasi-reversible behaviour 

in that ∆E was greater than 90 mV. Couple II  however did not show a clear return peak, 

hence was irreversible. The couples showed diffusion control behaviour in that peak 

currents increased linearly with the square root of scan rate as was observed in Figure 

3.14c.  
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Figure 3.14: The (a) cyclic voltammogram, (b) square wave voltammogram and (c) 

cyclic voltammogram changes with scan rate and inset is the plot of 
current against square root of scan rate of complex (CoTDMPc, 39) in 
DCM solution containing 0.1 M TBABF4. Glassy carbon electrode used. 
Scan rate: 100 mV s-1. 

 
 
 
 
3.2.1.2 Spectroelectrochemistry 
 
Spectroelectrochemical studies (Figure 3.15) were employed to confirm the assignments 

in the CV and SWV of complex 35. The concentration of the complex was ~ 2 x 10-4 M 

for studies in OTTLE cell, at this high concentration, the aggregated species are present 

as judged by the broadening of the starting spectrum in Figure 3.15a, which shows the 

UV-VIS spectral changes of complex 35 during a controlled potential reduction of the 

complex at potential of couple III . The slight differences in the Q band maxima in Figure 

3.15a (672 nm) compared to Figure 3.6 (676 nm) could be a result of the presence of 
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electrolyte in former. Upon reduction, the Q band shifted from 672 to 710 nm and 

increased in intensity. The spectral changes showed that upon reduction the Pc molecules 

become disaggregated as judged by the narrowing of the absorption bands. A new intense 

band was formed at 473 nm during reduction. New intense peaks between 400 and 500 

nm are characteristic of Co+Pc species.101 Also the shift in the Q band with increase or 

without decrease in intensity is typical of metal based reduction in MPc complexes. Thus 

spectral changes shown in Figure 3.15a clearly confirm that couple III  is due to the 

reduction of Co2+Pc to Co+Pc (n was calculated to be approximately 1 from the equation, 

Q = nFVC). Furthermore, clear isobestic points at 690, 568 and 368 nm showed that the 

process is a clean reduction reaction involving two species. The reduction was reversible 

in that applying zero volts resulted in greater than 80% regeneration of the starting 

spectrum.  
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Figure 3.15:   UV-Vis spectral changes for complex (CoTBMPc, 35) observed using 

controlled potential electrolysis at (a) -0.6 V; (b) -1.6 V and  (c) 0.6 V in 
DMF containing 0.1 M TBABF4. The first scan in Figure 3.15b is the 
same as the last scan in Figure 3.15a. 
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Further reduction of the species formed in Figure 3.15a at potentials more negative than 

couple IV  resulted in spectral changes shown in Figure 3.15b, which consisted of the 

decrease in the Q band and the shifting of the band at 473 to 485 nm, and the formation 

of new bands at 580 and 642 nm. Clear isobestic points at 637 and 368 nm showed that 

the process is a clean reduction reaction involving two species. The decrease in the Q 

band is characteristic of ring-based processes. Bands in the 500 to 600 nm region are 

typical384 of ring based reduction and the formation of a Pc3- species. Thus reduction at 

potentials of couple IV  results in the formation of Co+Pc3- species. 

Oxidation at potentials more positive than couple II  resulted in spectral changes shown in 

Figure 3.15c. The first spectrum shows aggregation with the monomer peak at 672 nm 

and the peak due to the aggregate at 628 nm. The differences in the starting spectrum in 

Figure 3.15 compared to Figure 3.6 could be a result of both aggregation and the presence 

of electrolyte in Figure 3.15c. Also the starting spectrum in Figure 3.15c is different from 

the starting spectrum in Figure 3.15a due to different extents of aggregation. For the 

sample employed for Figure 3.15c, the extent of aggregation is such that the Q band is 

split with the peak due to aggregated species observed at 628 nm and the monomer at 672 

nm. Thus, the extent of aggregation varies from batch to batch depending on the 

concentration. The spectral changes observed during oxidation showed an increase of the 

monomer peak and its shifting from 672 to 687 nm. Since there was an increase in Q 

band intensity, the spectral changes in Figure 3.15c are due to the oxidation of Co2+ to the 

Co3+ species, showing that at potentials of couple II  metal oxidation occurs, and that the 

couple is due to Co3+Pc2-/Co2+Pc2- (n was calculated to be approximately 1 from the 

equation, Q = nFVC). Also, clear isobestic points at 671, 491 and 342 nm showed that the 
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process is a clean reduction reaction involving two species. The subsequent oxidations 

are expected to be on the ring in comparison with literature.385 However, oxidation at 

potentials of couple I  resulted in the loss in the intensity of the Q band, without 

significant increase in the 500 nm region of the spectrum which is typical for ring 

oxidation. These observations suggest decomposition as has been reported before83 for 

other thiol substituted MPc complexes and confirm the irreversibility nature of process I  

in Figure 3.13. 

Controlled potential reduction for complex 40 in DCM at potentials of couple III  (Figure 

3.16a) resulted in the formation of Co+Pc2- as judged by the formation of a new peak at 

476 nm and the shift of the Q band to a longer wavelength (711 nm) as discussed above 

for complex 35. Figure 3.16b shows oxidation of complex 40 at potentials of couple I , the 

shift in Q band from 674 to 687 nm without loss in intensity again confirms metal 

oxidation and formation of Co3+Pc. It should be noted that complex 40 was electrolysed 

in DCM since it does not dissolve in DMF as stated above. For both the metal oxidation 

and reduction, clear isobestic points were observed indicating that the processes are clean 

redox reactions involving two species. 
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Figure 3.16: UV-Vis spectral changes of complex (CoTDMPc, 40) observed using 
controlled potential electrolysis at (a) -0.7 V (process III ) and (b) 0.7 V 
(process II ) in DCM containing 0.1 M TBABF4. 
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3.2.2 FePcs 
 
3.2.2.1 Voltammetry 
 
Figure 3.17 shows the CV and SWV of complex 36. Five couples were observed labelled 

I  to V in Figure 3.17. Couples I  (E½ = 0.70 V), II  (E½ = 0.36 V), IV  (E½ = -0.78 V) and V 

(E½ = -1.18 V), showed clear return peaks but for III  (E½ = -0.37 V), the anodic 

component was weak. Thiol substituted MPc complexes often exhibit irreversible cyclic 

voltammetry behaviour.94 Comparing the peak potentials (Table 3.2a) with those of 

documented FePc complexes, the couples are assigned I , II , III , IV and V to Fe3+Pc-

/Fe3+Pc2-, Fe3+Pc2-/Fe2+Pc2-, Fe2+Pc2-/Fe+Pc2-, Fe+Pc2+/Fe+Pc3- and Fe+Pc3-/Fe+Pc4- 

respectively. 
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Figure 3.17: The (a) cyclic and (b) square wave voltammogram of complex 
(FeTBMPc, 36) in DMF solution containing 0.1 M TBABF4. Glassy 
carbon electrode used. Scan rate: 100 mV s-1. 

 
 
 
Complex 41 gave CV and SWV shown in Figure 3.18. Six processes (E1/2) were observed 

at 1.01, 0.62, -0.53, -0.84, -1.16 and -1.40 V for couples, I , II , III , IV,  V and VI , 

respectively. The anodic to cathodic currents were near unity for couples I , II , III , and 

IV . For the last two couples (V and VI ) only weak return peaks were observed. However, 

diffusion control was observed for all couples, with linear variation of scan rate square 

root with peak current (not shown). The peaks are assigned in comparison with complex 

36 and with literature,385 Table 3.2a.   

For both figures 3.17 and 3.18 which are for the FePc complexes, the difference in the 

peaks may be due to the closeness, possible overlap and sometimes irreversibility of the 

peaks often associated with thiol-derivatised metallophthalocyanines. 
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Figure 3.18: The (a) cyclic and (b) square wave voltammogram of complex 

(FeTDMPc, 41) in DCM solution containing 0.1 M TBABF4. Glassy 
carbon electrode used. Scan rate: 100 mV s-1. 
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3.2.2.2   Spectroelectrochemistry 
 
Spectroelectrochemistry (OTTLE) for complex 36 at potentials slightly more negative 

than couple III  gave spectral changes shown in Figure 3.19a. Again the complex shows 

aggregation. Upon reduction, the peak due to aggregate at 636 nm decreased and a broad 

peak at 660 nm remained. Clear isobestic points at 677, 571 and 394 nm showed that the 

process is a clean reduction reaction involving two species. As already explained, in 

phthalocyanine chemistry, the lack of disappearance of the Q band on reduction or 

oxidation suggests a metal-based process. Thus the spectral changes shown in Figure 

3.19a are typical of metal-based reduction, suggesting the formation of the Fe+Pc species. 

The spectrum of Fe+Pc species is not well known. It has been reported386 that the 

presence of Fe+ disturbs the π-π* spectrum of the Pc resulting in a weak Q band and a 

pink solution. This work however shows that a relatively strong Q band is still present 

following reduction of Fe2+Pc to Fe+Pc. Thus spectroelectrochemical studies here confirm 

that couple III is due to Fe2+Pc2-/ Fe+Pc2-. Oxidation at potentials of couple II  resulted in 

spectral changes shown in Figure 3.19b, which consisted of the formation of a new peak 

at 649 nm, and the disappearance of the peak at 636 nm. These spectral changes are 

consistent with the oxidation of Fe2+ central metal to Fe3+ in phthalocyanines. It has also 

been reported101 that the formation of Fe3+Pc species results in a split Q band for some 

complexes. The splitting is not evident in Figure 3.19b. 

Spectroelectrochemistry of complex 41 confirmed that first oxidation and reduction occur 

at the central metal. Figure 3.20 shows spectral changes observed on oxidation of 41 at 

potentials of couple II . A new peak was observed at 671 nm with electrolysis time 

confirming central metal oxidation.  
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Figure 3.19: UV-Vis spectral changes of complex (FeTBMPc, 36) observed using 
controlled potential electrolysis at (a) -0.6 V and (b) 0.6 V in DMF 
containing 0.1 M TBABF4. 
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Figure 3.20: UV-Vis spectral changes of complex (FeTDMPc, 41) observed using 
controlled potential electrolysis at 0.9 V in DCM containing 0.1 M 
TBABF4. 

 
 

 
 

3.2.3   MnPcs 
 
3.2.3.1   Voltammetry 
 
Figure 3.21 and 3.22 show the CVs and SWVs of MnTBMPc (34) and MnTDMPc (39) 

complexes in DCM (containing 0.1 M TBABF4) respectively. Three quasi reversible 

redox processes were observed for both complexes with ∆E ranging from 100 to 240 mV. 

For MnTBMPc (34), the couples were observed at: E½ = 1.12 V (I ), E½ = -0.08 V (II ), E½ 

= -0.84 V (III ) vs. Ag|AgCl while for complex MnTDMPc (39), the three redox couples 

were observed at: E½ = 1.06 V (I ), E½ = -0.26 V (II ), E½ = -0.98 V (III ) vs. Ag|AgCl. A 

weak irreversible peak was observed at ~ 0.9 V for both complexes. This peak has been 
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observed before60 for Mn3+ tetraaminophthalocyanine and was assigned using 

spectroelectrochemistry to a Mn4+/Mn3+ redox process. Introduction of electron-donating 

groups to MPc ring is expected to lead to a thermodynamically easier oxidation and a 

more difficult reduction of the MPc complex.152,387 This is because electron-donating 

group should increase the average electron density of the conjugated 18π-electron system 

of the phthalocyanine ring. MnTBMPc, 34 can be said to be more difficult to oxidise than 

MnTDMPc, 39 from the more positive E1/2 value of its redox couple (I ) while 

MnTDMPc, 39 can be said to be more difficult to reduce than MnTBMPc, 34 from the 

more negative E1/2 of its redox couples (II ) and (III ). 
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Figure 3.21: The (a) cyclic and (b) square wave voltammogram of complex 
(MnTBMPc, 34) in DCM containing 0.1 M TBABF4. Glassy carbon 
electrode used. Scan rate = 100 mV s-1. 
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Figure 3.22: The (a) cyclic and (b) square wave voltammogram of complex 
(MnTDMPc, 39) in DCM containing 0.1 M TBABF4. Glassy carbon 
electrode used. Scan rate = 100 mV s-1. 

 
 
 
 

3.2.3.2    Spectroelectrochemistry 
 
Spectroelectrochemical studies using optically transparent thin layer electrode (OTTLE) 

cell gave more insight into the origin of the redox couples observed during voltammetric 

studies of the complexes. Figure 3.23a shows the spectral changes observed during the 

reduction of complex 34 at potentials of process II. The initial spectrum in Figure 3.23a 

has more aggregated species than the one shown in Figure 3.5; this again is because a 

higher concentration of the complex was employed for the spectroelectrochemical 

studies. Upon reduction, there was a blue shift in the Q band from 742 to 701 nm and at 

the same time the colour of the complex changed from red to green, also the charge 

transfer bands at 523 and 455 nm decreased in intensities with the latter completely 
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disappearing and the former decreasing and shifting from 523 to 533 nm. A shift in the 

position of the Q band without a decrease in its intensity is indicative of metal based 

electro reduction reaction and a blue shift in the Q band upon reduction is typical of 

Mn3+Pc2- to Mn2+Pc2- reduction,101 thus this confirmed that redox couple (II ) in Figure 

3.21 is due to redox couple Mn3+Pc2-/Mn2+Pc2- (n was calculated to be approximately 1 

from the equation, Q = nFVC). Furthermore, three clear isobestic points at 716, 558 and 

402 nm indicate that it is a clean reduction, that is, only two species were present. As 

shown in Figure 3.23b, further reduction at potentials of process III  to -1.2 V resulted in 

decrease in the intensity of the new Q band and at the same time there was increase in the 

band intensity between 400 and 600 nm typical of a ring based redox process.384,388 

Similar spectral changes were also observed for complex 39 for both redox couples (II ) 

and (III ) as shown in Figure 3.24a and b respectively. This observation confirmed that 

redox couple (III ) is a ring based reduction, thus can be assigned to Mn2+Pc2-/Mn2+Pc3-. 

The first reduction in Mn2+Pc2- complexes has been reported to occur at the ring to form 

Mn2+Pc3- species as observed in this work, while other researchers have suggested metal 

reduction to the Mn+Pc2- species.101 As discussed earlier, there was a weak and broad 

anodic peak at around 0.9 V in Figures 3.21 and 3.22, this was attributed to Mn4+/Mn3+ 

process. To confirm the origin of this peak, controlled potential electrolysis was 

conducted at 1.0 V; no visible change was observed in the UV/Vis spectra of both 

complexes thus the peak origin could not be confirmed. However, since the anodic peak 

current intensity is relatively small compared to that of redox couple (I ), probably a 

negligible fraction of the complex transformed to the Mn4+/Mn3+ species. The potential 

was then increased to 1.25 V in order to confirm the origin of redox couple (I ) there was 
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a gradual decrease in the Q and B band peak intensity with time indicative of 

degradation. It is known that for thiol substituted MPc complexes, oxidation is often 

accompanied by decomposition.83 

Based on the electrochemistry data above, the assignment of processes I to III  can be 

confirmed as shown in Table 3.2b. 
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Figure 3.23: UV-Vis spectral changes for complex (MnTBMPc, 34) observed 
using controlled potential electrolysis at (a) -0.5 V, (b) -1.15 V and 
(c) 1.25 V. The electrolyte solution was ~ 2 x 10-4 M of complex 34 
in DCM containing 0.1 M TBABF4 as the electrolyte. 
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Figure 3.24: UV-Vis spectral changes for complex (MnTDMPc, 39) observed using 
controlled potential electrolysis at (a) -0.5 V, (b) -1.15 V and (c) 1.2 V. 
The electrolyte solution was ~ 2 x 10-4 M of complex 39 in DCM 
containing 0.1 M TBABF4 as the electrolyte. 

 
 

 
3.2.4   NiPcs 
 
3.2.4.1 Voltammetry 
 
Figures 3.25 and 3.26 show the cyclic voltamogramms of NiTBMPc (37) and NiTDMPc 

(42) complexes in DCM (containing 0.1 M TBABF4) respectively. Four redox processes 

were observed for NiTBMPc (37) complex while five redox processes were observed for 

NiTDMPc. For NiTBMPc (37) these were observed at: Ep = 0.96 V (I ), Ep = 0.70 V (II ), 

E½ = -0.25 V (III ) and  E½ = -0.94 V (IV ) (vs. Ag|AgCl) while for NiTDMPc complex 

(42), the five redox couples were observed at: E½ = 0.99 V  (I ),  E½ = 0.73 V (II ), Ep = -

0.18 V (III ), E½ = -0.93 V (IV ), and  E½ = -1.15 V vs. Ag|AgCl. The couples were quasi-
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reversible to irreversible. The irreversible behavior is typical of thiol substituted MPc 

complexes.94 As stated above, redox processes are known to occur only on the ring for 

NiPc complexes in solution.385 However, as is shown below, process III  may be assigned 

to metal reduction for both complexes. The rest of the redox processes are assigned to 

ring reductions or oxidations. 
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Figure 3.25: The (a) cyclic and (b) square wave voltammogram of complex 
(NiTBMPc, 37) in DCM containing 0.1 M TBABF4. Glassy carbon 
electrode used. Scan rate = 100 mV s-1. 
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Figure 3.26: The (a) cyclic and (b) square wave voltammogram of complex 

(NiTDMPc, 42) in DCM containing 0.1 M TBABF4. Glassy carbon 
electrode used. Scan rate = 100 mV s-1. 

 
 
 
 
 

3.2.4.2    Spectroelectrochemistry 
 
Spectroelectrochemical reduction of both complexes at potentials of process III , using 

optically transparent thin layer electrode (OTTLE) cell, resulted in spectral changes 

shown in Figure 3.27 and 3.28. The first spectrum for both complexes show broad peaks 

due to aggregation at concentrations employed for OTTLE cell studies. For NiTBMPc 

(37), these changes consisted of an increase in the bands in the Q band region, with sharp 

bands at 688 and 632 nm, and in the 400 to 500 nm region, two sharp bands were 

observed at 463 and 411 nm. The latter are charge transfer bands in MPc complexes. For 

NiTDMPc (42), sharp bands appear in the Q band region at 687, 634 and 608 nm, and 

charge transfer bands were observed at 463 and 412 nm. M+Pc species having bands 
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between 400 and 500 nm is not usual; a very good example is Co+Pc species which is 

well documented101. The spectral changes observed on reduction of the complexes 

suggest reduction of the central metal and the formation of Ni+Pc species.385 Ring 

reduction would result in collapse of the Q bands and formation of new weak bands in the 

500 to 600 nm region, due to the perturbation of the LUMO.384 This is the first time 

electrochemical reduction of Ni2+Pc at the metal has been reported in solution.  
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Figure 3.27: UV-Vis spectral changes observed during the reduction of complex 
(NiTBMPc, 37) using controlled potential electrolysis at -0.4 V in DCM 
containing 0.1 M TBABF4. 
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Figure 3.28: UV-Vis spectral changes observed during the reduction of complex 
(NiTDMPc, 42) using controlled potential electrolysis at -0.4 V in DCM 
containing 0.1 M TBABF4. 

 
 
 
3.2.5   ZnPcs 
 
3.2.5.1   Voltammetry  
 
Figure 3.29 shows the CV and SWV for complex 38. Three couples were observed all 

due to the phthalocyanine ring since the central metal is electroinactive.385 The couples 

are assigned as shown in Table 3.2d. Complex 43 containing long chain thiol substituents 

showed less defined voltammograms, Figure 3.30 with two broad couples both due to 

ring-based processes, Table 3.2d. The difference in the CVs of the complexes could be 

due to the difference in the ring substituents. 
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Figure 3.29: The (a) cyclic and (b) square wave voltammogram of complex 

(ZnTBMPc, 38) in DMF containing 0.1 M TBABF4. Glassy carbon 
electrode used. Scan rate = 100 mV s-1. 
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Figure 3.30: The (a) cyclic and (b) square wave voltammogram of complex 

(ZnTDMPc, 43) in DCM containing 0.1 M TBABF4. Glassy carbon 
electrode used. Scan rate = 100 mV s-1.  
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3.2.5.2   Spectroelectrochemistry 
 
Spectroelectrochemistry of complexes 38 and 43 showed similar trends and as expected 

the redox couples were ring based (Figures 3.31 and 3.32). Reduction at potentials of 

couple II  gave similar spectral changes for both complexes, they were lowering in the Q 

band intensities without any shift and at the same time there were increases in the band 

intensities around 500 nm.  
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Figure 3.31:    UV-VIS spectral changes of complex (38) observed using OTTLE cell 
controlled electrolysis at -1.45 V in DMF containing 0.1 M TBABF4. 
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Figure 3.32:    UV-Vis spectral changes of complex (43) observed using OTTLE cell 
controlled electrolysis at -1.45 V in DCM containing 0.1 M TBABF4. 

 
 
 
 
 

3.3 Conclusion 
 
In conclusion, water soluble sulphonated and octacarboxy MPc complexes were 

synthesised and satisfactorily characterised by spectroscopic methods. UV-Vis spectra of 

most of the sulphonated MPc complexes showed aggregation behaviour in aqueous 

medium while the octacarboxy ones exhibited monomeric behaviour.   

The synthesis, spectroscopic, and electrochemical characterisation of thiol substituted 

CoPc, FePc, MnPc, NiPc and ZnPc derivatives are presented. The synthesis of all the 

complexes gave high yields, also spectroscopic and electrochemical methods 

satisfactorily confirmed that the synthesis and purity of the complexes.  
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The CVs showed four, five to six redox processes for the CoPc, FePc and NiPc 

derivatives. As expected first oxidation and first reduction in CoPc, FePc and MnPc 

complexes occurred at the central metal. However ring oxidation was accompanied by 

decomposition. For the MnPc derivatives, three quasi reversible peaks were observed, 

one metal based and two ring based redox couples. Both complexes showed a broad and 

relatively small irreversible anodic peak at around 0.9 V which maybe due to Mn3+Pc2-

/Mn4+Pc2- redox process. The complex MnTDMPc which has a more red shifted Q band 

in DCM was easier to reduce than the complex MnTBMPc and the other way around for 

oxidation, confirming the influence of electron donating ability of the ring substituents on 

the positions of the redox couples. Spectroelectrochemistry confirmed the first oxidation 

and reduction redox couples for CoPc, FePc, NiPc and MnPc to be metal based redox 

processes. Spectroelectrochemistry also confirmed that the redox couple (II ) for both 

MnPc derivatives as a metal based reduction of Mn3+Pc to Mn2+Pc thus confirming the 

original state of the complexes as Mn3+(Ac)Pc. For the first time, spectroelectrochemistry 

gave evidence for the formation of Ni+ process in a NiPc complex. The redox couples 

assigned to ring based processes were also confirmed by spectroelectrochemistry. Ring 

oxidation of the complexes resulted in decomposition. Fe+Pc showed a strong Q band in 

contrast to literature report. 

The spectra of Ni+, Fe+ and Co+ phthalocyanine complexes are not well known, and this 

work further gives some insight into the spectra of these species which would be helpful 

to other researchers.  

 

 



 

CHAPTER 4 
 

TRANSFORMATION OF CHLOROPHENOLS 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Transformation of Chlorophenols 

                                                                       154
  

This chapter deals with the transformation of chlorophenols using sulphonated and 

octacarboxy MPcs as catalysts. This chapter is mainly in two sections; (1) 

chemical/enzyme-like and (2) photocatalysis. 

 

4.1  Chemical /Enzyme-like catalysis of chlorophenols transformation 
 

4.1.1     CoPcS4 catalyst loading and spectral characterisation 
 
As discussed in chapter 3, MPcS4 complexes are in general known to exist as aggregates 

in equilibrium with monomers in aqueous solutions. Their UV-Vis spectra thus consist of 

two peaks in the Q band region. The lower energy absorption band near 655 nm is 

associated with the monomeric species while the high energy absorption band near 622 

nm is due to the aggregates species. In the presence of organic solvents, MPcS4 

complexes show monomeric behaviour. Figure 4.1 shows the spectra of CoPcS4 (24) in 

water/methanol, pH 7 and pH 10 solutions. The presence of aggregates is evident under 

pH 7 and pH 10 conditions, as seen by a clear split in the Q band in the former and a 

broadened Q band in the latter. In water/methanol, CoPcS4 (24) is monomeric. Thus 

Figure 4.1 shows that aggregation of the CoPcS4 (24) increases as follows: 

water/methanol < pH 10 buffer < pH 7 buffer. The higher degree of aggregation in pH 7 

than in pH 10 might be due to the nature of the buffer (phosphate buffer) which probably 

due to more interaction of the CoPcS4 molecules with water molecules (by H-bonding) in 

pH 7 than in pH 10. 
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Figure 4.1: UV-Vis spectra of CoPcS4 (24) in (a) water/methanol, (b) pH 7 and (c) 
pH 10. [CoPcS4] ~ 1 x 10-6 mol L-1. 

 
 
 

The catalytic behaviour of CoPcS4 (24) towards the oxidation of TCP and 2-CP was 

studied in water/methanol and also under the different pH conditions. pH 7 (for TCP) and 

10 (for 2-CP) were so chosen because the pKa values of 2-CP and TCP are 8.55 and 6.23 

respectively.389  

The concentration of the oxidant (hydrogen peroxide) chosen in this work (1 x 10-2 mol 

L-1) was found to effect the least destruction of the catalyst. The optimum amount of 

catalyst needed for the maximum conversion of the substrates was determined in 

water/methanol solvent mixture, after 5 hours reaction time, Figure 4.2. The results 

indicate that the catalytic conversion of the chlorophenols, under the experimental 

conditions employed here, is highly dependent on the CoPcS4 (24) loading. Figure 4.2 
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shows that the maximum conversion of the 2-CP and TCP to products in water/methanol 

conditions were approximately 81 and 67%, respectively, at 1% CoPcS4 (24) loading. 

Hence, most subsequent experiments were performed at 1% CoPcS4 (24) loading, except 

for the pH studies described in section 4.1.2.  
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Figure 4.2: Effect of catalyst loading on the conversion of (a) 2-CP and (b) TCP 
water/methanol. [Hydrogen peroxide] = 1 x 10-2 mol L-1. Starting 
concentration of the phenols = 1 x 10-2 mol L-1. Reaction time was 2.5 
hours. 

 

It is well established that chlorophenols resist oxidative degradation and this resistance 

increases with the number of halogen substituents.53,265-267,389 The lower conversion rate 

of the TCP, compared to the 2-CP, could therefore be attributed to the difficulty in 

catalytic oxidation of polychlorinated phenols compared to their unchlorinated and 

monochlorinated derivatives.             
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4.1.2  pH effect 
 
Changes in the HPLC peak area of the substrates during the oxidative catalysis were 

monitored at pH 7, pH 10 and in water/methanol mixture for a 5-hour period. Figure 4.3 

show the variation of substrate concentrations of 2-CP (Figure 4.3b and d) and TCP 

(Figure 4.3a and c) respectively with time, in the absence and presence of the CoPcS4 

(24) catalyst (0.5% catalyst loading was employed in this case), using the water/methanol 

solvent mixture. In the absence of the catalyst, oxidative transformation of the 

chlorophenols was observed, but much less than in the presence of the catalyst. The 

oxidation of 2-CP and TCP without the CoPcS4 catalyst is not surprising, the presence of 

strong oxidant such as hydrogen peroxide facilitate such oxidation. The kinetic plots in 

Figures 4.3 show that the ratio of the slopes (2-CP : TCP) in the first two hours was 3:2 in 

the presence of the CoPcS4 (24) catalyst. This result once again shows the difficulty in the 

oxidation of polychlorophenols compared to the monochlorophenols. 
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Figure 4.3: Percentage conversion vs. time for the H2O2 oxidised and CoPcS4 (24) 
catalysed oxidation of TCP (a) and 2-CP (b) without catalyst, and TCP 
(c) and 2-CP (d) with CoPcS4 (24) catalyst.  [CoPcS4] = 0.5% loading; 
H2O2 = 10-2 mol L-1. Solvent = water/methanol. Starting concentration of 
the phenols =1 x 10-2 mol L-1. 

 
 
Kinetic curves that are similar to those shown in Figures 4.3 were also observed at pH 7 

for TCP and pH 10 for 2-CP. Comparative kinetic plots of the conversion of the 

substrates at different pH conditions (water/methanol (pH 3.4), and pH 7 and 10 for TCP 

and 2-CP, respectively) at 1% catalyst loading are shown in Figures 4.4 and 4.5 

respectively for 2-CP and TCP.  
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Figure 4.4: Effect of pH on the rate of oxidative degradation of 2-CP in pH 10 
(curve i) and water/methanol (curve ii) in the presence of CoPcS4 (24). 
Curves (iii) (pH 10) and curve (iv) (water/methanol) are in the absence 
of the CoPcS4 (24) catalyst (1% loading). Starting concentration of 2-CP 
= 1 x10-2 mol L-1. [H2O2] = 1 x 10-2 mol L-1. 

 

The percent conversion is lower in water/methanol for both 2-CP and TCP. From the pKa 

values of the chlorophenols, there are two species with different properties, which are in 

equilibrium in 2-CP or TCP solutions; these are the undissociated phenol (PhOH; below 

their pKa values) and phenoxide ion (PhO− above their pKa values).389 Since the 

equilibrium between these two forms is pH dependent, chemical transformations 

involving these compounds should be pH-dependent as well. The enhanced catalytic 

conversion of the substrates at pH 7 and pH 10, clearly reflect the significant contribution 

of the ionised forms of chlorophenols. It is interesting to see an appreciable degree of 

catalysis under the water/methanol (acid) conditions, Figures 4.4 and 4.5, curves (ii). For 

TCP (Figure 4.5, curve i), while catalysis is completed within the first one hour at pH 7.0 
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buffer solution, catalysis continues for several hours (> 5 hours) in water/methanol 

mixture (Figure 4.5, curve ii). This behaviour is possibly due to the enhanced solubility of 

the chlorophenols in co-organic solvent environment as well as the less aggregated 

conditions of the catalyst as shown in Figure 4.1.   
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Figure 4.5: Effect of pH on the rate of oxidative degradation of TCP in pH 7 (curve 
i) and water/methanol (curve ii) in the presence of CoPcS4 (24). Curves 
iii (pH 7) and curve iv (water/methanol) are in the absence of the 
CoPcS4 (24) catalyst (1% loading). Starting concentration of TCP =1 x 
10-2 mol L-1. [H2O2] = 1 x 10-2 mol L-1. 
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4.1.3 Product identification 
 

Figures 4.6 and 4.7 respectively show the HPLC traces obtained for the catalysis of 2-CP 

and TCP by H2O2 in the presence of CoPcS4 (24) catalyst under water/methanol 

conditions and after 5 hours reaction time.  New peaks started to emerge after about 60 

minutes of reaction for both 2-CP and TCP. The peaks were clearly identified using 

HPLC by spiking with pure compounds and with LC-MS. For 2-CP the products are 

hydroquinone (HQ), phenol (PH), benzoquinone (BQ) and maleic acid (MA), Figure 4.6. 

The intensity of the product peaks increased with time while that of the parent 2-CP peak 

decreased. The formation of maleic acid is an indication that the catalytic oxidative 

degradation of these substrates including ring cleavages.  
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Figure 4.6: HPLC traces obtained after 5 hours of transformation of 2-chlorophenol 
in water/methanol mixture. Starting concentration of 2-CP =1 x 10-2 mol 
L-1. [H2O2] = 1 x 10-2 mol L-1. Catalyst: CoPcS4 (24) (1% loading). HQ 
= hydroquinone, MA = maleic acid, BQ = benzoquinone, PH = phenol. 
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For TCP, peaks due to dichlorobenzoquinone (DCBQ), hydroquinone (HQ), phenol (PH) 

and maleic acid (MA) were observed, Figure 4.7. The first step when 

iron(II)tetrasulphonated phthalocyanine (FePcS4)
14 and iron octacarboxyphthalocyanine 

(FeOCPc)51 were employed as catalysts for hydrogen peroxide oxidation of TCP was 

reported to be the formation of dichlorobenzoquinone, which subsequently transformed to 

the formic acid, oxalic acid, 3-chloro-2-propenoic acid, dichloroacetate, and a small 

amount of oxidative coupling products.51  In this work, however, it was observed that for 

TCP, after about 180 minutes of reaction, the phenol (PH) peak was formed and 

increased in intensity accompanied by a reduction in the peak intensity of the 

dichlorobenzoquinone. This trend is attributed to the transformation of 

dichlorobenzoquinone to mostly phenol and possibly other oxidative products.   
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Figure 4.7: HPLC traces obtained after 5 hours of transformation of 2,4,5-
trichlorophenol in water/methanol mixture. Starting concentration of 
TCP = 1 x 10-2 mol L-1. [H2O2] = 1 x 10-2 mol L-1. Catalyst: CoPcS4 (24) 
(1% loading). DCBQ = dichlorobenzoquinone. Other abbreviations are 
as in Figure 4.6. 
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Figures 4.8 and 4.9 show the chromatograms of the 2-CP and TCP degradation 

respectively after 5 hours, under pH 10 and 7 conditions, respectively. The products 

formed under pH 7 and 10 conditions were different from those formed when 

methanol/water solvent mixture was employed. The main products of oxidation were 

benzoquinone (for 2-CP at pH 10, Figure 4.8) and 2,5-dichlorobenzoquinone (for TCP at 

pH 7, Figures 4.9). In both cases smaller amounts of maleic acid were formed. The 

formation of benzoquinone or dichlorobenzoquinone is desirable since these molecules 

are readily degraded. Thus fewer products were formed under pH 7 and 10 conditions in 

contrast to a wider variety of products formed in water/methanol solvent mixture. In 

particular, phenol is not formed at high pH. This proves that the use of different solvents 

and/or solution pH (hence the presence of either ionised or unionised forms of the 

phenols) is a determining factor in the type of oxidation products obtained during MPc 

catalysed oxidation of chlorophenols. The aggregated nature of CoPcS4 (24) under pH 7 

and 10 conditions may also contribute to the different products compared to when the 

monomeric form in water/methanol is employed. 

In general, it should be stated that the oxidation products composition can not be 

accurately predicted and this could also depend on the experimental conditions. 
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Figure 4.8:  HPLC traces obtained after 5 hours of transformation of 2,4,5-

trichlorophenol in pH 7.0 buffer solution. Starting concentration of TCP 
= 1 x 10-2 mol L-1. [H2O2] = 1 x10-2 mol L-1. Catalyst: CoPcS4 (24) (1% 
loading). 
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Figure 4.9:       HPLC traces obtained after 5 hours of transformation of 2-chlorophenol 
in pH 10.0 buffer solution. Starting concentration of 2-CP = 1 x 10-2 mol 
L-1. [H2O2] = 1 x 10-2 mol L-1. Catalyst: CoPcS4 (24) (1% loading). 
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4.1.4 The fate of the catalyst 
 

Addition of hydrogen peroxide to CoPcS4 (24) solutions in pH 7, resulted in the decrease 

in the intensity of the aggregate peak and the increase and shifting of the monomeric peak 

(Figure 4.10) showing that the aggregated form of CoPcS4 (24) is monomerised by 

hydrogen peroxide oxidant. Thus under pH 7 or pH 10 conditions, the monomer is 

formed first on addition of hydrogen peroxide, followed by a shift to longer wavelengths 

(662 to 666 nm, Figure 4.10) which is an indication of oxidation of the central metal and 

the formation of the Co3+PcS4 species. The original spectrum could partly be regenerated 

by addition of sodium borohydride (NaBH4), spectrum (iii) in Figure 4.10. Spectral 

studies on the fate of the CoPcS4 (24) catalyst during the catalytic reaction were also 

undertaken in water/methanol solvent mixture. Addition of hydrogen peroxide to 

solutions of CoPcS4 (24), resulted in spectral changes shown in Figure 4.11. There was a 

shift in the Q band from 660 to 665 nm, an increase in absorption in the 480 nm area as 

well as decrease in the intensity of the Q band. The shift in the Q band is consistent with 

metal oxidation of Co2+PcS4 to Co3+PcS4.
101 The broad peak around 480 nm suggests ring 

oxidation. Thus addition of hydrogen peroxide to solutions of CoPcS4 (24) resulted in 

both metal and ring oxidation of CoPcS4 (24), accompanied by degradation of the ring. 

Addition of reducing agents (NaBH4) to solution of Figure 4.11, (following oxidation 

with hydrogen peroxide) resulted in the decrease in 480 nm peak and a shift of the Q 

band back to 660 nm. In the presence of 2-CP or TCP, spectral changes shown in Figure 

4.12 were observed when using methanol/water. As catalysis progressed there was a 

gradual decrease in the intensity of the Q band of the CoPcS4 (24) catalyst, Figure 4.12, 

suggesting catalyst degradation as is typical390 of MPc catalysts in homogeneous 
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catalysis. There was an increase in background between 400 and 500 nm, which suggests 

the involvement of ring-based oxidation of the phthalocyanine ring during the catalytic 

oxidation of the phenols. However the shift in the Q band observed in the presence of 

hydrogen peroxide alone was not observed when both hydrogen peroxide and the phenols 

were present. This suggests that the Co3+PcS4 species is readily reduced back to the 

Co2+PcS4 species through oxidation of the phenols. The colour of the solution changed 

from blue to green to colourless as catalysis progressed. However the reaction products 

continued to form even after the catalyst had turned colourless, suggesting that once 

reaction intermediates are formed, the reaction can still proceed in the presence or 

absence of the original form of the catalyst. This indicates that the catalyst was still active 

even when the solution was colourless. 
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Figure 4.10: Electronic absorption spectra of 1 x 10-6 mol L-1 CoPcS4 (24) in pH 7 (i) 
before, (ii) after addition of 0.02 M hydrogen peroxide. (iii) Spectrum 
obtained on addition of NaBH4 to (ii). 
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Figure 4.11: Electronic absorption spectra of 1 x 10-6 mol L-1 CoPcS4 (24) in 

water/methanol solvent (i) before, (ii) after addition of 0.02 M H2O2. (iii) 
Spectrum obtained on addition of NaBH4 to (ii). 
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Figure 4.12: Electronic absorption spectral changes observed for 1 x 10-6 mol L-1 

CoPcS4 (24) in water/methanol solvent mixture as catalysis proceeds.  
Starting concentration of 2-CP = 1 x 10-2 mol L-1. [H2O2] = 1 x 10-2 mol 
L-1. Catalyst: CoPcS4 (24) (1%). 
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4.1.5 Effects of the nature of MPc central metal ion  
 
It is known that the central metal ion of the MPc catalyst has significant influence on the 

catalytic activities. Studies were carried out on other metallo-tetrasulphophthalocyanine 

(MPcS4) complexes: NiPcS4, AlPcS4 and CuPcS4, using similar experimental conditions 

as for CoPcS4 (24). In contrast to CoPcS4 (24), these other MPcS4 complexes exhibited 

no measurable oxidative catalytic conversion of the chlorophenols investigated in this 

work (Figure 4.13, 2-CP and 4.14, TCP). The central Al and Cu metal ions in both 

AlTSPc and CuTSPc exist in only one oxidation state and hence cannot be oxidised. 

Surprisingly, however, Seelan and Sinha391 recently reported that when CuPc and CoPc 

were encapsulated in zeolite-Y, CuPc exhibited higher phenol hydroxylation activity with 

H2O2 than CoPc. The authors attributed this observation to the changes in molecular and 

electronic structures of the MPc complexes on encapsulation. It may therefore be 

concluded that the enhanced catalytic activity observed in this present work for CoPcS4 

(24) over CuPcS4 could partly be associated with the retention of the molecular and 

electronic structures of the MPc complexes in homogeneous catalysis for the former. 

There was no significant change in the intensity of the Q band during the H2O2 oxidation 

of phenols in the presence of NiPcS4, CuPcS4 and AlPcS4, contrary to the observation for 

CoPcS4 (24), where the Q band decreased in intensity as the reactions proceeded (Figure 

4.12).  
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Figure 4.13: Comparative plots of percentage conversion of the 2-CP vs. time using 
(i) CoPcS4, (ii) NiPcS4 (iii) CuPcS4 and (iv) AlPcS4. MPcS4 = 1% 
loading; H2O2 = 1 x 10-2 mol L-1. Starting concentration of 2-CP =1 x 10-

2 mol L-1. 
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Figure 4.14: Comparative plots of percentage conversion of the TCP vs. time using 
(i) CoPcS4, (ii) NiPcS4 (iii) CuPcS4 and (iv) AlPcS4. MPcS4 = 1% 
loading; H2O2 = 1 x 10-2 mol L-1. Starting concentration of TCP =1 x 10-

2 mol L-1. 
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Figure 4.15 compares the changes in absorbance of the CoPcS4 (24) and NiPcS4 during 

the reaction. The Ni central metal ion in NiPcS4 could be oxidised from +2 to +3; 

although this has been a subject of some controversy.361,392-394 Recent reports have shown 

that NiPcS4 has electrocatalytic activity towards 2-CP361 and hydrazine392 in the solid 

state, when adsorbed onto the electrode. The Ni3+/Ni2+ redox couple has however not 

been observed electrochemically in solution. The lack of catalytic activity for the 

hydrogen peroxide oxidation of chlorophenols could be due to the absence of Ni3+/Ni2+ 

couple in solution. As with nickel porphyrin complexes,395 the Ni3+/Ni2+ couple may 

occur in the solid state for NiPc complexes. NiPc complexes, like the main group MPcs 

(such as ZnPc and MgPc) whose metal ions have no accessible d-orbital levels lying in 

the HOMO-LUMO gap are redox-inactive with respect to their metal centers,385 this 

situation is probably different for adsorbed NiPc complexes. 
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Figure 4.15: Changes in the Q band absorption for (a) NiPcS4 and (b) CoPcS4 during 
catalysis for TCP oxidation by hydrogen peroxide. MPcS4 = 1% loading 
H2O2 = 1 x 10-2 mol L-1. Starting concentration of TCP = 1 x 10-2 mol L-

1. 
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4.2       Phototransformation of chlorophenols 
 
4.2.1   Immobilisation of MPc complexes 
 
It is well known that the catalytic and photocatalytic activities of immobilised 

phthalocyanine complexes depend, amongst other factors, on the nature of the 

support.314,396 Many literature reports on the immobilisation of MPc complexes onto 

polymer supports involved interaction between the functionalised solid polymer and a 

suitably functionalised MPc leading to mainly covalently bonded MPc. In this work, 

Amberlite® IRA-900 was used. Amberlite® IRA-900 ion exchange resin is a strongly 

basic, macro-reticular resin of moderately high porosity with benzyltrialkylammonium 

functionality and chloride moieties (Scheme 4.2a). Each of the sulphonated MPc 

sensitizers were attached to the resin by simply mixing it with resin beads in an aqueous 

solution (unbuffered). For the MOCPc complexes, pH 8 was employed in order to allow 

for ionisation. Scheme 4.2b presents schematic representations of the immobilised 

sulphonated and carboxylated MPc complexes onto Amberlite®.  
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Scheme 4.1:     (a) Structure of Amberlite® IRA 900 and (b) schematic representation of 

photosensitisers immobilised on Amberlite® IRA 900. 
 

N

NN

N

N

N

N

NM

N(R)3

N(R)3

N(R)3

N(R)3

N

COO-

N

COO-

N

COO-

N

COO-

N

N

N

NM

COO-

N(R)3
N(R)3

N(R)3

N(R)3

N(R)3N(R)3

(R)3N

(R)3N
COO-

SO3
- SO3

-

SO3
-

SO3
-

+ +

+
+

Amb.- IRA 900

Electrostatic 
attraction

MPcSn, n = 1, 2, 3, or 4
M = (OH)Al 3+, Zn2+, (OH)2Ge4+, 
(OH)2Si4+,(OH)2Sn4+ 

+

+

++

+ +

+
-OOC

-OOC
+

MOCPc, M = (OH)Al 3+, Zn2+

Electrostatic 
attraction

Amb.- IRA 900

(b)



Transformation of Chlorophenols 

                                                                       173
  

The immobilisation of the MPc onto the solid support was confirmed by the colour 

change of the polymer beads (white to light green or blue) and also by reflectance spectra 

measurements of the support following immobilisation. It was observed that each MPc 

effectively bonded to the resin and, upon bonding, these MPc complexes cannot be easily 

removed by washing with solvents such as water, acetonitrile, and methanol. This was 

confirmed by the electronic spectral measurements of the ‘wash’ solvents, which did not 

show any detectable spectral bands (B or Q bands) characteristic of the MPc after soaking 

the MPc-resin in the respective solvents overnight.  

The concentration of the MPc immobilised onto the solid support could be estimated 

spectroscopically by measuring the decrease in the absorbance of the Q band of the MPc 

after treating it with a known amount of the Amberlite®. Figure 4.16 is an example of 

spectral changes observed for the MPc sensitiser during immobilisation of AlOCPc onto 

Amberlite®. Thus, this could conveniently be used to vary MPc loading per gram of 

Amberlite®. 
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Figure 4.16:   Electronic spectral changes with time of AlOCPc in aqueous (pH 8) 
solution during its immobilisation on Amberlite® support. Starting 
concentration of AlOCPc = 1.42 x 10-5 M. Mass of Amberlite® = 0.01 g. 

 

As already stated, aggregation on MPc complexes is evidenced101 by a high energy band 

near 620 nm, and a low energy band near 670 nm (or higher) is due to the monomeric 

species. The complex was mainly monomeric as expected when MPcs are immobilised. 

Figure 4.17 shows spectra of AlPcS4 at different MPc loadings (mg MPc/ g Amberlite®), 

indicating that aggregation increases with increase in MPc concentration on the support 

as evidenced by the increase in the aggregate peak at 645 nm relative to monomer peak at 

707 nm. This behaviour is due to self-association or intermolecular interactions between 

phthalocyanine complexes as the concentration of the immobilised MPc increases; the 

nature and processes that lead to this phenomenon are well described in the literature.396-

398 For studies shown in Figure 4.17, moles of the MPc photosensitizer were not 

calculated due to aggregation of MPc at the high concentration employed (to show 

aggregation effects), hence the loadings are expressed as mg MPc/ g Amberlite®. 
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Figure 4.17: Diffuse reflectance spectra of AlPcS4-Amberlite showing the effects of 
aggregation.  Different loading on Amberlite®  support (a) 1.25, (b) 1.00, 
(c) 0.75, (d) 0.5 AlPcS4(mg)/ Amberlite®(g). The immobilisation of 
AlPcS4 on Amberlite® was carried out in unbuffered and allowed to 
proceed until the Q band of the photosensitiser disappeared completely. 

 
 
 
 
Figure 4.18a-c shows the diffuse reflectance spectra of the different immobilised MPc 

photosensitisers Amberlite®. As expected and explained before, mainly the low energy 

band due to the monomer is observed when the MPc complexes were immobilised onto 

Amberlite®. The Q bands are generally broad, this is usual for solid state electronic 

spectra of MPc complexes.110-113  

A significant effect of immobilised MPc complexes (compared to solution spectra) was 

the shift in the Q band due to the monomeric species to lower energies (except for 

ZnPcS4 (26), SiPcSmix (32) and SnPcSmix (33), Table 4.1.  
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Figure 4.18: Diffuse reflectance spectra of (a) MPcS4, (b) MPcSmix and (c) MOCPc on 

Amberlite. 
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Table 4.1: UV-Vis spectra data obtained for the MPc complexes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a Electronic absorption spectra. b Diffuse reflectance spectra 
 
 

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 the 

phthalocyanine is narrower than when it is in solution. The strong phthalocyanine-

polymer interaction is expected to push the HOMOs of the phthalocyanine energetically 

up due to enhanced electron density on the π-framework caused by the tilted anionic 

sulphonato or carboxylic groups. Thus, the electronic transition from the low-lying filled 

π orbital to the π* orbital (LUMO) would occur at lower energy. Inbaraj et al399 reported 

similar observation for tetrasulphometalloporphyrin complexes immobilised onto solid 

polystyrene support, which also was attributed to the distortion of the porphyrins from 

planarity.  

 

Catalyst Q band in aqueous 
solutiona 

Q band on supportb 

AlPcS4 (25) 660 (d), 690 (m) 707 

ZnPcS4 (26) 652 (d), 692 (m) 685 

AlOCPc (27) 694 708 

ZnOCPc (28) 689 698 

AlPcSmix (29) 681 684 

ZnPcSmix (30) 615 (d), 675 (m) 682 

GePcSmix (31) 677 685 

SiPcSmix (32) 685  678 

SnPcSmix (33) 647 (d), 697 (m) 695 
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4.2.2 Efficiency of singlet oxygen generation 
 

All photochemical studies were restricted to 5 x 10-8 mol photosensitiser/ Amberlite® 

(0.01 g) so that the photosensitisation of the various MPcs could be compared. 

The potential applications of these immobilised photosensitizers for water treatment will 

depend on the production rate of singlet oxygen in the aqueous system. The relative 

efficiencies of the generation of singlet oxygen by these sensitizers was monitored 

spectrophotometrically by following the decay of tetrasodium (anthracene-9, 10-diyl) 

dimethylmalonate (ADMA) (a singlet oxygen scavenger) at λ = 379 nm. The rate of 

bleaching of ADMA is directly proportional to the production rate of singlet oxygen. 

Figure 4.19 shows typical spectral changes observed for the degradation of ADMA 

during photosensitised reaction of the ZnOCPc (28) supported onto Amberlite® in 

aqueous solution. In Figure 4.19, the solution absorption spectrum of the MPc 

photosensitizer is not observed since MPc is immobilised on Amberlite®.  
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Figure 4.19:   Electronic absorption spectral changes of ADMA during visible light 

photolysis, catalysed by ZnOCPc-Amberlite. ADMA concentration = 
7.4 x 10-5 M. 

 
 
 
Table 4.2 shows the percentage bleaching of ADMA by the photosensitizers, which is 

directly proportional to singlet oxygen production by the immobilised phthalocyanine 

complexes. From the Table 4.2, singlet oxygen generation by the photosensitisers follows 

the following trend: SnPcSmix (33) > ZnOCPc (28) > GePcSmix (31) = SiPcSmix (32) > 

ZnPcSmix (30) > ZnPcS4 (26) > AlPcSmix (29) > AlOCPc (27) > AlPcS4 (25). In DMF, 

where aggregation is expected to be minimal, Gerdes et al49 reported the following trend: 

ZnPcS4 > SiPcS4 > GePcS4 > AlPcS4 for singlet oxygen production which is comparable 

to the singlet oxygen generation reported in this work (considering the same ring system 

and changes in the central metal), except for ZnPcS4 (26). The participation of 1O2 in the 

photolysis was further confirmed by the addition of sodium azide, which is a 1O2 
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quencher, to the chlorinated phenol photolysis reaction. Photolysis did not occur with any 

of the immobilised MPc in the presence of sodium azide, hence confirming the 

participation of the singlet oxygen in this photocatalytic reaction. 

 
 
 
Table 4.2: Singlet oxygen generation and chlorophenol percentage conversion data 
obtained for the MPc complexes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Catalyst % degradation of  

7.4 x 10-5 M ADMA 

% conversion of  

1 x 10-3 M PCP 

AlPcS4 (25) 3.8 6.2 

ZnPcS4 (26) 20.8 12.8 

AlOCPc (27) 7.5 10.7 

ZnOCPc (28) 41.5 29.8 

AlPcSmix (29) 18.9 10.7 

ZnPcSmix (30) 26.4 21.1 

GePcSmix (31) 30.2 16.5 

SiPcSmix (32) 30.2 24.4 

SnPcSmix (33) 43.7 26.0 
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4.2.3 Photosensitised transformation of chlorophenols 
 

4.2.3.1    Optimisation of phototransformation conditions 
 

 It is important to note that in the absence of immobilised photosensitizer no 

transformation of the chlorophenols using red light was observed following the photolysis 

in the Q band region of the MPc sensitiser. In order to determine the optimum amount of 

immobilised catalyst needed for the photosensitised transformation of the phenols, 2.5 x 

10-3 M PCP (as an example) was photodegraded using different number of moles of the 

immobilised ZnOCPc, Figure 4.20. It was found that phototransformation of PCP (for 5 

minutes) showed increase in the rate (determined by change in absorbance) with increase 

in the moles of the ZnOCPc immobilised on Amberlite® until the mole ratio of ZnOCPc 

(28) to PCP was 1 : 99. Further increase in the mole ratio did not result in the increase in 

the rate of phototransformation of PCP, suggesting that the best mole ratio of the 

immobilised MPc to PCP for a successful photodegradation reaction is approximately 1 : 

99.  
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Figure 4.20: Effects of changing the concentration of ZnOCPc immobilised on 
Amberlite® on the % conversion of 2.5 x 10-3 M, PCP solution, as judged 
by the decrease in the absorbance spectra of the later. Photolysis time 
was 5 minutes. 

 
 

4.2.3.2   Phototransformation of Chlorophenols 
 

UV-Vis spectroscopy and HPLC were employed to monitor the transformation of 

chlorophenols. Figure 4.21 shows spectral changes which are typical for photosensitised 

transformation of the chlorophenols (4-CP is used as an example in Figure 4.21). As with 

singlet oxygen experiment, MPc loading of 5 x 10-8 mol g-1 Amberlite® was maintained 

for the comparative study of the photosensitised transformation of the chlorophenols (10-3 

M). The photosensitised transformation activity with all MPc complexes followed a trend 

(4-CP > DCP > TCP > PCP) similar to that reported for these sensitisers in aqueous 

solution,52,53 showing greater difficulty in photodegradation as the chlorine substituents 

increases. To compare the photosensitised efficiencies of the various immobilised MPc 
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complexes, PCP was chosen as a substrate. The experiment was performed at the 

optimised immobilised MPc: PCP mole ratio (1 : 99) at pH 10 conditions. Table 4.2 

compares the percentage conversion of PCP in the presence of the MPc sensitisers and 

shows that the order of photoactivity of the MPc complexes was as follows: ZnOCPc (28) 

> SnPcSmix (33) > SiPcSmix (32) > ZnPcSmix (30) > GePcSmix (31) > ZnPcS4 (26) > 

AlPcSmix (29) ~ AlOCPc (27) > AlPcS4 (25). One of the remarkable results in this work is 

the high efficiency of ZnOCPc (28) over SiPcSmix (32) which is known for its high 

photocatalytic efficiency.400 The degree of sulphonation of the MPcSmix did not play a 

major role in the photocatalytic activities of the photosensitisers, since the MPcSmix 

complexes containing more sulphonated derivatives (GePcSmix (31), SiPcSmix (32) and 

AlPcSmix (29)) show different catalytic activity from one another. Similarity in the trend 

of generation of singlet oxygen by the photocatalysis (Table 4.1) with the above trend for 

photodegradation of PCP was observed except for GePcSmix (31) which shows a larger 

rate of singlet oxygen production than ZnPcSmix (30), but shows a lower photocatalytic 

activity than the latter. Also SnPcSmix (33) shows a larger singlet oxygen production rate 

than ZnOCPc (28) but less catalytic activity towards the transformation of chlorinated 

phenols. 

 



Transformation of Chlorophenols 

                                                                       185
  

230 250 270 290 310 330 350

wavelength/nm

re
la
tiv

e 
ab

so
rb

an
ce

i

ii

 

Figure 4.21:       Electronic absorption spectral changes of 1 x 10-3 M 4-CP during 
its visible light photolysis in the presence of ZnOCPc-Amberlite. 

 

Figure 4.22 and 4.23 present examples of HPLC chromatograms obtained on photolysis 

of the chlorophenols using PCP and DCP respectively as examples. The main products of 

the chlorophenol photooxidation were found to be the benzoquinone derivatives of the 

chlorophenols, confirmed by spiking with standard samples and by retention times. Thus, 

PCP gave 2,3,5,6-tetrachloro-1,4-benzoquinone(TCBQ), TCP gave 2,5-dichloro-1,4-

benzoquinone (DCBQ), DCP gave 2-chloro-1,4-benzoquinone (CBQ) and 4-CP gave  

benzoquinone (BQ). Traces of fumaric acid (FA) were obtained for DCP (Figure 4.23).  
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Figure 4.22: HPLC chromatogram of the reaction mixture after 1 x 10-3 M PCP 
photolysis (in the presence of ZnOCPc-Amberlite) showing formation of 
a new peak at t = 1 minute identified as 2,3,5,6-benzoquinone and the 
PCP peak at t = 1.8 minutes. TCBQ = tetrachlorobenzoquinone. 
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Figure 4.23: HPLC chromatogram of the reaction mixture after 10-3 M DCP 
photolysis (in the presence of ZnOCPc-Amberlite) showing 
formation of new peaks at t = 1.2 minutes identified as 2-
chlorobenzoquinone and a peak at t = 1.8 minutes identified as 
fumaric acid. The DCP peak is at 1.9 minutes. CBQ = 
chlorobenzoquinone. FA = fumaric acid.  
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One of the most important factors in the large-scale application is the photostability of the 

photosensitisers is the ability to recycle the catalysts; three repetitive experiments were 

performed by re-using  ZnOCPc (28) immobilised on Amberlite®, for  fresh PCP (2 x 10-3 

M) solution each time, Figure 4.24. High stability of the catalyst is observed on re-using 

it. Generally, it was observed that all the immobilised MPc photosensitizers could be 

repeatedly used for the photosensitised transformation of the chlorophenols without 

significant loss of activity. Under homogeneous conditions, photodegradation of 4-CP 

using ZnOCPc (28), results in the rapid degradation of this sensitiser (> 51% in 3 

minutes),52 thus making it most unsuitable for use for the photosensitised transformation 

of higher chlorinated phenols such as TCP and PCP. All the MPc complexes discussed in 

this work showed the similar stability on re-use as for observed ZnOCPc (28) (Figure 

4.24). Compared to homogeneous conditions, the catalysts reported in this work showed 

superior photocatalytic properties towards the degradation of chlorinated phenols when 

immobilised onto Amberlite®.  
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Figure 4.24: Kinetic plots (change in absorbance against time) for the photolysis of 

three fresh solutions of 2 x 10-3 M PCP performed by re-using the same 
ZnOCPc-Amberlite catalyst for different PCP samples: (a) fresh 
ZnOCPc-Amberlite catalyst, (b) re-use of the catalyst in a fresh sample 
of PCP solution, (c) further re-use of the same catalyst in another fresh 
sample of PCP solution. 

 
 
 
 
4.2.4  Langmuir-Hinshelwood (L-H) kinetic model 
 
The L-H Kinetic model has widely been employed to treat the dependency of 

heterogeneous photocatalytic reaction rates on the concentrations of chlorinated 

aromatics and other organic substrates.328,401 L-H model (Equation 4.1) describes the 

competitive adsorption of substrates, reaction intermediates and chlorophenol oxidant 

products, and assumes that all intermediate products have the same binding 

characteristics to the photosensitisers as the parent substrate328,401: 

o
subadrr CKkkrate

111 +=     (4.1) 



Transformation of Chlorophenols 

                                                                       189
  

where kr is the apparent reaction rate constant, Kad is the adsorption coefficient and 0subC  

is the initial concentration of the substrate (in this case PCP was used as an example). The 

rate refers to the degradation of the chlorophenols as judged by the disappearance of the 

spectra of the substrates or the reduction in the intensity of the HPLC traces. 

In this work, the change in PCP UV-Vis absorbance with time was used as an example. 

Table 4.3 shows the kinetic parameters obtained from the plots of inverse of rate versus 

inverse of concentration (Figure 4.25). Relatively high degree of linearity with r2 = 

0.9387, 0.9842 and 0.9945 for the ZnOCPc (28), GePcSmix (31) and ZnPcSmix (30), 

respectively, indicating that the reactions occurred mainly on the surface of these 

photocatalysts. The relatively high Kad values for ZnOCPc (28), GePcSmix (31) and 

ZnPcSmix (30), imply sufficient adsorption of PCP onto the catalyst. The reason for the 

relatively low Kad values for the AlPcS4 (25) and AlOCPc (27) catalysed photolysis can 

not be ascertained for now but low Kad values are generally attributed to competition 

between the substrates and reaction intermediates.  
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Figure 4.25: The Langmuir-Hinshelwood kinetic model plots for the photolysis of PCP. 
 
 
Table 4.3: The Langmuir-Hinshelwood Kinetic Model parameter details of the photolysis 
of PCP. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Catalyst R2 value kr Kad/ 10-3 

mol-1 L 

AlPcS4 (25) 0.8357 0.37 0.63 

ZnPcS4 (26) 0.8815 0.37 4.87 

AlOCPc (27) 0.8409 1.02 0.16 

ZnOCPc (28) 0.9387 1.01 2.15 

AlPcSmix (29) 0.8912 0.45 1.21 

ZnPcSmix (30) 0.9945 0.96 1.11 

GePcSmix (31) 0.9842 0.63 1.72 

SiPcSmix (32) 0.6507 1.04 1.34 

SnPcSmix (33) 0.8561 1.09 1.03 
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The proposed mechanism for the photodegradation of the chlorophenols may be 

represented by Scheme 4.3. The singlet oxygen produced from the reaction of the 

photosensitisers with molecular oxygen in type II reaction discussed earlier in the 

introduction section (shown by equations 4.2 and 4.3) is expected to react with the 

chlorophenoxy ion to give chlorophenoxy anion radical. In the presence of water, an 

intermediate anion and hydrogen peroxide are formed and finally elimination of chloride 

ion (Cl-) and formation of chlorobenzoquinone derivative occurs.50    
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Scheme 4.2: Proposed reaction mechanism for the transformation of chlorophenols 

using PCP as an example. 
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4.3  Conclusion 
 
In conclusion, it has been have shown in this work that the oxidation of 2-CP and TCP 

using CoPcS4 catalyst and H2O2 oxidant, in different solvent conditions gives different 

products. In water/methanol mixture (pH 3.4), the products are phenol, benzoquinone, 

hydroquinone and maleic acid for 2-CP. And for TCP, the products are phenol, 

dichlorobenzoquinone, hydroquinone and maleic acid. In water (pH 7 or 10) the main 

products are dichlorobenzoquinone and benzoquinone respectively for TCP and 2-CP. 

There is spectroscopic evidence for the involvement of both the metal and phthalocyanine 

ring oxidised species in the mechanism.  

Also, it has been shown in this work that various immobilised photosensitizers catalysed 

visible light photolysis of chlorophenols. Singlet oxygen played a major role in the 

photolysis reactions judging from the similar trends of the rate of singlet oxygen 

generation by the photosensitisers {SnPcSmix (33) > ZnOCPc (28) > GePcSmix (31) = 

SiPcSmix (32) > ZnPcSmix (30) > ZnPcS4 (26) > AlPcSmix (29) > AlOCPc (27) > AlPcS4 

(25)} and the photoactivity of the MPc complexes{ZnOCPc (28) > SnPcSmix (33) > 

SiPcSmix (32) > ZnPcSmix (30) > GePcSmix (31) > ZnPcS4 (26) > AlPcSmix (29) ~ AlOCPc 

(27) > AlPcS4 (25)}. HPLC traces reveal that the main products of the photolysis are the 

benzoquinone derivatives. The L-H kinetic model also showed that for ZnOCPc, 

ZnPcSmix and GePcSmix catalysed photolysis, appreciable heterogeneous catalysis took 

place. It was observed ZnOCPc which degrades rapidly in aqueous solutions is very 

stable when immobilised. The results reported in this work provide a basis for 

development of MPc complexes for the transformation of chlorophenols in water. 
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In this chapter, the fabrication and characterisation of potential electrochemical sensors 

for chlorophenols, nitrite and sulphite are discussed. The modification of gold electrodes 

was carried out by two main techniques; (1) electropolymerisation and (2) self assembly 

technique. Figure 5.1 above shows the structures of the thiol-derivatised complexes for 

electrode modification.  

SAM-modified gold electrodes of the complexes will be used for the electrooxidation of 

sulphite only; nitrite electrooxidation is not included because usually peak potential for 

its oxidation is around 0.7 V (vs. Ag|AgCl) which in most cases is outside the stability 

range of SAM though in this section the nitrite peak has been lowered to the same Ep as 

sulphite. Chlorophenol electrooxidation is not included because SAM desorbs in strongly 

alkaline medium which is the medium for chlorophenol electrooxidation.  

 
 



Electrode Modification  

                                                                       195
  

N

N

N

N

N N

N

M N S

S

S

S

N

N

N

N

N N

N

M N S

S

S

R

R

CH2(CH2)10CH3

R

S

R

MTBMPcs: M = Mn 3+(OAc) (34), Co 2+ (35), 

Fe2+ (36), Ni2+ (37), Zn2+ (38)

MTDMPcs: M = Mn 3+(OAc) (39), Co 2+ (40),

Fe2+ (41), Ni2+ (42), Zn2+ (43)

where R = 

 
 
Figure 5.1: Structures of thiol-derivatised MPc complexes used for electrode 

modification in this thesis. 
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5.1       Electropolymerisation 
   
Both Au and GC electrodes were employed for electropolymerisation but studies for 

NiPcs showed that polymerisation on GCE did not give good catalytic behaviour 

compared to polymerisation on Au electrode; hence Au was employed for all studies. The 

electropolymerised films on gold electrode of the thiol-derivatised MPcs (CoPc, FePcs, 

MnPcs and NiPcs) will be used for electrocatalysis of nitrite and chlorophenols (NiPcs 

only). The thiol-derivatised MPcs (M = Co2+, Fe2+, Mn3+, Ni2+) were successfully 

deposited on gold electrodes by electropolymerisation. Repetitive scanning of the 

solutions of all complexes at the potential range of -0.3 to 0.6 V (for CoPcs, FePcs and 

MnPcs while the range for the NiPcs was -0.5 to 1.2 V) resulted in their electrodeposition 

on to the gold electrode. A wider potential range was chosen for the NiPcs because there 

were no significant depositions of the complexes on gold electrodes when a narrower 

potential range was applied. For all the complexes, there were successive increases in the 

amplitude of peaks. Only a maximum of 30 scans was recorded for all complexes.  

The differences in the peak potentials and CV shapes compared to the ones obtained in 

Chapter 3 are due to differences in electrodes employed; GCE was used in Chapter 3 and 

Au was used in this chapter. Also the difference could be due to the fact that the peaks 

observed after the first scan in this Chapter are due to surface confined species unlike that 

of species in solutions in Chapter 3 and in some cases different solvents (DMF or DCM) 

were employed. 
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5.1.1  CoPcs 
 
There was a continuous growth in the Co3+/Co2+ redox process with an anodic peak 0.35 

V (Figure 5.2a) for complex 35, the peak growth became less pronounced as the number 

of scan increases, this is due to the higher resistance to mass transport as the film 

thickness increased.402 For complex 40, there was a continuous growth of peaks at 0.06 

and 0.27 V Figure 5.2b. The peak at 0.27 V is assigned to Co3+/Co2+ redox in comparison 

with the solution chemistry (as already stated, the difference in the potentials could be 

due to the fact that peaks observed (after the first scan) in this Chapter are due to surface 

confined species and considering the fact that GCE was used in Chapter 3 and Au was 

used in this Chapter). The peak at ~0 V may be due to a reduction process and possibly 

polymer peak. The increase of current with scan number for complex 35 with no new 

peaks formed suggests electrodeposition. However for complex 40, new peaks were 

formed suggesting polymerisation. Polymerisation will be due to radicals formed on 

oxidation with the formation of disulphide bonds (S-S). Polymerisation is most likely 

also occurring for complex 35, even though new peaks are not formed, there were 

continuous increases in the redox peaks with scan number which are also characteristic of 

polymerisation. The M3+Pc/M2+Pc couples are easier to observe in Figure 5.3a and b 

where the cyclic voltammograms were recorded in pH 7.4 phosphate buffer for 

complexes 35 and 40 respectively. It is obvious that the CVs of the modified complexes 

(Figure 5.3) are similar to their respective last scan CVs in Figure 5.2. 
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Figure 5.2: Repetitive cyclic voltamogramms of 1 mM complex (a) CoTBMPc, 35 
and (b) CoTDMPc, 40 in DCM containing 0.1 M TBABF4 at a gold 
electrode. Scan rate = 100 mV s-1. 
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Figure 5.3: Cyclic voltamogramms of gold electrode modified with complex (a) 
CoTBMPc, 35 and (b) CoTDMPc, 40 in phosphate buffer pH 7.4. Scan 
rate = 100 mV s-1. 
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It is important to note that there was no formation of SAM during the time it took for 

polymerisation. Figure 5.4 shows the Co3+/Co2+ peaks for SAMs of complex 35 in pH 7.4 

phosphate buffer. The SAM was formed in 24 hours compared to the short CV time scale 

in Figure 5.2 formed from polymerisation. The electrodes following polymerisation are 

represented as poly-CoTBMPc and poly-CoTDMPc.   
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Figure 5.4: Cyclic voltammogram of (i) bare gold and (ii) SAM of complex 35 in 
phosphate buffer pH 7.4. Scan rate = 100 mV s-1. 

. 
 
 
 
 

5.1.2 FePcs 
 
Both complexes 36 and 41 showed similar behaviour in their CVs evolution during their 

electrodeposition on gold electrodes (Figure 5.5). There was a formation of broad anodic 

peak at around 0.3 V due to Fe3+/Fe2+ which exhibited a general increase in current in the 
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positive potential region for both complexes. The formation of new peaks for both 

complexes confirms polymerisation. The peak growth became less pronounced as the 

number of scans increased; this is due to the higher resistance to mass transport as the 

film thickness increased.402 

Figure 5.6 shows the typical cyclic voltammograms for gold electrodes modified with 

complexes 36 and 41 in phosphate buffer pH 7.4. The CVs show similarity with the CV 

of the last scans during electropolymerisation. The electrodes following polymerisation 

are represented as poly-FeTBMPc and poly-FeTDMPc. 
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Figure 5.5: Repetitive cyclic voltamogramms of 1 mM complex (a) FeTBMPc, 36 
and (b) FeTDMPc, 41 in DCM containing 0.1 M TBABF4 at a gold 
electrode. Scan rate = 100 mV s-1. 
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Figure 5.6: Cyclic voltamogramms of gold electrode modified with complex (a) 
FeTBMPc, 36 and (b) FeTDMPc, 41 in phosphate buffer pH 7.4. Scan 
rate = 100 mV s-1. 

 
 

 
 

5.1.3 MnPcs 
 
For complex 34 (Figure 5.7a), film growth initially involved anodic peak increase around 

0.17 V most likely due to Mn3+/Mn2+ process in comparison with solution cyclic 

voltammetry data, which shifted to more positive potential values with scan number. The 

peak at 0.55 V may thus be assigned to the oxidation of the central metal (M4+/M3+) in 

comparison with solution electrochemistry (again as stated before, the difference could be 

due to the fact that peaks observed after the first scan in this Chapter are due to surface 

confined species and considering the fact that GCE was used in chapter 3 and Au was 

used in this chapter). The peak at 0.55 V only appeared after the 10th scan (while the peak 

at 0.17 V began to decrease in intensity) and continued to grow up to the 30th scan. For 
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complex 39 (Figure 5.7b), the initial voltammogram exhibited ill-defined peaks but with 

increase in scan rate, new anodic and cathodic peaks at 0.2 and -0.1 V emerged and 

continued to grow with increase in the number of scans. Formation of new peaks is an 

indication of polymerisation of the complexes on electrode.  

MTBMPc ring based oxidation was reported at around E½ = 1.06 V (section 3.2.3) which 

is far from the second oxidation reported during the electropolymerisation process and so 

it is logical to conclude that this is due to Mn4+/Mn3+ process. The M3+Pc/M2+Pc and 

M4+Pc/M3+Pc couples for the complex 34 modified gold electrode are easier to observe in 

Figure 5.8a where the cyclic voltammogram was recorded in pH 7.4 phosphate buffer. 

Figure 5.8b shows the cyclic voltammogram recorded in pH 7.4 phosphate buffer for 

complex 39, M3+Pc/M2+Pc could easily be observed, the peak due to M4+Pc/M3+Pc was 

not clearly observed. The electrodes following polymerisation are represented as poly-

MnTBMPc and poly-MnTDMPc. 
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Figure 5.7: Repetitive cyclic voltamogramms of 1 mM complex (a) MnTBMPc, 34 
and (b) MnTDMPc, 39 in DCM containing 0.1 M TBABF4 at a gold 
electrode. Scan rate = 100 mV s-1. 
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Figure 5.8: Cyclic voltamogramms of gold electrode modified with complex (a) 
MnTBMPc, 34 and (b) MnTDMPc, 39 in phosphate buffer pH 7.4. Scan 
rate = 100 mV s-1. 

 
 
 
 

5.1.4     NiPcs 
 
5.1.4.1 Voltammetric characterisation 
 
As explained before, both GC and Au electrodes were employed for the 

electropolymerised of NiPc complexes in order to compare the behavior of the two 

electrodes. Only NiTBMPc (37) could be deposited onto GCE, attempts to deposit 

NiTDMPc (42) on glassy carbon electrode failed. The presence of the phenyl groups in 

NiTBMPc (37) could enable π-π interaction with GCE. Figure 5.9a shows the evolution 

of the cyclic voltamogramms during electropolymerisation of 1 mM NiTBMPc (37) 

complex in DCM solution on gold electrode within the potential range -0.5 to 1.2 V. 
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Again as with all the MPcs and as stated above, there was insignificant formation of self-

assembled monolayer (SAMs) of either NiTBMPc (37) or NiTDMPc (42) onto gold, 

SAMs of MPc complexes require hours (24 to 72 hours) to form. The general increase in 

currents in Figure 5.9a accompanied by shifts in the peaks is typical of polymerisation of 

MPc complexes onto electrodes.403 Figure 5.9b shows selected voltammograms from 

Figure 5.9a, and clearly shows a new broad peak formed at ~1 V and the shift in the peak 

between 0.1 and 0.5 V with scan number. Figure 5.9b shows that no clear peak was 

observed during the first scan. On second scan, there was a formation of a polymer peak 

at 0.25 V and this peak shifts to more positive potentials with increase in the number of 

scans, this is an indication of an increase in the electrical resistance of the polymer film 

and that overpotential is needed to overcome the resistance.404 The electrode following 

polymerisation is represented as poly-NiTBMPc-Au.  
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Figure 5.9: Repetitive cyclic voltamogramms of 1 mM complex (NiTBMPc, 37) in 
DCM containing 0.1 M TBABF4 at gold electrode. (b) Cyclic 
voltammograms for scan numbers 1, 2, 20 and 30 (from (a)).  Scan rate: 
100 mV s-1. 

 
 

NiTDMPc (42) also showed polymerisation onto the electrode (Figure 5.10a). Figure 

5.10b shows selected voltammograms (1st and 30th scan) during the polymerisation of 

NiTDMPc (42) complex in DCM onto gold electrode. New couples were observed with 

cycling and after the 30th scan at ~ -0.1, 0.2 and 0.72 V vs. Ag|AgCl. The resulting 

electrode is represented as poly-NiTDMPc-Au. 
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Figure 5.10: Repetitive cyclic voltamogramms of 1 mM complex (NiTDMPc, 42) in 
DCM containing 0.1 M TBABF4 at gold electrode. (b) Cyclic 
voltammograms for scan numbers 1, 2, 20 and 30 (from (a)). Scan rate: 
100 mV s-1. 
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Glassy carbon electrode was also used for the electropolymerisation of NiTBMPc. Figure 

5.11 shows the evolution of the cyclic voltamogramms during the deposition of 

NiTBMPc complex on GCE. There were formation and progressive increase in the peaks 

at -1.1, -0.25, 0.32 and 0.42 V. This observation indicates electropolymerisation of the 

complex onto a glassy carbon electrode (represented as poly-NiTBMPc-GCE). As it was 

stated before NiTDMPc (42) could not be deposited onto the GCE.  
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Figure 5.11: Repetitive cyclic voltamogramms of 1 mM complex (NiTBMPc, 37) in 
DCM containing 0.1 M TBABF4 at glassy carbon electrode. Scan rate: 
200 mV s-1. 

 
 

Poly-NiTDMPc-Au and poly-NiTBMPc-Au electrodes were subjected to repetitive 

cycling between -0.5 and 1.2 V and the poly-NiTBMPc-GCE between -0.1 and 1.1 V in 

0.1 M NaOH in order to transform the polymerised complexes into the O-Ni-O oxo 

bridged derivatives. As shown in Figure 5.12a-c, there was a formation and progressive 
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increase of the anodic and cathodic waves between -0.3 and 0.5 V, for all complexes. 

These waves are known to correspond to Ni3+/Ni2+ redox process254 and are an indication 

of the transformation of the NiTBMPc (37) and NiTDMPc (42) into the ‘O-Ni-O oxo’ 

bridged forms. The shape of the final cyclic voltammogram is very similar to those 

obtained with electroformed nickel macrocyclic-based films in alkaline aqueous 

solution360,405,406, which are also similar to those of nickel hydroxide (Ni(OH)2) electrode. 

The electrodes are represented as poly-Ni(OH)TBMPc-Au, poly-Ni(OH)TDMPc-Au and 

poly-Ni(OH)TBMPc-GCE. It is important to note that the Ni3+/Ni2+ couple has not been 

identified electrochemically for the NiPc complexes in solution, but has been implicated 

in catalysis as an adsorbed polymer.215 The high increases in the currents between 0.6 and 

1.2 V is known to be due to the electrooxidation of OH- ions to O2 with OH radicals as 

intermediates, these radicals are suggested to play key role in the electrotransformation of 

the NiPcs to the ‘oxo bridge’ form,356 with the OH.  radical facilitating the insertion of 

oxygen atom (O) between the NiPcs via the Ni atom. The Ni3+/Ni2+ couple for both poly-

Ni(OH)TDMPc-Au and poly-Ni(OH)TBMPc-Au, shows the cathodic peak to be much 

higher in magnitude than the anodic peak, while for poly-Ni(OH)TBMPc-GCE, the 

anodic and cathodic currents have almost the same magnitude. It is likely that the 

cathodic peak for the process using gold electrode is a combination of both Ni3+/Ni2+ 

process and gold oxide reduction peaks. This was confirmed by recording the 

voltammogram of bare Au electrode under the same conditions as for Figure 5.12a-c, the 

gold oxide stripping peak was observed at ~ -0.2 V (not shown), which is the same range 

as the cathodic peak of the Ni3+/Ni2+ process.  
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Figure 5.12: Repetitive cyclic voltamogramms of (a) poly-NiTBMPc-Au, (b) poly-

NiTDMPc-Au and (c) poly-NiTBMPc-GCE in 0.1 M NaOH. Scan rate = 
100 mV s-1 for (a) and (b), 200 mV s-1 for (c). 

 
 
 
5.1.4.2 Electrochemical Impedance Spectroscopy (EIS) characterisation 
 
This technique was used to characterise poly-NiPc-modified electrodes with different 

polymer thickness and poly-NiPc-modified electrodes with different form; poly-NiPc or 

poly-Ni(OH)Pc. EIS was used only for the NiPc-modified electrodes because of the 

importance of differentiating between the poly-NiPc and poly-Ni(OH)Pc on Au electrode. 

EIS technique can be used to check whether electrodes are modified or not. Generally, a 

bare electrode should exhibit an almost straight line for the Nyquist plot which is 

imaginary resistance versus the real resistance (–Zim vs. Zre) because electrochemical 

reactions at such electrode surfaces are expected to be a mass diffusional limiting 
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electron-transfer process.81,407 For a modified electrode, the Nyquist plot shows 

characteristic semi-circle pattern due to barrier to the interfacial electron-transfer.81,407 

For each NiPc complex, three different films on gold electrodes were prepared; poly10-

Ni(OH)Pc-Au, poly20-Ni(OH)Pc-Au and poly30-Ni(OH)Pc-Au for polymerisation scan 

number 10, 20 and 30 respectively and were characterised by EIS technique. Figures 

5.13a and b respectively show the EIS of poly-Ni(OH)TBMPc and poly-Ni(OH)TDMPc 

prepared at different scan numbers. At potential regions where Ni2+ electrooxidation is 

just beginning, the impedance plots shows straight line behaviour for all modified 

electrodes; this behaviour have been observed before for NiPcs modified gold 

electrodes.254 Thus the potential for the impedance measurements was carried out 

measured at 0.55 V, at this potential, Ni is present as Ni3+ only. The Rp
 
values increases 

with scan number as shown in Table 5.1, this is an indication that the film thickness and 

compactness also increases.  
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Figure 5.13: Impedance plots of (a) poly-Ni(OH)TBMPc-Au and (b) poly- 
Ni(OH)TDMPc-Au. (i) scan number (i) 10, (ii) 20 and (iii) 30. The 
electrolyte used was 0.1 M NaOH. 

 
 
 
Table 5.1: Charge-transfer resistance (Rp) values of the poly-NiPcs films with different 

film thickness, deposited on gold electrodes. 

 
Electrode Rp/10-4Ω 

Poly10-
NiTBMPc-Au 

0.23 

Poly20-
NiTBMPc-Au 

1.06 

Poly30-
NiTBMPc-Au 

1.96 

Poly10-
NiTDMPc-Au 

0.25 

Poly20-
NiTDMPc-Au 

0.84 

Poly30-
NiTDMPc-Au 

1.27 

 
 



Electrode Modification  

                                                                       216
  

Figure 5.14a shows the Nyquist plot for both bare gold and glassy carbon electrodes. The 

plots showed linearity expected from bare electrodes and this was observed at the same 

potentials used to measure the impedance data for modified electrodes. As shown in 

Figure 5.14b-d, all the NiPc-modified electrodes exhibited a semicircle plots expected 

when the electrodes are modified. The potentials for the impedance measurements of 

poly-NiTBMPc-Au, poly-NiTDMPc-Au and poly-NiTBMPc-GCE were 0.6, 0.6 and 0.5 

V respectively, (Figures 5.9-5.11). These are their respective potentials closely after the 

formation of polymer anodic peaks while for the poly-Ni(OH)TBMPc-Au, poly-

Ni(OH)TDMPc-Au and poly-Ni(OH)TBMPc-GCE, the potentials for the measurements 

are 0.5, 0.5 and 0.4 V respectively (Figures 5.12), at these potentials, Ni is present as Ni3+ 

only.  

For each poly-NiPc-electrode and their corresponding poly-Ni(OH)Pc-electrode, the 

charge transfer resistance, Rp is higher for the latter than for the former indicating 

probably a more effective modification in the latter form due to the rearrangement of the 

NiPc complexes on the electrodes by the formation of  interconnected ‘O-Ni-O oxo’ 

bridges. The Rp values are shown in Table 5.2. 

Comparing GCE with Au electrode (Table 5.2) for the same NiPc complex, it shows that 

the former is more effectively modified judging with a large Rp values.  
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Figure 5.14: Impedance plots of (a) bare gold (i) and bare GCE (ii), (b)  poly-
NiTBMPc-Au (i) and poly-Ni(OH)TBMPc-Au (ii), (c) poly-NiTDMPc-
Au (i) and  poly-Ni(OH)TDMPc-Au (ii) and (d) poly-NiTBMPc-GCE (i) 
and poly-Ni(OH)TBMPc-GCE (ii). The electrolyte used was 0.1 M 
NaOH. Polymerisation number of scans = 30. 
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Table 5.2: Charge-transfer resistance (Rp) values of the poly-NiPcs films deposited on    
electrodes. Polymerisation number of scans = 30. 

 
Electrode Rp/10-4Ω 

Poly-NiTBMPc-Au 3.1 

Poly-Ni(OH)TBMPc-Au 9.9 

Poly-NiTDMPc-Au 9.8 

Poly-Ni(OH)TDMPc-Au 20 

Poly-NiTBMPc-GCE 4.7 

Poly-Ni(OH)TBMPc-GCE 11.8 

 
 
 
 
5.1.4.3 Poly-NiPc spectral characterisation on ITO 
 
The films were further characterised using UV-Visible spectral studies. Figure 5.15 

shows the spectra of the NiTBMPc polymer films on ITO electrodes. It can be seen from 

Figure 5.15 that the higher the scan number, the more intense the Q band indicating more 

stacking as the polymerisation scan number increases. Comparing the spectrum of poly-

Ni(OH)TBMPc with that of poly-NiTBMPc (Figure 5.15), the former has a sharp band at 

around 580 nm which is associated with the oxo bridges form of the complex.407 Even 

though a broad peak at around 580 nm appeared for the poly-NiTBMPc, this peak is more 

likely to be due to the Q band shoulder as judged by the relatively blue shifted position of 

the Q band for poly-NiTBMPc. 
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Figure 5.15: Electronic spectra of the poly-NiPc films on ITO. 

 

 

 

5.2      Self-Assembled Monolayer 
 
The chemosorption of thiol-derivatised MPc complexes (34-43) on gold electrodes was 

achieved by the immersion of gold electrodes in the various solutions containing the 

complex in DCM. 

 

5.2.1 Optimisation of SAM formation time  
 
     An investigation of the minimum time needed for the formation of a stable and well 

packed SAM was conducted using [Fe(CN)6]
3-/[Fe(CN)6]

4- couple, the cobalt analogues 

of these MPcs were used for the study because they catalyse this redox reaction. A well 
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formed CoPc-SAM of the molecules with flat orientation on the gold electrodes should be 

able to catalyse this redox reaction, and the currents should be of same magnitude as on 

bare Au electrode. The [Fe(CN)6]
3-/[Fe(CN)6]

4- redox system occurs on cobalt (II) 

octabutylthiolphthalocyanine-SAM with currents and potentials similar to those observed 

on bare gold electrodes.409 Also in the study of the electrocatalytic activity of adsorbed 

cobalt tetra-aminophthalocyanine films on vitreous carbon electrodes,110 it was observed 

that both modified and unmodified electrode showed the same redox potential and almost 

equal peak currents intensities, for Fe3+/Fe2+ and that the modified electrodes act as 

electronic conductors which allow rapid electron transfer to the solution species. It was 

also observed410 that among tetraamino phthalocyanines with Co2+, Cu2+ and Fe3+, only 

the cobalt analog catalysed the [Fe(CN)6]
3-/[Fe(CN)6]

4- redox reaction, this indicates the 

involvement of central metal, Co2+ in the catalysis of the redox reaction. The fact that 

[Fe(CN)6]
3-/[Fe(CN)6]

4- activity on gold and modified electrodes is identical can be 

explained by its reversibity. Catalysis means increasing electron transfer rate but for a 

reversible process it is transport that determines the overall reaction rate at all applied 

potentials, therefore increase in electron transfer rate does not increase the overall rate. 

Thus, identical curves were obtained. A multi layer or non flat orientation of the 

molecules on gold electrodes may cause partial blockage of the central metal ion, Co2+ 

from getting exposed to the electrolyte solution. Figures 5.16a and b show the CVs of 

[Fe(CN)6]
3-/[Fe(CN)6]

4- redox system at different times for SAM formation at CoTBMPc 

and CoTDMPc SAM modified gold electrodes. For SAM1, SAM6 and SAM18, (where 

subscripts are SAM formation time), catalysis still occurred since there was no significant 

decrease in both anodic and cathodic currents compared to that of the bare gold electrode 
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and also no significant shift in the peak potentials while for SAM24 and SAM48 there was 

evidence of decrease in catalysis judging by both the decrease in the anodic and cathodic 

current and also the shift in the anodic and cathodic peak potentials. The reason why 

there was less catalysis of the [Fe(CN)6]
3-/[Fe(CN)6]

4- system by the SAM24 and SAM48 

could be that the remaining gold sites were filled up but not necessary in the flat 

orientation but vertical orientation in which just one or two of the thiol “arms” were 

bound to the gold sites and this can cause a partial blocking of the Co2+ ions from getting 

exposed to the electrolyte solutions. Another possibility is the formation of multilayers by 

ring substituents interaction through Van der Waal forces or by Co2+ ions coordinations, 

resulting in reduced electron transfer rate between the multilayers. 
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Figure 5.16: Typical comparative cyclic voltammograms showing the responses of 
gold electrodes at different SAM formation time (i) bare gold, (ii) 1 
hour, (iii) 6 hour, (iv) 18 hour, (v) 24 hour, (vi) 48 hour with (a) 
CoTBMPc and (b) CoTDMPc. Electrolyte = 1 mM K3Fe(CN)6 in 0.2 
M KCl. Scan rate = 50 mV s-1. 

 
 
 
At the same time, the integrity of the different SAM formed at different times were 

monitored using CVs of the gold oxidation/reduction in 10 mM KOH, Figures 5.17a and 

b show the CVs at different times for SAM formation. For all the different times, the 

SAMs formed blocked the Au oxide formation indicating an effective SAM formation.  
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Figure 5.17: Typical comparative cyclic voltammograms showing the responses of 

gold   electrode at different SAM formation time (i) bare gold, (ii) 1 
hour, (iii) 6 hour, (iv) 18 hour, (v) 24 hour, (vi) 48 hour with (a) 
CoTBMPc (35) and (b) CoTDMPc (40). Electrolyte = 10 mM KOH. 
Scan rate = 50 mV s-1. 
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In order to estimate the surface concentration of the complexes on gold electrodes, the 

real surface area of the gold electrodes was first determined using the conventional 

method.201 Randles-Sevcik equation (5.1) introduced in 1.11 in chapter 1 was employed. 

Ipa = (2.69 X 105) n3/2 D1/2 v 1/2 AC                                       (5.1) 

where n is the number of electron transferred (n = 1), D is the diffusion coefficient of 

[Fe(CN)6]
3- (7.6 x 10-6 cm2 s-1), v is the scan rate (0.05 V s-1), A is the geometric surface 

area (0.0201 cm2), C is the bulk concentration of [Fe(CN)6]
3- (1 mM). The surface 

roughness of the Au electrode used in this work was found to be 1.32 (ratio of Ipa 

(exptal.) /Ipa (theor.)), where Ipa (exptal.) is the experimental current and Ipa (theor.) is the 

current calculated using equation 5.1, using the geometrical area of the electrode. Using 

the surface roughness, the real surface area of the electrode was found to be 0.0279 cm2 

(roughness factor multiply by theoretical surface area).  

For the estimation of the surface concentration of complexes on gold electrode, the 

charge difference between the bare gold (QBare) and the Au modification with complexes 

(QSAM) (Figure 5.17, 18 hours SAM time) was determined. This is proportional to the 

fraction of the gold sites covered by the SAMs of complexes and corresponds to three 

times the amount of gold sites that are covered with the MPc-SAM, following the 

equation (5.2): 

Au.H2O + 2H20                      Au(OH)3 + 3H+ + 3e-      (5.2)        
 

This fraction is thus divided by three to get the charge proportion to gold sites covered 

with CoPc-SAM. The amount of gold sites covered by the MPc-SAM is then divided by 

four (each CoPc is assumed to consume four gold sites) and then divided by 0.0279 cm-2 

which is the geometric area of the gold electrode surface to get the charge density 



Electrode Modification  

                                                                       226
  

proportional to each CoPc molecule, these values can then be converted to the 

corresponding surface concentration in mol cm-2 is determined by dividing them by the 

Faraday constant (96485 C mol-1). The surface concentration in number of molecules per 

area in cm2 by simply multiplying the ΓMPc (mol cm-2) with the Avogadro’s constant (NA) 

and finally the inverse of the concentration in molecules per Å2 correspond to the 

approximate surface area occupied per molecule. For a monolayer on gold electrode, the 

surface concentration of phthalocyanine complexes with flat orientation is approximately 

1 x 10-10 mol cm-2.89,409 Table 5.3 shows the various approximate surface concentration 

values in mol cm-2 and the corresponding approximate gold surface area occupied per 

molecule (Å2) for various CoPc-SAMs formed at different times. For cobalt macrocycles 

adsorbed as monolayers in the octopus configuration,409,411 the surface concentrations are 

in the range ~1 x 10-10 mol cm-2.  

 

Table 5.3: Comparative surface concentration and approximate gold surface area 
occupied per molecule (Å2) for the CoPcs-SAMs formed at different times 

 
Time 
(hour) 

CoTBMPc (35),  
Γ (1010  mol cm-2)a 

CoTDMPc (40),  
Γ (1010 mol cm-2)a 

1 0.42, (395) 0.44, (377) 
6 0.67, (248) 0.72, (231) 
18 0.86, (193) 0.91, (182) 
24 1.18, (141) 1.37, (121) 
48 1.38, (120) 1.49, (111) 

 

a numbers in brackets are the approximate gold surface areas occupied per molecules (Å2) 

 

For both complexes, SAM1 and SAM6, a significantly less surface concentration 

compared to the ~1 x 10-10 mol cm-2 value for monolayers were obtained while SAM18 

concentration values for both complexes are within the monolayer concentration range. 
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Both complexes, SAM24 and SAM48 surface concentration values are higher than that of 

SAM18, as stated before, this may probably be due to the filling up of the remaining gold 

sites but not necessary in the octopus orientation but vertical orientation in which there 

will be one or two of the thiol ‘arms’ involved in the binding to the gold sites. At all 

times for SAM formation, the surface concentration value of the SAM formed by the 

CoTDMPc (40) is larger than the CoTBMPc (35) counterpart, also from Figures 5.16a 

and b there were less catalysis of Fe3+/Fe2+ by the CoTDMPc SAM compared to their 

CoTBMPc counterparts for both SAM24 and SAM48. The influence of the ring 

substituents could be responsible for these observations, long chain alkanethiols are 

known to form closely packed SAM on gold electrodes and in addition, the C12 alkyl 

chain could cause more blocking of Co2+ than the benzylmercapto groups of the 

CoTBMPc (35).  

The minimum time required for a closely packed SAM to be formed based on the 

characterisations above can be estimated as 18 hours since monolayers were formed at 

this time judging by the ΓMPc calculated and further confirmed by SAM18 catalyses of 

Fe3+/Fe2+ reaction. This time was then used for the formation of SAMs of the other 

complexes. Table 5.4 shows the SAM parameters, approximate surface concentration 

(mol cm-2) and corresponding approximate gold surface area occupied per molecule (Å2) 

for all the SAM formed by the MPc complexes after 18 hours. It is very clear that for all 

the complexes, well packed SAMs were formed with surface concentrations values 

within the monolayers values (0.78 – 0.92 x 10-10 mol cm-2) in which the molecules are 

lying in octopus configuration on the gold electrode surface and occupying approximately 

200 Å2 per molecule.  
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It is possible that not all of the four substituents are attached; hence the ΓMPc values are a 

rough estimate.  Thus a second method for determining ΓMPc value was employed using 

Equation 5.3 introduced in Chapter 1 as equation 1.20: 

nFA

Q
MPc =Γ                                   (5.3) 

where Q is the background corrected electric charge of the anodic peaks in Figure 5.17, A 

is the real electrode surface area, and the other symbols have their usual meaning. The 

surface concentrations (ΓMPc) were not too different from those obtained in the first 

method, Table 5.4. The ΓMPc values were found to range from 0.83 to 1.04 x 10-10 mol 

cm-2 confirming monolayer formation. Generally, the surface concentration value of the 

SAM formed by the MTDMPc is larger than the MTBMPc counterparts, Table 5.4. This 

might be due to the influence of the ring substituents as explained above. 

A good way of measuring how well SAM has isolated the gold electrode from the 

electrolyte solution is the so called ion barrier factor, Γibf which can be obtained by 

equation 5.4 introduced in Chapter 1 as equation 1.24: 

Γibf = 1 – QSAM/QBare                               (5.4) 

where QBare and QSAM are the total charges produced under the peak due to the reduction 

at the bare and at SAM modified gold electrodes. Figure 5.17 (18 hours SAM time) was 

used for the calculations. The Γibf values calculated for the different SAM formation 

times are close to unity as shown in Table 5.4, and this implies that the SAMs are 

effective in providing barriers to ion and solvent permeability.  
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Table 5.4: Comparative surface concentration and approximate gold surface area 
occupied per molecule (Å2) for the various MPcs-SAMs. SAM formation time = 18 
hours. 
 

 
 

a method 1 using equation 5.2, numbers in brackets are the approximate gold surface 
areas occupied per molecules (Å2), bmethod 2 using equation 5.3 
 
 
 
 
5.2.2 Blocking characteristics of the faradaic reactions by MPc-SAMs 
 
In a separate set of experiments, the self assembled monolayer films of the complexes on 

gold electrodes were characterised using the following well established Faradaic 

processes;231,242 gold surface oxidation, solution redox chemistry of [Fe(H2O)6]
3+/ 

[Fe(H2O)6]
2+ and underpotential deposition (UPD) of copper. Figure 5.17 was employed 

for Au oxide reaction. Figure 5.18a and b respectively show typical cyclic 

voltammograms of (a) 1 mM Fe(NH4)(SO4)2 in 1 mM HClO4 electrolyte and (b) 1 mM 

CuSO4 in 0.5 M H2SO4 electrolyte at (i) bare gold  electrode and (ii) complex 35 (as an 

MPc complex Γ, (1010  mol cm-2)a Γ, (1010 mol cm-2)b  Γibf 

CoTBMPc (35) 0.86, (194) 0.89 0.98 

CoTDMPc (40) 0.91, (182) 1.02 0.96 

FeTBMPc (36) 0.74, (224) 0.83 0.99 

FeTDMPc (41) 0.78, (213) 0.85 0.99 

MnTBMPc (34) 0.69, (241) 0.78 0.97 

MnTDMPc (39) 0.78, (213) 0.94 0.99 

NiTBMPc (37) 0.87, (191) 1.02 0.96 

NiTDMPc (42) 0.92, (180) 1.04 0.99 

ZnTBMPc (38) 0.79, (210) - 0.97 

ZnTDMPc (43) 0.82, (202) - 0.98 
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example) modified gold electrode at a scan rate of 100 mV s-1. In Figures 5.17 and 5.18, 

the modified electrodes inhibited the Faradaic processes showing that the SAM formed 

on the gold electrodes are stable, well packed and defect free, as evidenced first by 

inhibition of the gold oxidation, Figure 5.17 and decrease in the corresponding reduction 

peak after SAM formation. Secondly, it is clear that the quasi reversible redox reaction 

[Fe(H2O)6]
3+/[Fe(H2O)6]

2+ which occurred at the bare gold electrode is inhibited at 

complex 35-SAM modified Au electrodes, Figure 5.18a. In Figure 5.18a, the Fe3+/Fe2+ 

redox peak lost its shape and intensity on SAM electrodes.  This is a good indication that 

the SAM formed isolates the gold surface from the electrolyte solution. And finally the 

copper deposition process was inhibited by the SAMs in Figure 5.18b, complex 35 (as an 

example). The UDP of Cu and the stripping peaks occurred at about -0.45 and -0.1 V 

respectively at the bare gold electrode as shown in Figure 5.18b. These peaks did not 

appear in the CVs obtained at complex 35-SAM gold electrodes clearly showing that the 

CoPc-SAMs formed is well packed and almost free from pinholes and defects. Similar 

results in both experiments were also obtained for the other MPcs-SAM electrodes. 
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Figure 5.18: Typical cyclic voltammograms of (a) 1 mM Fe(NH4)(SO4)2 in 1 mM 
HClO4 electrolyte and (b) 1 mM CuSO4 in 0.5 M H2SO4 electrolyte at (i) 
bare gold  electrode, (ii) complex 35 modified gold electrode. Scan rate 
= 100 mV s-1. 
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5.2.3 Oxidation redox couples of the MPc-SAM electrodes 
 
The positions of the oxidation redox peaks of the complexes on gold electrodes were 

determined in phosphate buffers pH 4 and 7.4; the latter is essential since these modified 

electrodes were fabricated for the electrocatalysis of sulphite oxidation in phosphate 

buffers pH 7.4. 

Figures 5.19a-d respectively show the typical CVs of the MPc-SAMs of CoPcs, FePcs, 

MnPcs and NiPcs in phosphate buffer pH 7.4. Both metal and ring based redox peaks 

were observed for the CoPcs, FePcs and MnPcs while only the ring based ones were 

observed for the NiPcs. NiPc complexes are known to often show metal based redox 

inactivity and so this could be the reason for the non appearance of Ni3+/Ni2+ peak. The 

plots of peak currents, Ip (M
3+/Mn2+ for CoPcs and FePcs, M4+/M3+ for MnPcs and Pc-

/Pc2- for NiPcs) versus the scan rates (Figures 5.19a-d insets) were linear showing that the 

complexes are surface confined onto the gold electrodes.201 The peaks are generally broad 

characteristics of surface confined species redox peaks; this can be attributed to the fact 

that the redox reactions may be kinetically hindered.412  

The redox peaks were also observed in phosphate buffer pH 4, Figure 5.20 shows the 

CVs of the CoPc complexes (as an example). 

Table 5.5 shows the redox peaks of all complexes in phosphate buffer pH 4 and 7.4.   
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Figure 5.19: Cyclic voltammograms of the complexes in phosphate buffer pH 7.4, (a) 

CoPcs, (b) FePcs, (c) MnPcs and (d) NiPcs. Curve (i) MTBMPc and (ii) 
MTDMPc. Scan rate = 100 mV s-1. 
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Figure 5.20: Comparative cyclic voltammograms obtained at (i) bare gold electrode, 
(ii) CoTBMPc-SAM gold electrode and (iii) CoTDMPc-SAM gold 
electrode in phosphate buffer pH 4. Inset is the plot of anodic peak 
currents (a) CoTBMPc and (b) CoTDMPc versus scan rate. Scan rate = 
100 mV s-1. 
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Table 5.5: Comparative anodic peaks (V) vs. Ag|AgCl of all MPcs-SAM Au electrodes 
in phosphate buffers pH 4 and 7.4. 
 

 

 
ano peaks observed 

 
 
 

Lastly, the stability of the MPcs-SAM was also studied, this was done as a function of pH 

and applied potential. The immobilised films showed high stability from pH 2 to 9 in the 

potential window -0.2 to +0.8 V. However, at potentials outside this window SAM 

desorption occurred. These thiol derivatised metallophthalocyanine complexes SAM 

modified gold electrodes showed stability with no detectable desorption when they were 

stored for over a period of one month in both pH 4 and pH 7 phosphate buffers. 

 
 
 
 
 
 

MPc 
complex 

E (V), Peak assignment pH 4    E (V), Peak assignment in pH 7.4    

CoTBMPc 
(35) 

0.40  Co3+/Co2+ 0.23 Co3+/Co2+ 

CoTDMPc 
(40) 

0.33  Co3+/Co2+ 0.10 Co3+/Co2+ 

FeTBMPc 
(36) 

0.45 Fe3+/Fe2+ 0.08 Fe3+/Fe2+ 

FeTDMPc 
(41) 

0.41 Fe3+/Fe2+ 0.31 Fe3+/Fe2+ 

MnTBMPc 
(34) 

0.35  Mn4+/Mn3+ 0.11 Mn4+/Mn3+ 

MnTDMPc 
(39) 

0.20  Mn4+/Mn3+ 0.13 Mn4+/Mn3+ 

NiTBMPc 
(37) 

none a none a (0.66) (Pc-/Pc2-) 

NiTDMPc 
(42) 

none a   none a (0.70) (Pc-/Pc2-) 
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5.3      Conclusion 
 
In conclusion, newly synthesised thiol derivatised complexes, (MTBMPc and MTDMPc, 

M = Co2+, Fe2+, Mn3+ and Ni2+) were successfully deposited on gold electrodes by 

electropolymerisation. The cyclic voltammogram evolution during electropolymerisation 

showed that the complexes were electropolymerised on Au electrodes. In addition, 

electropolymerisation of the complexes on Au electrodes were confirmed by similarity of 

the CVs of last scans of the electropolymerisation with the corresponding CVs in 

phosphate buffer pH 7.4 solution. The films of the NiPc derivatives were electro-

transformed in aqueous 0.1 M NaOH solution to the ‘O-Ni-O oxo’ bridged form. For 

both complexes, films with different thicknesses were prepared and characterised by 

electrochemical impedance spectroscopy and the results showed typical behaviour for 

modified electrodes with increasing charge transfer resistance values, Rp with polymer 

thickness. Also, electrodes with poly-Ni(OH)Pcs films exhibited higher charge transfer 

resistance values, Rp than their corresponding poly-NiPcs films counterparts.  

Spectroelectrochemical method using ITO was also used for the characterisation of the 

NiPc films and this method differentiated between the poly-NiPc and poly-Ni[OH]Pc 

films. 

The complexes (MTBMPc and MTDMPc, M = Co2+, Fe2+, Mn3+ Ni2+ and Zn2+) were 

successfully used to modify gold electrodes by self assembled monolayer (SAM) 

technique. The self assembled films are stable and showed blocking characteristics 

towards the following Faradaic processes; gold surface oxidation, underpotential 

deposition (UPD) of copper and solution redox chemistry of [Fe(H2O)6]
3+/ [Fe(H2O)6]

2+. 

As evidenced from the voltammetric study, formation of stable, well packed and defect 
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free SAMs of benzyl- and dodecyl-mercapto tetra substituted first transition metal 

phthalocyanines complexes on gold electrodes is possible. Using the [Fe(CN)6]
-3 

/[Fe(CN)6]
-4 redox system as a guide, it was shown that a possible change in molecules 

orientation from flat to vertical or multilayer form with increase in SAM formation time 

to 24 hours and above occurred. For the fist time, CV technique was used to optimise the 

time needed for SAM formation. Ring substituents influenced the blocking characteristics 

of the CoPcs-SAM towards [Fe(CN)6]
-3/[Fe(CN)6]

-4 redox process, CoTDMPc with 

dodecylmercapto ring substituents showing more blocking characteristic than that of 

CoTDMPc with benzylmercapto ring substituents.  
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This chapter deals with the electrooxidation of the following pollutants: chlorophenols, 

nitrite and sulphite. These molecules were electrooxidised using thiol-derivatised MPc 

complexes modified on gold electrodes as catalysts. As earlier mentioned and explained 

in Chapter 5, for electropolymerisation, chlorophenols and nitrite will be studied while 

for SAMs, only sulphite will be studied.  

 

 

6.1      Electrocatalytic oxidation of Chlorophenols with poly-NiPc films 
 
Only the catalysis by the poly-NiPc-Au films are presented in this thesis, other poly-MPc-

Au films showed insignificant catalysis.   

     

6.1.1 Nature of the poly-NiPc films 
 
Figure 6.1 shows the CVs of 1 mM (a) 4-CP in 0.1 mM NaOH at (i) unmodified gold 

electrode; (ii) poly-NiTBMPc-Au; (iii) poly-NiTDMPc-Au; (iv) poly-Ni(OH)TBMPc-Au; 

(iv) poly-Ni(OH)TDMPc-Au. A broad peak was obtained on unmodified electrode at ~ 

0.4 V. It can be seen that the modified electrodes showed better catalytic behaviour 

towards 4-CP electrooxidation than the unmodified gold electrodes as judged by the shift 

in the potential to less positive values and the large increase in peak current. Poly-

Ni(OH)TBMPc-Au and poly-Ni(OH)TDMPc-Au performed better than their 

corresponding poly-NiPc-Au electrodes as the catalytic peaks shifted to less positive 

potential from 0.34 to 0.33 V for both electrodes and there was larger increase in currents 

as follows: 12.1 µA (for poly-NiTBMPc) to 14.6 µA (for poly-Ni(OH)TBMPc) and 11.1 

µA (for poly-NiTDMPc) to 14.0 µA (for poly-Ni((OH)TDMPc). The mechanism behind 
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the catalytic activity improvement of the electrooxidation processes when the nickel 

macro complexes are transformed to the ‘O-Ni-O oxo form’ is not fully understood, but 

Ni3+/Ni2+ redox process maybe playing a key role in the reaction. As shown in Figure 

5.12 (Chapter 5), the Ni2+ to Ni3+ peaks occur at around 0.2 to 0.3 V which is the same 

potential range for 4-CP oxidation and it can be seen in Figure 6.1a that the Ni3+/Ni2+ 

redox is around 0.2 V and it appears as a shoulder to 4-CP oxidation peak for the poly-

Ni(OH)TBMPc-Au and poly-Ni(OH)TDMPc-Au electrodes only (curves iv and v).  
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Figure 6.1: Cyclic voltammograms of 1 mM 4-CP in 0.1 mM NaOH at (i) 
unmodified gold electrode; (ii) poly-NiTBMPc-Au; (iii) poly-
NiTDMPc-Au; (iv) poly-Ni(OH)TBMPc-Au; (iv) poly-
Ni(OH)TDMPc-Au. 

 
 
 
In the case of TCP electrooxidation, the potential peak shift was from 0.55 to 0.53 V and 

0.55 to 0.50 V for poly-Ni(OH)TBMPc-Au and poly-Ni(OH)TDMPc-Au respectively, 
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compared with their poly-NiPc counterparts (Figure 6.2). The CVs (Figure 6.2) showing 

TCP electrooxidation by poly-Ni(OH)TBMPc-Au and poly-Ni(OH)TDMPc-Au (curves 

iv and v respectively) also have broad anodic peaks of the Ni3+/Ni2+ redox process at 

around 0.3 V partially overlapping with the TCP anodic peak.  
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Figure 6.2: Cyclic voltammograms of 1mM TCP in 0.1 mM NaOH at (i) unmodified 

gold electrode; (ii) poly-NiTBMPc-Au; (iii) poly-NiTDMPc-Au; (iv) 
poly-Ni(OH)TBMPc-Au; (iv) poly-Ni(OH)TDMPc-Au. 

 
 
 
 
6.1.2 Effects of poly-NiPc film thickness 
 
The effect of film thickness on the electrocatalytic efficiency of the modified electrodes 

was investigated; the film thickness is expected to increase with the number of scans 

during polymerisation as long as the CV peaks are increasing in intensities. For both 

complexes, three different poly-Ni(OH)Pc-Au using different scan numbers were 
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prepared; poly10-Ni(OH)Pc-Au, poly20-Ni(OH)Pc-Au and poly30-Ni(OH)Pc-Au for 

polymerisation scan number 10, 20 and 30 respectively.  

One major problem with electrooxidation of chlorophenols is the often irreversible 

passivation of the electrode by the oxidation products. The suppressing effect of film 

thickness on passivation was investigated, Figures 6.3 a and b respectively show the CVs 

for 4-CP oxidation at ‘poly 10’, ‘poly 20’ and ‘poly 30’ for Ni(OH)TBMPc (a) and 

Ni(OH)TDMPc (b) films on gold electrode (where ‘poly number’ is the polymerisation 

scan number). With increase in the polymerisation scan number, higher current and at the 

same time less positive potentials were obtained for 4-CP oxidation. This shows that 

catalytic activities increase as the film thickness increases. This can be explained by the 

fact that there will be more catalytic sites as the film thickness increases. 
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Figure 6.3: Cyclic voltammograms of 1 mM 4-CP catalysed by (a) poly-

Ni(OH)TBMPc-Au and (b) poly20-Ni(OH)TDMPc-Au. Polymerisation 
number (i) 10, (ii) 20, (iii) 30. The electrolyte used was 0.1 M NaOH. 

 
 
Figures 6.4 and 6.5 show the passivation of the modified electrodes following oxidation 

of 4-CP, using poly30-Ni(OH)TBMPc-Au (Figure 6.4a), poly20-Ni(OH)TBMPc-Au 

(Figure 6.4b) and poly10-Ni(OH)TBMPc-Au (Figure 6.4c); and poly30-Ni(OH)TDMPc-

Au (Figure 6.5a, poly20-Ni(OH)TDMPc-Au (Figure 6.5b) and poly10-Ni(OH)TDMPc-

Au (Figure 6.5c). In Figures 6.4 and 6.5, curves (i) are the first scans in chlorophenol 

solutions, curves (ii) are curves obtained after the second scan in chlorophenol solutions 

and curves (iii) were observed after the modified electrodes from (ii) were rinsed (for five 

minutes) in phosphate buffer and CV of the chlorophenols recorded as in (i). Curves (iii) 

show that there was recovery of the oxidation currents following rinsing with phosphate 

buffer. For both Ni(OH)TBMPc-Au and Ni(OH)TDMPc-Au electrodes, the largest 
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recovery was obtained for films formed by 30 scans, and the least for 10 polymerisation 

scans, Table 6.1.  
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Figure 6.4: Cyclic voltammograms of 1 mM 4-CP catalysed by (a) poly30-
Ni(OH)TBMPc-Au, (b) poly20-Ni(OH)TBMPc-Au and (c) poly10-
Ni(OH)TBMPc-Au. Curve (i) First scan, (ii) second scan and (iii) 
second scan after rinsing the electrode (for 5 minutes) in phosphate 
buffer (pH 7.4). The electrolyte used was 0.1 M NaOH. 
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Figure 6.5: Cyclic voltammograms of 1 mM 4-CP catalysed by (a) poly30-
Ni(OH)TDMPc-Au, (b) poly20-Ni(OH)TDMPc-Au and (c) poly10-
Ni(OH)TDMPc-Au. Curve (i) First scan, (ii) second scan and (iii) 
second scan after rinsing the electrode (for 5 minutes) in phosphate 
buffer (pH 7.4). The electrolyte used was 0.1 M NaOH. 
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These studies were done in triplicate and the errors are shown in Table 6.1. The recovery 

increases with the number of polymerisation scans hence the film thickness (Table 6.1), 

showing that resistance to electrode passivation increases as the film thickness increases. 

This can also be explained by the fact that in addition to increase in catalytic sites as the 

film thickness increases, the electrode films maybe more porous attributed to the complex 

nature of the ring substituents of both complexes which are bulky, allowing passage of 

the chlorophenol molecules. The chlorophenol polymers are known to be thick and non-

porous.362,363 The bulky nature of the ring substituents may make the chlorophenols 

polymers to be irregular and thus porous, making the films on the gold electrodes to be 

difficult to deactivate.361 

 

 

Table 6.1: Percent recovery (after rinsing in phosphate buffer, pH 7.4) of the electrodes 
following fouling for the electrooxidation of 1 mM 4-CP. 
 
 

Electrode % Recovery 
 

Poly10-
Ni(OH)TBMPc-Au 

15.7 (±1.2) 

Poly20-
Ni(OH)TBMPc-Au 

52.1 (±2.3) 

Poly30-
Ni(OH)TBMPc-Au 

71.2 (±2.6) 

Poly10-
Ni(OH)TDMPc-Au 

15.8 (±1.6) 

Poly20-
Ni(OH)TDMPc-Au 

38.1 (±1.8) 

Poly30-
Ni(OH)TDMPc-Au 

66.1 (±2.4) 
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6.1.3 Reaction mechanism 
 

Studies such as variation of peak current, Ip with chlorophenol concentration and 

mechanistic studies such as Tafel plots were not done for chlorophenols because of the 

problem of passivation of electrodes but were carried out for both nitrite and sulphite. 

Also studies of the spectroscopic interaction between chlorophenols and NiPc complexes 

were not carried because of lack of a common solvent for both chlorophenols and the 

thiol-derivatised complexes. 

The chlorophenols will be in the deprotonated forms because the electrolyte is strongly 

alkaline (0.1 M NaOH) and so it is in this form that the reaction mechanism will be based 

on. The proposed reaction mechanism is shown in Scheme 6.1. There are likely to be two 

competing processes taking place during the electrooxidation of 4-chlorophenol (4-CP);  

(1.) Dimerisation of chlorophenols with the possibility of the formation of polymer 

(equations 6.1-6.3). The first step is the electrooxidation of the deprotonated 4-

chlorophenol to form 4-chlorophenoxy radical (equation 6.1),351,352 the radical is 

resonance stabilised (equation 6.2) and thus its head to head coupling reaction via oxygen 

atoms is feasible (equation 6.3).  

(2.) Ni3+/Ni2+ electrocatalysed oxidation of 4-chlorophenol to form oxidised products 

such as benzoquinones (equations 6.4, 6.5). 

The first step is the electrochemical oxidation of Ni2+ to Ni3+ (equation 6.4) followed by 

the reaction of Ni3+ with deprotonated 4-chlorophenol in the presence of water molecules 

from electrolyte to form benzoquinone (equation 6.5). The better catalysis observed for 

the poly-Ni(OH)TBMPc-Au and poly-Ni(OH)TDMPc-Au electrodes than their poly-

NiTBMPc-Au and poly-NiTDMPc-Au electrodes counterparts respectively could be 
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explained by the fact that the former have Ni3+/ Ni2+ redox process, due to activation 

while the latter have no Ni3+/ Ni2+ redox process and thus making reactions in equations 

6.4, 6.5 more feasible for the former. The possibility of Ni3+/ Ni2+ redox process 

catalysing 4-CP oxidation is strongly supported by the fact that the peaks associated with 

Ni2+ to Ni3+ overlap with the 4-CP oxidation peaks.  

Similar reactions are expected for trichlorophenol (TCP) electrooxidation reaction 

mechanism catalysed by NiPc-Au electrodes.  
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Scheme 6.1: Proposed reaction mechanism for electrooxidation processes of 4-

chlorophenol 
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6.2      Electrocatalytic oxidation of Nitrite  
 
6.2.1 Voltammetric Studies on MTBMPc and MTDMPc 

Since the nitrite determination will be performed under pH 7.4 conditions, the 

voltammograms of the poly-Ni(OH)TDMPc-Au and poly-Ni(OH)TBMPc-Au were 

recorded in pH 7.4 buffer, Figure 6.6a and b. The Ni3+/Ni2+ peaks were observed at 

different potential values in pH 7.4 compared to 0.1 M NaOH shown in Figure 5.12. For 

poly-Ni(OH)TBMPc-Au, the Ni3+/Ni2+ peaks shifted from -0.20 (cathodic) and ~0.30 V 

(anodic) in 0.1 M NaOH to 0.20 and ~ 0.70 V, respectively. For poly-Ni(OH)TDMPc-Au, 

the Ni3+/Ni2+ peaks shifted from -0.28 V (cathodic) and ~0.3 V (anodic) in 0.1 M NaOH 

to 0.30 and ~ 0.80 V, respectively. Thus a large shift to more positive potentials occurred 

with decrease in pH.   
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Figure 6.6: Typical cyclic voltammogram of (a) poly-Ni(OH)TBMPc-Au  and (b) 
poly-Ni(OH)TDMPc-Au in pH 7.4 buffer.  

 

Figure 6.7 showed the comparative cyclic voltammograms for the catalytic activities of 

gold electrodes modified with the MTBMPc and MTDMPc complexes towards nitrite 

electrooxidation. The increasing order of activity based on the positions of the catalytic 

peak potential Ep (Table 6.2) is as follows; complex 42 < complex 37 < Ni(OH)TDMPc< 

complex 39 < complex 40 < Ni(OH)TBMPc < complex 34 < complex 35 < complex 41 < 

complex 36 while in terms of the catalytic peak current, Ip the order is as follows; 

complex 39 < complex 40 < complex 42 < complex 34 < complex 36 < complex 37 < 

Ni(OH)TDMPc < complex 41 < complex 35 < Ni(OH)TBMPc.  
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Figure 6.7: Cyclic voltamogramms for 1 mM nitrite oxidation in phosphate buffer 

pH 7.4 solution at (a) an unmodified au electrode, complex (b) 35, (c) 
40, (d) 36, (e) 41, (f) 34, (g) 39. Scan rate = 100 mV s-1. 

 

From these trends, it can be concluded that the FePc and CoPc complexes performed best 

and MnPcs were the worst in terms of potential. But in terms of current enhancement 

Ni(OH)TBMPc performed the best. This trend (in terms of the peak potential) in 

electrocatalytic activity has been observed before413 for NO electrooxidation on carbon 

fibre microelectrodes modified with CoPc, FePc and MnPc. In comparison to 

literature,63,214,287,365-369 (Table 1.8, Introduction section), 0.66 V peak potential value 

obtained for complex 36 modified Au electrode is the lowest value for peak potential 

reported for MPc or metalloporphyrin modified electrode for nitrite electrooxidation. 
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Table 6.2: Mechanistic feature of the nitrite oxidation on poly-MPc modified Au 
electrode 

 

a number in brackets are for Mn4+/Mn3+,   b ring based process 

Modified 

electrodes 
Ep (V) 

M III Pc/ 

M II Pc 

(vs. 

Ag|AgCl) 

Ep (V)  

(vs. 

Ag|AgCl) 

I p 

(µA) 

Sensitivity 

(µA mM -1 ) 

b 

(mV 

dec-1) 

αααα k nt 

CoTBMPc 

(35) 

0.35 0.75 11.2 7.3 (±0.2) 154 0.61 0.063 2.1 

CoTDMPc 

(40) 

~ 0.3 0.77 8.7 7.1 (±0.1) 114 0.52 0.27 1.52 

FeTBMPc 

(36) 

~ 0.3 0.66 9.6 9.6 (±0.2) 166 0.64 0.0064 1.86 

FeTDMPc 

(41) 

~ 0.3 0.71 11.1 9.9 (±0.2) 123 0.51 0.111 1.83 

MnTBMPc 

(34) 

0.15 (~0.5)a 

 

0.76 9.5 7.6 (±0.3) 70.4 0.14 0.20 1.2 

MnTDMPc 

(39) 

0.20  0.79  7.7 6.9 (±0.2) 55 0 98 1.0 

NiTBMPc 

(37) 

0.4b 0.82 9.9 6.0 (±0.2) 250 0.76 0.006 1.99  

NiTDMPc 

(42) 

0.6b 0.87 9.3 3.3 (±0.1) 258 0.77 0.006 1.1  

Ni[OH]TB

MPc 

~ 0.7 0.76 13 12.6 (±0.9) 186 0.72 0.006 2.25 

Ni[OH]TD

MPc 

~ 0.8 0.81 11 11.1 (±0.8) 226 0.73 0.022 2.45 
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As stated already, the film thickness can be controlled by varying the 

electropolymerisation scan number; Figure 6.8 shows the effect of film thickness of 

CoTBMPc-Au electrode on the catalytic efficiency towards nitrite oxidation. It can be 

seen that the catalytic activity towards nitrite ion oxidation increased as the number of 

scans increased; CoTBMPc-10 Au (Ep 0.79 V, Ip 3.0 µA) < CoTBMPc-20 Au (Ep 0.77 V, 

Ip 3.4 µA) < CoTBMPc-30 Au (Ep 0.76 V, Ip 4.1 µA), where the numbers refer to number 

of deposition scans. This was also observed above for chlorophenol oxidation; again this 

trend can be explained by the fact that an increase in the scan number increases the 

number of active sites on the electrode surface. 
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Figure 6.8: Cyclic voltamogramms for 0.5 mM nitrite oxidation in phosphate buffer 
pH 7.4 solution at CoTBMPc (complex 35) poly-Au, poly number (a) 
10, (b) 20, (c) 30. 
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In terms of resistance to electrode surface passivation, all the modified electrodes 

exhibited some resistance to passivation in that only small decreases in currents on 

cycling were observed after the first scan, Figure 6.9. The % decrease between the first 

and second scan range from 2.6 – 14.6% while for the subsequent scans they were less 

than 7%. 
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Figures 6.9: The variation of peak currents with scan number for the voltammetric 

response of 1 mM NO2
- on (a) complex 35, (b) complex 41, (c) complex 

36, (d) complex 34, (e) complex 40, (f) complex 39-poly 30 on gold 
electrode. Buffer = pH 7.4. Scan rate = 100 mV s-1. 

 
 
Within the concentration range chosen for the catalytic studies in this work (i.e. 1.0 x 10-4 

– 1.0 x 10-3 mol L-1), a linear relationship was observed between the catalytic currents 

and the nitrite concentrations (Figure 6.10). From the slopes of the plots in Figure 6.10, 

high sensitivities ranging from 6.9 to 9.9 µA mM-1 were obtained, Table 6.2.  
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Figures 6.10: Plot of Ip vs. [NO2
-] (a) 35, (b) 41 (c) 36 (d) 34 (e) 40 (f) 39. 

 
 

In order to determine the Tafel slopes, the usual equation (Equation 6.6) for a totally 

irreversible process was employed123 

K
nF

RT
Ep +

−
= ν

α
log

)1(2

3.2
     (6.6) 

where ν is the scan rate, α is the transfer coefficient, n is the number of electrons 

involved in the rate determining step, K is the intercept. Plots of Ep vs. log ν (Figure 

6.11a) gave linear relationships. The Tafel slopes, b ranging from 55 to 258 mV dec-1 

were obtained, Table 6.2. A Tafel slope of 120 mV dec-1 suggests the involvement of one 

electron in the rate determining step whereas the value of 60 mV dec-1 indicates that a 

fast one electron transfer is followed by a slow chemical step.63 Thus for FePc, NiPc and 
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CoPc derivatives in Table 6.2, with Tafel slopes close to 120 mV dec-1 or larger, the first 

one electron transfer is the rate limiting step. While for MnPc derivatives the one electron 

step is followed by a slow chemical rate determining step. The linear relationships in 

Figure 6.11a (R2 ranging from 0.98 to 0.99) indicate that the electrocatalytic oxidation of 

nitrite is irreversible.63 For NiPc derivatives Tafel slopes are significantly higher than 120 

mV dec-1 indicating interaction between nitrite ions and the NiPc complexes or chemical 

reactions coupled with electrochemical steps.414  

The values of α are listed in Table 6.2. α values at approximately 0.5 indicate that there is 

an equal probability that the reaction activated transition state can form either products or 

reactants. This holds for the CoPc and FePc derivatives, Table 6.2. α values of 

approximately 1 imply that the reaction equilibrium favours product formation only, and  

α values of zero imply the reactants are favoured. Indeed for MnPc derivatives α were 

close to zero indicating that product formation is not favoured. For NiPc derivatives α 

approached 1 suggesting product formation is favoured. 

The heterogeneous electron transfer coefficient, k, was obtained from Equation 6.7.123  
















 −+×
−

+=
RTk

nFD

nF

RT
EK o

2
' )1(

log
2

3.2
78.0

)1(

α
α

               (6.7) 

where E0′ is the formal potential, D is the diffusion coefficient and the remaining symbols 

are as they were described above.  Using D = 2.1 x 10-5 cm2 s-1 for nitrite ion,288 the 

values of the constant k were obtained and they varied considerably, Table 6.2.  In 

general the values of k were higher for the MTDMPc compared to the corresponding 

MTBMPc (except for NiTBMPc and NiTDMPc), showing that the former (containing 

dodecyl mercapto) are more efficient in electron transfer. The k values for NiPc and for 
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FeTBMPc complexes were very low suggesting a slow electron transfer. Fastest electron 

transfer was obtained for MnTDMPc. 

The total number of electrons (nt) involved in the electrocatalytic oxidation of nitrite was 

evaluated according to Equation 6.8, which is valid for totally irreversible electrode 

processes:123 

2/12/12/15 ])1[(1099.2 να DACnnI otp −×=                 (6.8) 

where A is the area of the electrode in cm2, Co is the concentration of the electroactive 

reactant in mol cm-3.  From Figure 6.11b, it can be seen that there is a linear (R2 ranging 

from 0.97 to 0.99) relationship between the peak current and square root of the scan rate 

(Equation 6.8), indicating that the nitrite electrocatalytic oxidation is diffusion controlled.  

The values of overall number of electrons transferred (nt) were determined using equation 

6.8 and were close to 2 for the CoPc, NiPc and FePc complexes hence confirming that a 

total of 2 electrons are transferred during the catalytic oxidation of nitrite. The nt values 

were close to 1 for the MnPc complexes. Thus, different final products are formed when 

MnPc derivatives are employed compared to FePc, NiPc and CoPc derivatives. 

 Figure 6.11c further confirms that the electrooxidation of nitrites by all the modified 

electrodes is a catalytic processes judging by the pattern of curves obtained which is 

typical of catalytic processes.63 
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Figures 6.11: Electrooxidation of 1 mM nitrite in phosphate buffer on poly-MPc, (a) 
Ep vs. log v, (b) Ip vs. v1/2, (c) Ipv

1/2 vs. v. Poly-MPc: (i) 35, (ii) 40, (iii) 
36, (iv) 41, (v) 34, (vi) 39 modified Au electrode. 

 
 
 
 
6.2.2 Spectroscopic studies of interaction between nitrite and  MTBMPc and 

MTDMPc (M = Co 2+, Fe2+ and Mn3+) 

In order to further understand the mechanism for the catalytic oxidation of nitrite, 

changes in the electronic spectra of MnTBMPc (34), CoTBMPc (35) and FeTBMPc (36) 

in DMSO on addition of nitrite were monitored. As can be seen from the Figures 6.12-

6.14, nitrite reaction with the complexes depends on the type of central metal ion. For 

complex 35 which has Co2+ as the central metal ion, on addition of nitrite, the Q band 

shifted from 670 to 690 nm (Figure 6.12a). These changes occurred with very clear 

isobestic points showing that only two species are involved during the reaction. Such 
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changes could be associated with either axial coordination of ligands to MPc complexes, 

or oxidation of the central metal in Co2+Pc to Co3+Pc.101,415 Addition of a reducing agent 

to solutions of complex 35 at the end of the reaction in Figure 6.12a, resulted in the 

reduction of the complex (Figure 6.12b) to a Co+Pc species with a typical101 band charge 

transfer band at 480 nm and a weaker Q band at 715 nm. There was no regeneration of 

the original peak in Figure 6.12a at 670 nm, showing that the observed changes in Figure 

6.12a are not due to oxidation of Co2+Pc to Co3+Pc, but due to axial ligand (nitrite) 

coordination to the complex. Similar spectral changes were observed for complex 40.  
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Figure 6.12: Electronic spectral changes of (a) complex 35 on addition of 1 mM 

nitrite solution in DMSO to approx. 2 µM solution of the complex in 
DMSO. (i) initial spectrum, (ii) final spectrum after 20 minutes. (b) on 
addition of NaBH4 to the final spectrum in (a). Concentration of (i) 
complex in DMSO = 1 µM and (ii) nitrite in DMSO = 1 µM. 

 
 
 
 
 
Even though these studies were done in solution, they give some idea of the possible 

mechanism for the electrocatalytic oxidation of nitrite. Thus the catalytic oxidation of 

nitrite using the CoPc complexes occurs by inner sphere mechanism and may be 

represented in equations 6.9 to 6.11 (Scheme 6.2): 
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Co2+Pc [(NO2
-)Co2+Pc] -+ NO2

-
(6.9)

[(NO2
-)Co2+Pc] - +(NO2

-)Co3+Pc e- (6.10)

Co2+Pc +(NO2
-)Co3+Pc (6.11)+ H2O NO3

- +  2H+ + e-

 
 

Scheme 6.2: Proposed reaction mechanism for CoPcs-modified gold electrode 
electrooxidation of nitrite 

 

Equation 6.9 is proposed on the basis of coordination of nitrite to complexes as shown by 

Figure 6.12. The Tafel plots showed that the first one-electron transfer is the rate limiting 

step, hence suggesting equation 6.10 to be rate limiting reaction. A comparison between 

the cyclic voltammograms for the adsorbed complexes in Figure 5.3 (which show the 

metal oxidation couples at pH 7.4) with the nitrite oxidation in Figure 6.7 (also in pH 7.4) 

shows a broad peak for Co3+/Co2+ at around 0.2–0.4 V, very close to the foot of the wave 

for nitrite oxidation, hence this couple catalyses nitrite oxidation. Equation 6.11 is 

proposed since the total number of electrons involved is 2 and the likely product is 

nitrate.  

Figure 6.13 shows the spectral changes observed on addition of nitrite to solutions of 

complex 36, containing Fe2+ as the central metal ion. The complex shows aggregation as 

evidenced by appearance of a high energy peak at 640 nm. As already stated, aggregation 

in MPc complexes is typified by a broadened or split Q band, with the high energy band 

being due to the aggregate and the low energy band due to the monomer. For complex 36, 

the peak at 640 nm in Figure 6.13 shows a spectrum typical of stacked monomer in FePc 

complexes which is normally observed near 630 nm. A broad band was observed at 665 
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nm due to the monomer. On addition of nitrite to solutions of complex 36 in DMSO, Q 

band due to the aggregated species at 640 nm shifted to 635 nm while the monomer peak 

at 665 nm sharpened, and both peaks increased in intensity. The slight shift in wavelength 

from 640 to 635 nm is associated101 with axial ligation in MPc complexes. Oxidation in 

FePc complexes is accompanied by a split in the Q band and a shift of one of the 

components to low energy. The spectral changes observed in Figure 6.13 are not due to 

oxidation. This was confirmed by addition of reducing agents such as sodium 

borohydride, which did not result in the regeneration of the original spectrum in Figure 

6.13. Thus the spectral changes shown in Figure 6.13 suggest coordination of nitrite. The 

catalytic oxidation of nitrite by the monomer will be similar to equations 6.9 to 6.11 for 

the CoPc derivatives. The FePc complexes, also show the Fe3+/Fe2+ around 0.2 – 0.4 V 

(comparing Figure 6.7 and 5.6), hence this couple catalyses nitrite oxidation.  
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Figure 6.13: Electronic spectral changes of complex 36 on addition of 1 mM nitrite 
solution in DMSO to approx. 2 µM solution of the complexes in DMSO. 
(i) initial spectrum, (ii) final spectrum after 20 minutes. Concentration of 
(i) complex in DMSO = 1 µM and (ii) nitrite in DMSO = 1 µM. 

 
 

The interaction of complex 34, containing Mn3+ with nitrite ions resulted in spectral 

changes shown in Figure 6.14, which are typical of reduction of Mn3+Pc (with Q band at 

750 nm) to Mn2+Pc (Q band at 680 nm). These spectral changes are accompanied by 

coordination as judged by the initial shift of the Q band Mn3+Pc from 750 to 745 nm 

before the decrease in the 745 nm and the increase in the 680 nm band. 
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Figure 6.14: Electronic spectral changes of complex 34 on addition of 1 mM nitrite 
solution in DMSO to approx. 2 µM solution of the complexes in DMSO. 
(i) initial spectrum, (ii) final spectrum after 6 hours. 

 

Reduction was confirmed by addition of oxidants such as bromine which resulted in the 

decrease in the absorption band at 680 nm and the increase in the Q band due to Mn3+Pc 

(not shown). The catalytic oxidation of nitrite by the MnPc complexes may be 

represented by equations 6.12 to 6.14, Scheme 6.3.  

 

(AcO-)Mn3+Pc (NO2
-)Mn3+Pc (6.12)

e-

(6.13)

NO2
-

(NO2
-)Mn3+Pc Mn2+Pc

Mn2+Pc [Mn 3+Pc]+ (6.14)

+      AcO-

 +        NO2

+

+

 
Scheme 6.3: Proposed reaction mechanism for MnPcs-modified gold electrode 

electrooxidation of nitrite 
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Equation 6.12 is proposed due to spectral changes shown in Figure 6.14, whereby a shift 

of 5 nm is observed on the spectrum of the Mn3+Pc species at 750 nm immediately 

following the addition of nitrite. Equation 6.13 is proposed as a result of the reduction of 

the Mn3+Pc complexes to the Mn2+Pc species on addition of nitrite.  Equation 6.14 is 

suggested since the Mn2+Pc species is formed in the presence of nitrite and the 

electrochemical oxidation will occur from this species. However, the formation of the 

Mn2+Pc species is very slow; it took 6 hours to obtain the spectral changes shown in 

Figure 6.14. Hence the reduction of Mn3+Pc is not expected to occur within the time scale 

of cyclic voltammetry and the most likely mechanism is that involving the 

Mn4+Pc/Mn3+Pc couple which would catalyse nitrite oxidation before the Mn3+Pc is 

reduced resulting in a mechanism shown by equations 6.15 to 6.17 (Scheme 6.4): 

 

(AcO-)Mn3+Pc (NO2
- )Mn3+ Pc (6.15)

   + e-

NO2
- +

(NO2
-)Mn3+Pc [(NO2

- )Mn4+Pc]+ (6.16)

NO2[Mn 3+Pc]+ + (6.17)[(NO2
-)Mn4+Pc]+

+    AcO-

 
Scheme 6.4: Proposed reaction mechanism for MnPcs-modified gold electrode 

electrooxidation of nitrite 
 

The latter mechanism is proposed on the basis that the oxidation of nitrite is in the 

potential region for the Mn4+Pc/Mn3+Pc couple, (compare Figure 6.7 and 5.8a). Mn 

4+/Mn3+ peak is around 0.5 V which is at the foot of the nitrite oxidation. In the case of 

MnPc derivatives, the formation of NO2, which requires one electron, would be the last 

step, since the total number of electrons was found to be one (Table 6.2). Moreover, the 

fact that the Tafel slopes for the MnPcs derivatives is close to 60 mV dec-1 indicates that 
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the fast electron transfer step in equation 6.16 is followed by the slow chemical step 

represented by equation 6.17. The worse catalytic performance of the MnPcs derivatives 

compared to the FePc and CoPc derivatives is supported by the close to zero values of α 

for the MnPcs which as earlier described indicate that product formation is not favoured. 

 

 

6.2.3 Catalytic effect of the different forms of NiPc complexes 

The electrooxidation of nitrite by the NiPcs modified electrodes was carried out in 

separate experiments; the main aim is to investigate the effect of the nature of the NiPc 

complexes on catalytic activities. 

Figure 6.15 shows the cyclic voltamogramms of 1 mM nitrite in phosphate buffer (pH 

7.4) at (a) an unmodified gold electrode, (b) poly-NiTDMPc-Au electrode, (c) poly-

NiTBMPc-Au electrode, (d) poly-Ni(OH)TDMPc-Au electrode and (e) poly-

Ni(OH)TBMPc-Au electrode.  
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Figure 6.15: Cyclic voltamogramms for 1 mM nitrite oxidation in phosphate buffer 
pH 7.4 solution at (a) an unmodified Au electrode, (b) poly-NiTDMPc-
Au, (c) poly-NiTBMPc-Au, (d) poly-Ni(OH)TDMPc-Au and (e) poly-
Ni(OH)TBMPc-Au. Scan Rate = 100 mV s-1 

 

 

From Figure 6.15, it can be concluded that: 

(1) Better catalysis occurred when the gold electrode was modified with the complexes 

judging from the shifting of peak potential to less positive values (from 0.89 to 0.83 V for 

NiTBMPc) and higher peak currents for the modified electrodes compared to the 

unmodified gold electrode. 

(2) Both complexes increased their activities for nitrite electrooxidation when they were 

transformed to the ‘O-Ni-O oxo form’, as judged by shifts of the peak potential to the less 

positive values, for the ‘O-Ni-O’ form (from 0.85 to 0.80 V for NiTDMPc, and from 0.83 

to 0.76 V for NiTBMPc). 
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(3) NiTBMPc modified gold electrodes showed better catalytic activities than the 

NiTDMPc modified gold electrodes both before and after transformation to ‘O-Ni-O oxo 

form’, as judged by increase in currents and a shift to less positive potentials. 

 

In terms of resistance to electrode surface passivation, surprisingly there were not 

significant differences between the various electrodes, all the modified electrodes showed 

resistance to passivation as shown in Figure 6.16, which shows only small decreases in 

currents with scan numbers. The % decrease between the first and second scan range 

from 7.1 – 14.5% while for the subsequent scans they were less than 4%. 
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Figure 6.16: The variation of peak currents with scan number for the voltammetric 

response of 1 mM NO2
- on (a) poly-NiTDMPc-Au, (b) poly-NiTBMPc-

Au, (c) poly-Ni(OH)TDMPc-Au and (d) poly-Ni(OH)TBMPc-Au. 
Buffer = pH 7.4. Scan rate = 100 mV s-1. 
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Figure 6.17 shows the variation of peak currents with nitrite concentration at various 

poly-NiPc-Au electrodes. In the concentration range chosen for the catalytic studies in 

this work (i.e., 1.0 µM – 1.0 mM), a linear relationship between the catalytic currents and 

the nitrite concentrations was observed, resulting in slopes (sensitivities) of 6.0 (± 0.2) 

µA mM-1, 3.3 (± 0.1) µA mM-1, 12.6 (± 0.9) µA mM-1 and 11.1 (± 0.8) µA mM-1  for  

poly-NiTBMPc-Au and poly-NiTDMPc-Au, poly-Ni(OH)TBMPc-Au and poly-

Ni(OH)TDMPc-Au respectively, Table 6.2. 
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Figure 6.17: The variation of peak currents with nitrite concentration for the 
voltammetric response on (a) poly-NiTBMPc-Au, (b) poly-NiTDMPc-
Au, (c) poly-Ni(OH)TBMPc-Au and (d) poly-Ni(OH)TDMPc-Au. 
Buffer = pH 7.4. Scan rate = 100 mV s-1. 
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Figure 6.18a shows the typical cyclic voltamogramms for 1 mM NO2
- electrooxidation at 

different scan rates while Figure 6.18b shows the plot of Ep vs. log v for electrooxidation 

of 1 mM nitrite solution in phosphate buffer pH 7.4 at all the poly-NiPc-Au electrodes. 

For all the poly-NiPc-Au electrode catalysis of nitrite oxidation, the peak potentials 

shifted with the log of scan rate as shown in Figure 6.18b. This trend indicates that the 

electrocatalytic oxidation of nitrite is irreversible.406 Figure 6.18c shows that there is a 

linear relationship between the peak current, Ip and square root of the scan rate, indicating 

that the nitrite electrocatalytic oxidation is diffusion controlled. Figure 6.18d further 

confirms that the electrooxidation of nitrite by all the poly-NiPc-Au electrodes are a 

catalytic processes judging by the pattern of curves obtained which is typical of catalytic 

processes.63 It should be noted that the observations reported for the catalytic oxidation of 

nitrite by poly-NiPc-Au electrodes was also observed for poly-Ni(OH)TBMPc-GCE, 

except that the peak potential did not shift to the less positive potentials with nitrite 

concentration as expected. 
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Figure 6.18: (a) Cyclic voltamogramms of electrooxidation of 1 mM nitrite at 
different scan rates catalysed by poly-Ni(OH)TBMPc-Au electrode 
(b) Plot of Ep vs. log v (c) Plot of Ip vs. v1/2 and (d) Plot of Ip v

-1/2 vs. 
v for electrooxidation of 1 mM nitrite solution in phosphate buffer 
pH 7.4 on (i) poly-NiTBMPc-Au and (ii) poly-NiTDMPc-Au, (iii) 
poly-Ni(OH)TBMPc-Au and (iv) poly-Ni(OH)TDMPc-Au. 
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The mechanism behind the improvement in catalytic activities when the nickel macro 

complexes are transformed to the ‘O-Ni-O oxo form’ is not fully understood, but 

Ni3+/Ni2+ redox process maybe playing a key role in the reaction, with the possibility that 

Ni3+ produced from electrooxidation of Ni2+ reacts with nitrite ions resulting in the 

oxidation of nitrite to nitrate and Ni3+ getting reduced back to Ni2+ in the process 

(Scheme 6.3). The catalytic oxidation of nitrite occurs in the same potential range as the 

anodic component of the Ni3+/Ni2+ process in pH 7.4 buffer (comparing Figure 6.6 and 

6.15). The spectroscopic studies (Figure 6.19) of the interaction of complex 37 with 

nitrite did not prove any transformation of the complex; this might be due to the fact that 

NiPc complexes are square planar and show no coordination of axial ligands. The 

calculation of the total number of electron transferred was found to be approximately 2 

for all the electrodes with the exception of poly-NiTDMPc-Au electrode which was found 

to be 1 electron (Table 6.2). Equations shown in Scheme 6.5 are likely to be the reaction 

mechanism for the poly-NiTBMPc-Au, poly-Ni(OH)TBMPc-Au and poly-

Ni(OH)TDMPc-Au derivatives with the exception of poly-NiTDMPc-Au electrodes. 

Coordination of nitrite to NiPc complexes was not proved so an outer sphere mechanism 

is proposed in Scheme 6.5. For poly-NiTDMPc-Au electrodes, similar reaction 

mechanism for the MnPc derivatives in Scheme 6.4 which led to NO2 as the product 

could also be proposed. 
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Scheme 6.5 Proposed reaction mechanism for NiPcs-modified gold electrode 

electrooxidation of nitrite 
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Figure 6.19: Electronic spectral changes of (a) complex 37 on addition of 1 mM 
nitrite solution in DMSO to approx. 2 µM solution of the complexes in 
DMSO. (i) initial spectrum, (ii) final spectrum after 20 minutes. 
Concentration of (i) complex in DMSO = 1 µM and (ii) nitrite in 
DMSO = 1 µM. 

 
 
 
 
 
 
 
 
 

Ni2+Pc2- [Ni3+Pc2-]+

Ni2+Pc2-  + NO-
3

 (6.18)

(6.19)  +  NO-
2

+    e-

+ H2O + 2H+ + e-[Ni3+Pc2-]+



Electrocatalytic Properties  

                                                                       279
  

6.3      Electrocatalytic oxidation of Sulphite on MPc-SAM 
 
Figure 6.20 shows the cyclic voltamogramms of 1 mM sulphite in phosphate buffer (pH 

7.4) at (i) an unmodified gold electrode and on SAMs of complexes (ii) 35, (iii) 40, (iv) 

36, (v) 41, (vi) 34, (vii) 39, (viii) 37 and (ix) 42. All the complexes-SAM electrodes 

showed catalysis judging by the significant increase in the peak currents. The oxidation 

peak for sulphite at unmodified gold electrode was a slow redox reaction with a catalytic 

potential peak, Ep at around 0.59 V. With the exception of the NiPcs-SAM, the Ep was 

significantly lowered by all the complexes-SAM electrodes indicating catalysis, Table 

6.3. 
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Figure 6.20: Cyclic voltamogramms for 1 mM sulphite oxidation in phosphate buffer 
pH 7.4 solution at (i) unmodified gold electrode, (a) complex (ii) 34, (iii) 
35, (iv) 36, (v) 37, (b) (vi) 39, (vii) 40, (viii) 41 and (ix) 42. 

 
 

The order of catalytic activity in terms of decreasing peak current, Ip/ µA is as follows 

complex 40 (3.8) > complex 36 (3.3) > complex 37 (3.2) > complex 35 (3.1) ~ complex 

42 (3.1) > complex 41 (2.9) > complex 34 (2.7) > complex 39 (2.4) while in terms of 

peak potential, Ep/V is as follows complex 37 (0.64) ~ complex 42 (0.63) < complex 40 

(0.55) ~ complex 39 (0.54) ~ complex 34 (0.54) ~ complex 35 (0.54) < complex 36 

(0.53) < complex 41 (0.52), Table 6.3.  
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Table 6.3: Mechanistic feature of the sulphite oxidation on MPc-SAM modified Au 
electrode 

 

aEp values from Table 5.5 in pH 7.4 buffer, bring based redox process in brackets 

 

It should be stated that the catalytic performance of the CoPc, FePc and MnPc derivatives 

in terms of lowering the Ep values for sulphite electrooxidation is comparable and better 

than most reported in literature.365,367,370-373 The catalytic activities of the complexes-

SAM modified electrodes were also studied for lower concentration (1 µM) sulphite 

electrooxidation, Figure 6.21. The unmodified gold electrode (curve i) hardly showed any 

catalytic activity in Figure 6.21 while for the oxidation of sulphite by selected complexes-

SAM modified electrodes, there were significant increases in the peak currents; this 

observation shows that these modified electrodes are potential sensors for real samples 

applications.   

Complex Ep (V) 

M III Pc/ 
M II Pc (vs. 
Ag|AgCl)a 

Ep (V)/ 
(vs. 

Ag|AgCl) 

I p 

(µA) 
Sensitivity 
(µA mM -1) 

b αααα k nt 

CoTBMPc 
(35) 

0.23 0.54 3.1 2.96 110 0.45 0.00688 4.1 

CoTDMPc 
(40) 

0.10 0.55 3.8 2.82 144 0.59 0.00597 4.6 

FeTBMPc 
(36) 

0.08 0.53 3.3 1.94 236 0.75 0.00356 4.5 

FeTDMPc 
(41) 

0.31 0.52 2.9 3.05 264 0.73 0.00254 3.8 

MnTBMPc 
(34) 

0.11 0.54 2.7 2.51 224 0.73 0.00417 4.3 

MnTDMPc 
(39) 

0.13 0.54 2.4 2.72 239 0.75 0.00381 4.5 

NiTBMPc 
(37) 

(0.66)b 0.63 3.2 1.68 139 0.56 0.00212 4.2 

NiTDMPc 
(42) 

(0.70)b 0.62 3.1 2.10 140 0.57 0.00253 4.5 
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Figure 6.21: Cyclic voltamogramms for 1 µM sulphite oxidation in phosphate buffer 
pH 7.4 solution at (i) unmodified gold electrode, complex (ii) 35, (iii) 
36, (iv) 34 and (v) 37. 

 
 

As shown in Figure 6.22, there were linear relationships between the catalytic currents 

and the sulphite concentrations for the concentration range chosen for the catalytic 

studies in this work (i.e. 0.1–1.0 mM), resulting to slopes (sensitivities) ranging from 1.68 

to 2.96 µA mM-1 for the various electrodes, Table 6.3. 
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Figure 6.22: Plots of Ip vs. [SO3
2-] at complex (a) (i) 34, (ii) 35, (iii) 36, (iv) 37, (b) 

(v) 39, (vi) 40, (vii) 41 and (vii) 42.  Scan rate = 100 mV s-1. 
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In terms of resistance to electrode surface passivation, there were no significant 

differences between the various electrodes, all the modified electrodes showed high 

resistance to passivation as shown in Figure 6.23, which shows only small decreases in 

current with scan number and mainly observed between the first and second scan. The % 

decrease between the first and second scan range from 3.3 – 11.5% while for the 

subsequent scans they were less than 5%. 
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Figure 6.23: Plots of Ip vs. number of scans for repetitive cycling of 1 mM sulphite at 
complex (a) 34, 35, 36, 37 (b) 39, 40, 41, 42. Scan rate = 100 mV s-1. 

 

 

Figure 6.24a shows the cyclic voltamogramms of electrooxidation of 1 mM sulphite at 

different scan rates catalysed by complex 40-SAM electrode as an example, it is clear that 

the Ep shifted positively with increase in scan rate. For all complexes-SAM catalysis of 

sulphite oxidation, the peak potentials shifted linearly with the log of scan rate as shown 

in Figure 6.24b, this indicates that the electrocatalytic oxidation of sulphite is 

irreversible406 and this is in agreement with the pattern of the sulphite oxidation CV peaks 

which did not show any cathodic return peak. Using Figure 6.24b and equation 6.6, Tafel 

slopes calculated for both CoPc and NiPc were close to 120 mV dec-1 while for the FePc 

and MnPc derivatives, they were higher than 200 mV dec-1. Thus for CoPc and NiPc 

derivatives, the Tafel slopes close to 120 mV dec-1 indicate that the first one electron 
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transfer is the rate limiting step. While for FePc and MnPc derivatives, the slopes of 224 

to 264 mV dec-1 imply that there were strong interactions between sulphite ions and the 

complexes or chemical reactions coupled with electrochemical steps.414 The α values 

obtained for both CoPc and NiPc derivatives are approximately 0.5 (Table 6.3) while for 

the FePc and MnPc derivatives the α values are greater than 0.5. This observation for the 

CoPc and NiPc derivatives imply that the reaction equilibrium favours both reactants and 

products while for the FePc and MnPc derivatives, the reaction equilibrium favours the 

products more than the reactants. The diffusion coefficient (D) for sulphite is 2.3 x 10-5 

cm2 s-1.416 In general, the values of k (Table 6.3, equation 6.7) were higher for the CoPc, 

FePc and MnPc derivatives compared to the corresponding NiPc derivatives, this may 

imply that the former are more efficient in electron transfer than the latter. Figure 6.24c 

shows that there is a linear relationship between the peak current and square root of the 

scan rate, indicating that the sulphite electrocatalytic oxidation is diffusion controlled. 

Using equation 6.8, total number of electrons (nt) calculated for all the electrodes 

oxidation of sulphite are in the range 3.8-4.6 (Table 6.3). The higher number of electrons 

obtained for all the MPc complexes could be due to the fact that there may be 

electrooxidation of the other form of SO3
2- such as hydrogen sulphite, (HSO3

-) in pH 

7.4.289 Figure 6.23d further confirmed that the electrooxidation of sulphite by the 

complexes-SAM modified gold electrodes is a catalytic process judging by the pattern of 

curves obtained which is typical of catalytic processes.63  
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Figure 6.24: (a) Typical cyclic voltamogramms of electrooxidation of 1 mM sulphite 
at different scan rates catalysed by complex 41-SAM electrode. Plots of 
(b) Ep vs. log v, (c) Ip vs. v1/2 (d) Ip  v

-1/2 vs. v for electrooxidation of 1 
mM sulphite with complexes (i) 34, (ii) 35, (iii) 36, (iv) 37, (v) 39, (vi) 
40, (vii) 41 and (viii) 42 in phosphate buffer pH 7.4 

 
 
 

From Figure 6.20, the foot of the oxidation wave for sulphite electrooxidation occurred at 

around 0.3 V, at this potential metal based oxidation occurs (Table 6.3) for the CoPcs, 

FePcs and MnPcs, Scheme 6.6, equation 6.21 and 6.23. The next step would be the 

chemical reaction between the highly oxidising M3+Pc species for the CoPcs and FePcs 

(M4+Pc species for MnPcs) with sulphite ions which are highly reducing with the 

participation of water molecules from phosphate buffer pH 7.4 (Scheme 6.6, equations 

6.22 and 6.24). The mechanism is very feasible and most likely to occur since the metal 

based oxidation peaks of the complexes are within the foot of the oxidation wave for 

sulphite oxidation. Similar mechanisms have been proposed before.370,417,418 In the case of 
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NiPcs, as shown in Figure 5.19d, Chapter 5, metal based oxidation was not observed 

unless they are transformed into ‘Ni oxo bridge form’ which is not the case for SAMs. In 

addition, the NiPcs-SAMs have the more positive Ep values for sulphite catalytic peak 

relative to other MPcs. The mechanism for the NiPcs-SAMs catalysed sulphite 

electrooxidation is most likely to be a ring based one and is proposed in Scheme 6.6, 

equations 6.25 and 6.26. As stated above the involvement of more than 2 electrons could 

be due to electrooxidation of other forms of sulphite.  

Spectroscopic interaction of sulphite and the complexes were not carried out because of 

lack of common solvent for both sulphite ions and the complexes.  

 

2M2+Pc (6.21)

+ H2O + 2H+2M2+Pc + (6.22)

+ 2e-

SO4
2-

2[M3+Pc]+

SO3
2-+

where M is Co, Fe 

2Mn3+Pc 2[Mn4+Pc]+ + 2e- (6.23)

+ SO3
2- + H2O 2Mn3+Pc + SO4

2- + 2H+ (6.24)

2[M3+Pc]+

2[Mn4+Pc]+

2Ni2+Pc2- 2Ni2+Pc-

2Ni2+Pc- 2Ni2+Pc2-

+

+ + ++SO3
2- H2O

2e-

SO4
2- 2H+

(6.25)

(6.26)

 
Scheme 6.6: Proposed reaction mechanism for Co, Fe, Mn, NiPcs-modified gold 

electrode electrooxidation of sulphite 
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6.4     Conclusion 
 
   In conclusion, it has been shown in this work that Au electrodes modified with 

NiTBMPc and NiTDMPc complexes exhibited electrocatalytic activity towards the 

oxidation of 4-CP and TCP, and their catalytic activities improved in terms of increase in 

peak current and shift to less positive peak potentials when they were transformed to the 

poly-Ni(OH)TBMPc and poly-Ni(OH)TDMPc respectively indicating the participation of 

Ni3+/Ni2+ redox process in the catalytic process and increase in film thickness increased 

the anti-fouling ability of the films and this could be attributed to complex nature of the 

films due to the bulky nature of the substituents.  

   It has been shown in this work that Au electrodes modified by electropolymerisation 

with Co2+, Fe2+ and Mn3+ tetrakis (benzylmercapto) and tetrakis (dodecylmercapto) 

phthalocyanines exhibited electrocatalytic activity towards the oxidation of nitrite. A 

linear relationship between the peak current, Ip and nitrite concentration was observed for 

all the modified complexes, with sensitivities ranging from 6.9 to 9.9 µA mM-1. In 

comparison with literature, FeTBMPc gave the best catalysis of Ep (0.66 V vs. Ag|AgCl) 

for nitrite oxidation. It was shown that the interaction between the complexes and nitrite 

depended on the central metal ions of the MPcs. Cyclic voltammetry and spectroscopic 

evidences provided insights into the mechanistic aspect of nitrite electrooxidation. For 

CoPc, FePc, NiPc derivatives, the total number of electron transfer was found to be 2 

while for the MnPc derivatives, it was found to be 1. From the Tafel slope values, CoPc, 

NiPc and FePc derivatives suggest the first one electron transfer is the rate limiting step. 

For the MnPc derivatives, the one electron step is followed by a slow rate determining-

chemical step. Lastly, for the NiPc derivatives, Tafel slopes higher than 120 mV dec-1 
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were obtained which indicate strong interaction between nitrite ions and the NiPc 

complexes or chemical reactions coupled with electrochemical steps. High stabilities 

were exhibited by these modified electrodes even after repeated use. Also, Au electrodes 

modified with poly-NiTBMPc and poly-NiTDMPc complexes modified exhibited 

improved electrocatalytic when they were transformed to the poly-Ni(OH)TBMPc and 

poly-Ni(OH)TDMPc, respectively, indicating the importance of Ni3+/Ni2+ redox process.  

    It has been shown in this work that Au electrodes modified by SAM technique with 

Co2+, Fe2+, Ni2+ and Mn3+ tetrakis benzylmercapto and dodecylmercapto phthalocyanine 

complexes exhibited electrocatalytic activity towards the oxidation of sulphite. The order 

of catalytic activity (Ep) was found to be FePcs > MnPcs ~ CoPcs > NiPcs with the 

involvement of metal based redox processes of the CoPcs, FePcs and MnPcs but ring 

based ones for NiPcs. A linear relationship with a high sensitivity between the peak 

current, Ip and sulphite concentration was observed for all the modified complexes. 

Mechanistic studies of the sulphite electrooxidation using cyclic voltammetry gave for all 

the complexes high number of electrons in the range 3.8-4.6 indicating the possible 

electrooxidation of other sulphite form (e.g. HSO3
-). Tafel slopes obtained for both CoPc 

and NiPc were close to 120 mV dec-1 indicating that the first one electron transfer is the 

rate limiting step. While for FePc and MnPc derivatives, they were higher than 200 mV 

dec-1 which indicate strong interaction between nitrite ions and the NiPc complexes or 

chemical reactions coupled with electrochemical steps. 
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7.1 General Conclusions 

In conclusion, the synthesis, spectroscopic, and electrochemical characterisation of thiol 

substituted CoPc, FePc, MnPc, NiPc and ZnPc derivatives are presented. High yields 

with satisfactorily spectroscopic and electrochemical characterisation were obtained. As 

expected first oxidation and reduction processes in CoPc, FePc and MnPc complexes 

occurred at the central metal and the ZnPc derivatives exhibited ring based processes 

only. For the MnPc derivatives, three quasi reversible peaks were observed, one metal 

based and two ring based redox couples. The complex MnTDMPc which has a more red 

shifted Q band in DCM was easier to reduce than the complex MnTBMPc and the other 

way around for oxidation, confirming the influence of electron donating ability of the 

ring substituents on the positions of the redox couples. Spectroelectrochemistry 

confirmed the first oxidation and reduction redox couples for CoPc, FePc and MnPc to be 

metal based redox processes. Spectroelectrochemistry also confirmed that the redox 

couple (II ) for both MnPc derivatives as a metal based reduction of Mn3+Pc to Mn2+Pc 

thus confirming the original state of the complexes as Mn3+(Ac)Pc. For the first time, 

spectroelectrochemistry gave spectral evidence for the formation of Ni2+/Ni+ process in a 

NiPc complex. The voltammetric characteristic Mn4+Pc species and the spectra of Ni+, 

Fe+ and Co+ phthalocyanine complexes are not well known, thus this work further gives 

some insight into the spectra of the latter three species which would be helpful to other 

researchers.  

    It was shown in this work that the oxidation of 2-CP and TCP using CoPcS4 catalyst 

and H2O2 oxidant, in different solvent conditions gives different products. Spectroscopic 

evidence for the involvement of both the metal and phthalocyanine ring oxidised species 
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in the mechanism was obtained. Also, it was shown that various immobilised 

photosensitizers catalysed visible light photolysis of chlorophenols. Almost similar trends 

were obtained for both singlet oxygen generation and photoactivity of the MPc 

complexes indicating that singlet oxygen played a major role in the photolysis reactions. 

HPLC traces reveal that the main products of the photolysis are the benzoquinone 

derivatives. Significant improvement in ZnOCPc which degrades rapidly in aqueous 

solutions was obtained when immobilised on Amberlite®. The results reported in this 

work provide a basis for development of MPc complexes for the transformation of 

chlorophenols in water. 

    Thiol derivatised complexes, (MTBMPc and MTDMPc, M = Co2+, Fe2+, Mn3+ and 

Ni2+) were successfully deposited on gold electrodes by electropolymerisation. The cyclic 

voltammogram evolution during electropolymerisation showed that the complexes were 

electropolymerised on Au electrodes. In addition, electropolymerisation of the complexes 

on Au electrodes were confirmed by similarity of the CVs of last scans of the 

electropolymerisation with the corresponding CVs in phosphate buffer pH 7.4 solution. 

The films of the NiPc derivatives were electro-transformed in aqueous 0.1 M NaOH 

solution to the ‘O-Ni-O oxo’ bridged form. For both complexes, films with different 

thickness were prepared and characterised by EIS and the results showed typical 

behaviour for modified electrodes with increasing charge transfer resistance values, Rp 

with polymer thickness. Also, electrodes with poly-Ni(OH)Pcs films exhibited higher 

charge transfer resistance values, Rp than their corresponding poly-NiPcs films 

counterparts. Spectroelectrochemical characterisation on indium tin oxide (ITO) data 

distinguished between poly-NiPc and poly-Ni(OH)Pc films. The complexes (MTBMPc 
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and MTDMPc, M = Co2+, Fe2+, Mn3+ Ni2+ and Zn2+) were successfully used to modify 

gold electrodes by self assembled monolayer (SAM) technique. The self assembled films 

showed blocking characteristics towards well known Faradaic processes indicating 

formation of stable, well packed and defect free SAMs. Using the [Fe(CN)6]
-3/[Fe(CN)6]

-4 

redox system as a guide, it was shown that a possible change in molecules orientation 

from flat to vertical or multilayer form with increase in SAM formation time to 24 hours 

and above occurred. First examples of SAM formation time optimisation were carried out 

using CV technique. The nature of the ring substituents of the MPcs was found to 

influence the blocking characteristics of the CoPc-SAMs towards [Fe(CN)6]
-3/[Fe(CN)6]

-4 

redox process.  

    It was shown in this work that the nature of poly-NiPc-Au electrodes modified 

(electropolymerisation) with NiTBMPc and NiTDMPc complexes influenced the 

electrocatalytic activity towards the oxidation of 4-CP and TCP and this indicates the 

importance of Ni3+/Ni2+ redox process in the catalytic process. Increase in film thickness 

increased the anti-fouling ability of the films. This is a significant contribution towards 

finding suitable electrocatalysts and sensors with effective antifouling ability for 

chlorophenols analysis. Au electrodes modified by electropolymerisation with Co2+, Fe2+ 

and Mn3+ tetrakis (benzylmercapto) and tetrakis (dodecylmercapto) phthalocyanines 

exhibited electrocatalytic activity towards the oxidation of nitrite. A linear relationship 

between the peak current, Ip and nitrite concentration was observed for all the modified 

complexes. In comparison with literature, better catalyses were observed in this work in 

terms of less positive values of the peak potential for nitrite electrooxidation. It was 

shown that the interaction between the complexes and nitrite depended on the central 
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metal ions of the MPcs. Cyclic voltammetry and spectroscopic studies provided insights 

into the mechanistic aspect of nitrite electrooxidation. The studies showed that the 

reaction mechanism strongly depends on the central metal ions of the thiol-derivatised 

MPc complexes. High stabilities were exhibited by these modified electrodes even after 

repeated use. These modified electrodes are therefore potential electrodes for the 

development of suitable electrocatalysts for nitrite oxidation as well as in the fabrication 

of nitrite electrochemical sensors. Also like in the case of chlorophenol electrooxidation, 

the NiPc derivatives exhibited better electrocatalytic activities after they were 

transformed to the poly-Ni(OH)TBMPc and poly-Ni(OH)TDMPc. In addition, high 

stability exhibited by these modified electrodes even after repeated use make the 

modified electrodes as potential electrodes for the development of suitable 

electrocatalysts for nitrite oxidation as well as in the fabrication of nitrite electrochemical 

sensors. It was shown that Au electrodes modified by SAM technique with Co2+, Fe2+, 

Ni2+ and Mn3+ tetrakis benzylmercapto and dodecylmercapto phthalocyanine complexes 

exhibited electrocatalytic activity towards the oxidation of sulphite. Metal based redox 

catalysis (CoPcs, FePcs and MnPcs) were more efficient than the ring based ones 

(NiPcs). A linear relationship between the peak current, Ip and sulphite concentration and 

high stability exhibited by these modified electrodes even after repeated use make the 

modified electrodes as potential electrodes for the development of suitable 

electrocatalysts for sulphite oxidation as well as in the fabrication of sulphite 

electrochemical catalysts and sensors. Mechanistic studies of the sulphite 

electrooxidation using cyclic voltammetry gave for all the complexes high number of 

electrons in the range 3.8-4.6 indicating the possible electrooxidation of other forms of 
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sulphite e.g. HSO3
-; more investigation into this will be an interesting future work. Tafel 

slopes revealed that CoPcs and NiPcs catalysis involve first one electron transfer as the 

rate limiting step and for FePcs and MnPcs, they were strong interaction between sulphite 

and the complexes judging by the high values of the Tafel slopes.  

 

7.2 Future Perspective     

Future work on these newly synthesised thiol-derivatised MPc complexes may include 

exploring their versatility (their abilities to form SAMs and polymer films on gold 

electrodes) in applications as electrocatalysts and sensors for biologically and 

environmentally important molecules. Further characterisation of the complexes films on 

Au electrodes using surface techniques such as X-ray photoelectron spectroscopy (XPS) 

and atomic force microscopy (AFM) will be an interesting future work. Finally, the 

MTBMPc derivatives (benzyl mercapto group) of the thiol-derivatised MPc complexes 

are potential precursors for synthesis of MPcs with S-H groups as ring substituents.  
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