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Abstract 

Electrocatalytic reduction and oxidation of nitrite uSing cobalt phthalocyanine 

derivatives was studied. The detection limit of I x 10-10 mol dm -3 was achieved when 

these molecules were employed as catalysts for nitrite detection. The mechanisms for 

nitrite catalysis were proposed. The position of the peripheral substituents on cobalt 

porphyrazines (related to cobalt phthalocyanines) affected the catalytic activity of 

these complexes. The highest activity for nitrite reduction was observed on the 

cobalt(II) 2,3-tetramethyltetrapyridinoporphyrazine ([CoTm-2,3-tppa]4+), with cobalt 

phthalocyanine showing the lowest activity, and the cobalt(II) 3,4-

tetramethyltetrapyridinoporphyrazine ([Co Tm-3, 4-tppa t +), showing intermediate 

behaviour. A mixture of a negatively charged cobalt(II) tetrasulfophthalocyanine 

([ColITSPct) and a positively charged [CoTm-3 ,4-tppa]h showed better activity for 

nitrite reduction than did the individual components. Cobalt porphyrazines lowered 

the potentials for nitrite reduction in that peaking was observed, as opposed to cobalt 

phthalocyanine, where only the increase in currents was observed without peaking. 

Using the cobalt phthalocyanine derivatives, nitrite can be reduced to ammonia with 

high current efficiency. 

A glassy carbon electrode modified with [ColITSPct was employed for the 

determination of nitrite. Nitrate had an insignificant effect on nitrite oxidation on 

these modified electrodes. 

Electrocatalytic determination of S02 was studied as a function of pH at a glassy 

carbon electrode modified with iron(II) tetrasulfophthalocaynine. It was found that 

depending on pH, S02.xH20, HS03- and/or SO/- are the main compounds in solution 

and that these compounds behave differently at the electrode surface. Detection limits 

ranging from 4.0 ± 0.1 x 10-5 to 7.5 ± 0.1 x 10-5 mol dm-3 depending on pH were 
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observed. Similar results were obtained when cobalt(II) tetrasulfophthalocaynine was 

employed for S02 catalysis under the same experimental conditions. 

Cysteine and histidine determination using oxidation currents was performed on 

glassy carbon electrodes modified with [CoTm-3,4-tppa]4+ (represented as [CoTm-

3,4-tppa]4+-GCE) in pH 7 Tris buffer The detection limit of 1.0 x 10-5 mol dm-3 for 

cysteine and 2.24 x 10-7 mol dm-3 for histidine were obtained. 

Cyanide can be detected down to 1 x 10-11 mol dm-3 using [CoTm-3,4-tppa]4+-GCE in 

pH 10.8 buffer 

Cyanide and S02 coordinate to the [CoTSPct species. The coordination is 

accompanied by oxidation of the central Co(II) metal, forming a [CoIllCoTSPct 

species. The rate constants for cyanide coordination to the [CoIITSPct complex are 

larger than those reported for the coordination of cyanide to FePc and RuPc 

complexes in non-aqueous media. 

Autoreduction of [CoIITmtppaj"+ occurred in the presence of either histidine or 

cysteine, with the formation of metal reduced species, [CoITmtppa( -2)]3+ Nitric oxide 

and nitrite coordinate to the [CoIITmtppa]4+ species, without auto-reduction of this 

species, which was observed for cysteine or histidine. The use of rCoIITSPc]4 resulted 

in improved rate of interaction with nitrite when compared to the [CoIITmtppaj"+ 

species. 
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Introduction 

1.1. Metallophthalocyanines 

1.1.1. History of metallophtha\ocyanines 

During a large-scale preparation of phthalimide from phthalic anhydride at the 

Grangemouth plant of Scottish dyes in 1928, 1 a glass-lined vessel cracked, and the 

outer steel casing was exposed to the reaction. As a result, a blue impurity was formed 

in the phthalimide. The structural elucidation of the blue pigment resulted in the name 

phthalocyanine (phthalo from its precursor phthalic acid derivative, and cyanine from 

the Greek word for blue). The phthalocyanine (Pc) molecule is an 18 7l-electron 

aromatic macrocycle, which is similar in structure to the naturally occurring 

porphyrins, Fig. !.!. The Pc dianion (Pc(-2)) can be metallated. Metallation generally 

maintains the planarity of the molecule and increases the symmetry from D2h of the 

non-metallated Pc (H2PC) to D4h of metallophtha1cyanine (MPc). For metals that do 

not fit into the inside of the ring, symmetry drops to C4v. The complex discovered by 

Scottish dyes was an iron phthalocyanine (FePc) derivative. l 

Fig. 1.1 

oq
~ ~ _¢:oN 

~ : ~ '-':: 
I N-lIiI-N 

:::::-... : -- h 
I N 

N '? -N 

(a) (b) 

Molecular structures of (a) metalloporphyrin and (b) 

metallophthalocyanine. 
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1.1.2. General synthesis of metallophthalocyanines 

Heating a mixture of metal (or metal salt) and phthalonitrile (1), or phthalic 

anhydride (2) or 1,3-diiminoisoindoline (3) or o-cyanobenzamide (4) results in 

synthesis of MPc (5), Scheme 1.12 In the case of 4 as the starting material anhydrous 

conditions should be employed. The cleanest complexes can be obtained by using 1 in 

the synthesis. In industry the more cost effective starting material 2 is employed. 

((eN I . + Metal 
~ eN 

1 

0 

~o + Metal N~t -------... 
2 0 C<N¢:o -;:? : ----= '-'::: I N-M-N 

NH ~ : ~ h 

~NH + Metal salt • JSN 
. ~!J 3 NH 

5 
0 

cf"H' / 
:::,... eN + Metal salt 

4 

Scheme 1.1 Synthetic route for MPc. 

Unsubstituted Pcs are highly insoluble in aqueous solutions. Substituents are 

introduced to the Pc ring to change their electrochemical properties and to improve 

solubility. Scheme 1.2 shows the introduction of sulfonic groups at the Pc ring, 
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fonning metallotetrasulfophthalocyanine ([MTSPct ) (7) which is water-soluble. 

Tetrasulfophthalocyanine may be produced from 4-sulfophthalic acid (6),3 Scheme 

1.2. 

NaSa, 

SO; 

n
~ C02H + Metal Salt 

~ COH 
2 

'O'S«~ ~ _»N ,;? ,-:'-':: -_. I N-M-N 
~ : ----:: ~ 

I N SO' N ~ -N ' 

6 

SO; 
7 

Scheme 1.2 Synthetic route for metallotetrasulfophthalocyanine, [MTSPct 
from sulfophthalic acid. 

1.1.3. General synthesis of porphyrazines 

Benzene rings which are part of the Pc molecule can be replaced by pyridines 

? 
fonning pyridino compounds, referred to as pyridinoporphyrazines, Scheme 1.3.-

Metallo-2,3-tetrapyridinoporphyrazine ([M-2,3-tppa)) (9) is prepared from 2,3-

pyridinedicarboxylic acid (8) in the presence of urea, a metal salt and ammonium 

molybdate as catalyst, Scheme 1.3. The methyl groups are placed on the pyridine 

nitro gens, by refluxing 9 in N,N-dimethylformamide (DMF) and dimethyl sUlphate to 

produce metal-2,3-tetramethyitetrapyridinoporphyrazine ([MTm-2,3-tppa t +) (10) , 

Scheme 1.3 2 ,4 
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(XN I C02H + Metal Salt 

~ COH 
2 

.. 

8 

10 

Scheme 1.3 Synthetic route for metaIl0-2,3-pyridinoporphyrazine, and its 
methylated derivative. 

In addition, 3,4- substituted porphyrazine complexes can be prepared. 3,4-

tetrapyridinoporphyrazine ([3,4-tppaJ) is prepared from 3,4-pyridinedicarboxylic acid, 

and methylated to form metal-3,4-tetramethyltetrapyridinoporphyrazine (MTm-3 ,4-

tppa t +) . The procedure is similar to that followed in the synthesis of 1 O. 
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In an alternative method, the tetrapyridinoporphyrazines can also be prepared 

from dicyanopyridine and metal acetates .5 

1.1.4. Spectra of metallophtha\ocyanines, metalloporphyrazines and porphyrins 

The ultra violet/visible (UVlVis) absorption spectra of metallophthalocyanine 

or porphyrin show two bands that originate from the electronic transitions shown in 

Fig. 1.2. These bands are named Q and B bands, Fig. 1.3. The highest occupied 

molecular orbital (HOMO) of the MPc ring are the al u (7t) and azu (7t). The lowest 

unoccupied molecular orbital (LUMO) is the eg (7t*), Fig. 1.2. 

The Pc absorption spectrum shows a very intense Q band, Fig. 1.3 (a), while 

the porphyrin shows a weak Q band and a very intense B (or Soret) band, Fig. 1.3 (b). 

These may be explained as follows: The first two allowed transitions or bands, 7t --7 

7t* (Q and B) arise from al u and azu to ego In MPcs al u lies well above azu, while in 

porphyrins azu lies above al u. These energy levels are close together in energy, 

resulting in extensive configuration interaction. Thus in porphyrins, the Q band is 

very weak compared to the B band, whereas in Pcs the Q band is very strong6 

6 



Pc 

Q 81 

Fig. 1.2 

(a) 

B 

300 

Introduction 

Porphyrin 

eg eg 

bZu bZu 

b1u b1u 

eg LU MO eg LU MO 

8 Z Q 8 (Sorel) 

a1u HOMO aZu HOMO 

a1u 

eg 

aZu 

bZu eg 

bZu 
aZu aZu 

Electronic transitions for Pcs and porphyrins showing the origin 
in the first two 1t - 1t' transitions6 

Q 

800 

<U 
, u 

I § 
, ,1:>. 
' ... 
' 0 
I '" 1 ,1:>. 

:< ) 

300 

f\ B (b) 

Q 

800 

Wavelength/nrn Wavelength/nrn 

Fig. 1.3 A typical absorption spectrum of (a) Pc and (b) porphyrin in 
solution. 

The distinction between spectra of different peripherally substi tuted Pcs is not 

as pronounced as for the porphyrins because Q-band in MPc complexes is an allowed 
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transition which does not depend on intensity-gaining mechanisms that are required 

by Q-band in porphyrins6 

MPc complexes dissolve 1TI strongly coordinating solvents like pyridine, 

concentrated HCI and aromatic solvents. Coordination of solvent molecules to the 

central metal promotes Pc solubility. Solubility also differs greatly with coordinated 

central metal ion. Non-coordinating solvents, e.g. dichloromethane, provide a 

consistent environment to compare the spectra of various ligands and metals because 

the solvent itself does not affect the UV Nis spectra. 

If the metal in the MPc has d orbitals which lie in the HOMO-LUMO gap, 

there is a possibility of electron transfer from the occupied metal d orbital to the 

unfilled orbital of the ring, resulting in metal to ligand charge transfer (MLCT), Fig. 

1.4. An electron transfer can also take place from the occupied ring orbital to the 

unfilled d orbital, resulting in ligand to metal charge transfer (LMCT), Fig. 1.4. 

Fig. 1.4 

-----------------------b1 u 

--.----.----.-------.---eg(LUMO) 

MLCT 
---------------r------ ----dz2 (al g) 

B2 Q , 
------- -----n-----------· d(eg) 
- -----------r'------------

" ~ : ' a1u(HOMO) , 
----+---------~'--_+:--------a2u 

LMCT : 
--~------------~------b2u 

Energy level diagram in a typical metallophthalocyanine, 
showing the origin of various LMCT, MLCT, Q and B-bands.6 

= Ring energy levels and ---- = central metal ion energy levels 
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The sharp spectral Q bands in the visible region for the MPc complexes and 

strong Soret or B bands for the metalloporphyrin complexes, make them sensitive 

spectrophotometric reagents for the detection of analytes. 

As explained above, tetrapyridinoporphyrazines are phthalocyanine 

derivatives in which the outer benzene ring has been replaced by pyridines. The 

NN'N''N'''tetramethylated quartenized forms of tetrapyridinoporphyrazines 

([Tmtppa]4j are positively charged and are water-soluble. 

Results from electron spin resonance (ESR) spectra indicate that the electronic 

environments within the phthalocyanine nng system and the 

tetrapyridinoporphyrazine macrocycle are comparable4 In solution, five and SIX 

coordinate cobaJt(II) complexes do exist. 

Unquartenised tetrapyridinoporphyrazine complexes are relatively insoluble in 

most organic solvents. Solubility may be enhanced by gently warming in pyridine 

under nitrogen] The aqueous solution of [Co llTmtppa]4+ is stable in acidic to neutral 

pH values but shows signs of decomposition in slightly alkaline solution4 

The quartenized tetrapyridinoporphyrazines exist as mixtures of four possible 

constitutional isomers.5 The spectra of [M"Tmtppat+ (M = Zn" and Cu") complexes 

have been described in terms of their DMF insoluble (split Q band) and DMF soluble 

(single Q band) fractions due to the presence of mixtures of isomers. 

1.1.5. Electrochemistry of metallophthalocyanines and metalloporphyrazines 

1.1.5.1. Metallophthalocyanines 

The redox potentials of MPc complexes depend on the following factors: the 

central metal ion, the nature of the supporting electrolyte, the solvent and axial 

ligands. 7
•
8 Organic solvents such as DMF or dimethylsulfoxide (DMSO) are often 
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employed for electrochemical studies, owing to the insolubility of unsubstituted MPcs 

in water. 

A typical cyclic voltammogram of metallophthalocyanine in solution is 

characterised by multiple and often reversible redox processes located on the metal 

centre and/or the phthalocyanine ring. Ring reduction entails addition of electrons to 

the LUMO eg(1t') of the ring where a maximum of four electrons can be added. Ring 

oxidation is the removal of electrons from the HOMO al u(71). A maximum of two 

electrons can be removed, Fig. 1.5. The standard oxidation state of the ring is Pc(-2), 

and the ring can be oxidised singly or doubly as follows: (Pc(-2) -7 Pc(-) -7 Pc(O». 

The ring can also be reduced four times in the following sequence: Pc(-2) -7 Pc(-3) 

-7 Pc(-4) -7 Pc(-5) -7 Pc(-6). Metallophthalocyanines containing electroactive 

central metal can be oxidised or reduced at the central metal, e.g. FeIllPc(-2) -7 

FeIlPc(-2) ---> Fe1Pc(-2), with potentials located between the first ring oxidation and 

first ring reduction. The oxidation or reduction pathways can usually be characterised 

by spectroelectrochemical methods. The UV Nis spectrum of the metal oxidised or 

reduced species is characterised by a shift in the Q band, without much change in 

intensity. The spectra of ring-oxidised species are characterised by loss in the 

intensity of the Q band, and the formation of weak bands near 700 and 800 nm, as 

well as a broad band near 500 nm9 For singly ring-reduced species, the loss in 

intensity of the Q band is accompanied by two weak bands between 500 and 600 nm9 

10 



Introduction 

Blu(n*) 
eg(n*) 

n 

Q B Q B Q B 

alu(n) "" nn n 

a2u(n) 
nn nn no 

eg(n) 00 00 00 00 00 00 

neutral ring reduced ring oxidized 
MPc(-2) MPc(-3) MPc(-1 ) 

Fig. 1.5 A simplified energy level diagram for oxidised and reduced 
MPc species. 

In this work, FePc and CoPe complexes are employed as catalysts, hence a 

brief discussion on their electrochemistry follows. 

In FePc and CoPe, the central metal can exist in +1, +2 and +3 oxidation 

states. Ring oxidation may occur after the metal as MIl has been oxidised to Mill, and 

ring reductions after the metal has been reduced to MI 

Iron(II) Phthalocyanine normally displays four reversible couples in the range 

+ 1.00 to - 2.00 V.1O Fell ligates to donor solvents to form six-coordinate species, 

(S)2Fellpc( -2), where (S) is the solvent molecule. Oxidation of Fellpc( -2) to [Felllpc(-

2)t occurs in the range - 0.15 to + 0.69 V depending on the solvent and counterionw 

The FelWII potential shifts to more negative values with the type of the counter ion as 

follows: C104- < B( < cr < OR". 10 

Through formation of (PY)2FeIlPc(-2), pyridine (Py) stabilises FellPc(-2) to 

such a degree that the oxidation product [PY)2FelllPc(-2)t is unstable in pyridine. The 

FelWII couple shifts positively with the nature of the solvent as follows: dimethylamine 

(DMA) = DMF < DMSO < Py. 10 Ring oxidation occurs following metal oxidation to 

The first reduction process in FeliPe is the formation of [Fe1Pc(-2)r species. 

The reduction for this couple also shows solvent dependence, shifting negatively with 
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potential as follows: DMA < DMSO < Py. The first reduction is however almost 

independent of the type of counter anion. Five coordinate Felpc species are observed 

in pyridine. lo In donor solvents such as DMA, both six and five coordinate Fel species 

do exist, with the six coordinate complex being oxidised at more negative potentials 

than the five coordinate complex. 13 

The second reduction process occurs at the Pc ring forming [Felpc( -3)t 

species, showing little dependence on solvent or anion. A further reduction occurs at 

'" 0.6 V more negative ofthe second reduction potential, to form [(S)Fe1Pc(-4)]3-lO 

In strong coordinating solvents, metal oxidation in ColIpc complexes occurs 

before ring oxidations. In dichloromethane, C01WII couple is shifted to high potentials 

and is not observed. Studies on varying the donor capacity of the solvent on the 

COlli/COli potential have shown that the potential shifts to more negative potentials 

from DMSO to pyridine. This is the reverse of the sequence observed for the 

oxidation of Fellpc, as it is the higher oxidation state, COlli that is stabilised by the 

strong donor solvents rather than the lower oxidation state in FeIlPc. IO 

1.1.5.2. Metalloporphyrazines 

Aqueous solutions of COli, CUll or Nill complexes of [CoIlTm-2,3 -tppat+ gave 

two polarographic waves. One wave with Ev, = - 0.55 V vs. saturated calomel 

electrode (SCE), and the larger wave at -1.20 V. The wave at - 0.55 V corresponds to 

a one-electron reduction process and the latter wave to a four-electron reduction.4 

Solution electrochemistry of [CoIlTm-3,4-lppa] 4+ in pH 4 phosphate buffer in 

the range + 0.5 to - 0.6 V vs. SCE showed two reduction couples, at + 0.25 and - 0.44 

V vs. SCE respectively, assigned to metal and ring reductions, respectively.l l 
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Cyclic voltammetry and spectroelectrochemistry of [MTmtppat+ (with M = 

Pd and Pt) have been reported. 12 Two reduction peaks were observed. The first 

reduction peak was assigned to one electron transfer to the ring and formation of 

mono anion species. The second reduction with a number of electrons greater than 3, 

was assigned to reduction ofmethylpyridinium substituents. 

1.1.5.3. Electrochemistry of Pcs and porphyrin ion pair dimer complexes 

Phthalocyanines and porphyrins form ion pair dimers which have been 

reported to be face-to-face and held together by Coulomb interactions. I ] The ion pair 

dimers are formed when oppositely charged molecules associate. It is possible to have 

ion pairs between positively charged porphyrazines with negatively charged 

phthalocyanines and also between these IOns with porphyrins. 

Spectroelectrochemistry has been used to characterize redox products of the ion pairs 

and to establish reversibility. Cyclic voltammetry (CY) of the meso heterodimers 

formed from (meso-tetrakis(1-methyl-4-pyridinium) porphyrinato) manganese(IlI) 

(MnlllTMPyp) and (meso-tetrakis( 4-sulfonatophenyl) porphyrinato) manganese(IU) 

(MnlllTPPS) showed two reversible two-electron redox waves which corresponded to 

the MnllVll and MnlY/1Il couples in each complex. The redox potentials were close to 

those of the individual MnlllTMPyP.ll UVNis monitoring of the titrations indicated 

quantitative trimerization at concentrations > 10-5 mol dm-J 14 Metallophthalocyanines 

bearing charged, peripheral substituents have been shown to associate with each other 

and with metalloporphyrins containing oppositely charged substituentsll,14 From 

Job's plots, the analysis revealed that the aggregates may contain 1:1 14
,15 or 1:214 ratio 

of phthalocyanine to phthalocyanine or phthalocyanine to porphyrin. The 

complexation is accompanied by significant spectral changes (in the near ultraviolet 

and visible region) of the individual components. The interaction can be explained as 

13 
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an attraction between peripheral substituents of opposite charge and a hydrophobic 

interaction between the macrocycle cores. The aggregation may be disrupted by 

electrolytes. 15,16 

The [MTSPct :[MTmtppa]4+ Ion pam are employed m this work as 

electrocatalysts. 

1.1.6. Applications of metallophthalocyanines 

Metallophthalocyanine complexes have found extensive applications due to 

their physical and chemical stability17 The compounds also serve as electrochromic 

materials17 The uses ofMPcs include their commercial applications in photocopying, 

I .. 1819 · fi' 19 d 120 d I' . I aser pnntmg,' m ormatIOn storage, 0 our remova, an non- mear optIc a 

applications,19 Metallophthalocyanines are readily available and are not expensive. 

The possibility of phthalocyanines finding use in artificial solar energy devices and as 

photosensitizers in photodynamic therapy of cancer (PDT)17,21 has been discussed. 

Chlorinated aluminium disulfo phthalocyanine ([CIAl lllpc(S03ht) and the silicon 

phthalocyanine ([(L)SiPc]), where (L) is the ligand molecule, have been explored for 

use in PDT. 

P h I d I 172022 fi I' f 'd Many M cs ave been emp oye as cata ysts " or ana YSIS 0 a WI e 

variety of molecules. In this work MPc and [MTmtppat+ are employed as 

electrocatalysts for analysis ofS02, CN", N02" and amino acids. 
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1.2. Review of electrochemical methods 

Cyclic voltammetry, square-wave voltammetry and bulk electrolysis were 

employed in this work. 

1.2.1. Cyclic voltammetry (CV) 

In CV the potential is scanned from an initial value, Ei, to another value, Er 

and back to the initial value. A plot of current versus potential is shown in Fig. 1.6. 

Assuming that only an oxidised species (0), is initially present, scanning the potential 

from a region where no reduction occurs to more negative potentials results in the 

increase in cathodic current due to reduction of 0 (equation 1.1). 

O+ne ...... R (Ll) 

As a consequence, the concentration of 0 drops in the vicinity of the electrode 

surface. As the surface concentration of 0 approaches zero, the cathodic peak current 

(ipe) corresponding to the cathodic peak potential (Epe) is observed. The current then 

decays because of the increase in the thickness of the diffusion layer. The potential is 

switched to positive direction at Er and oxidation of the reduced species (R) (back to 

0) occurs in the vicinity of the electrode. Oxidation is characterized by appearance of 

anodic current, which will increase until R is sufficiently depleted from the region 

near the electrode, the anodic current will result in a peak, (ipa) at the anodic peak 

potential (Epa), and then decrease. CV is thus able to generate species in the forward 

scan and monitor their reaction products in the reverse scan?6 
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Er 

Ei 1 
;;;, 

ipa I 
Epa 

Potential/m V 

Fig. 1.6 A typical CV curve for a reversible couple. 

There are three ways of mass transport of the species towards the electrode: 

migration, diffusion and convection. Diffusion is the spontaneous movement resulting 

from a concentration gradient. This gradient is induced by occurrence of the reaction 

in equation 1.1. In convection, transport to the electrode is by physical movement, for 

example, stirring. Migration involves movement due to difference in charge. An 

electrolyte is added to minimize migration, since migration disturbs the shapes of the 

voltammetric wave drastically. For electroanalytical purposes diffusion controlled 

reactions are favoured. 2l Electrochemical reactions are defined as reversible, 

irreversible or quasi-reversible. 
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Reversible systems 

In an electrochemically reversible couple, Fig 1.6, both the oxidised and the 

reduced species easily exchange electrons with the working electrode. For cyclic 

voltammetry the peak current for a reversible reaction at 298 K is given by Randles-

Sevcik equation, equation 1.2. 

(1.2) 

where ip is the peak current in rnA 

v is the scan rate in V sec-I 

A is the area of the electrode in cm2 

n is the number of electrons transferred 

c is the concentration of the species to be oxidised or reduced in the bulk 
solution in mol dm-3 

D is the diffusion coefficient in cm2 sec-I. 

As shown in equation 1.2, current is proportional to the concentration and to the 

square root of the scan rate. A plot of ipa or ipc versus yll2 is linear for diffusion 

controlled reactions and D can be determined from the slope (or from the plot of ip vs. 

c if the concentration is known)26 The values of the reverse-to-forward peak current, 

ipa and ipc, are similar in magnitude for reversible systems, and have no kinetic 

complications, equation 1.3. 

(1.3) 

Equation 1.3 is only true if the reverse current is corrected for the decay of the 

forward current. The formal potential (EO) corrected for the used reference electrode 

is centered between Epa and Epc and corresponds to the value where i = o. For 

17 
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reversible systems, the formal potential IS equal to the half-wave potential (Ey, ), 

equation 1.4. 

(1.4) 

where Epa is the anodic peak potential 

Ep< is the cathodic peak potential. 

The separation between the peak potentials (t.Ep) is given by equation 1.524
,26 

AE -E E - 2.3RT 
Ll p- ra - pc- nF (1.5) 

At 298 K, equation 1.5 becomes equation 1.6. 

AE -E E - 0.059 Ll p - pa - pc - -----rr-- (1.6) 

where n, Epa and Ep< are defined above. 

R is gas constant 

T is temperature in Kelvin. 

The O.059/n separation depends slightly on switching potential and cycle number but 

does not depend on scan rate. The peak separation can be used to predict the number 

of electrons transferred, as well as the Nernstian or reversible behaviour. As an 

example, a one-electron process will exhibit t.Ep of approximately 59 m V for a 

reversible system. 

Irreversible and quasi-reversible systems 

For irreversible systems, return peaks generally do not exist. When a return 

peak does exist, it is reduced in size and the cathodic and anodic peaks are widely 

18 
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separated26 A system that is irreversible is characterized by a shift of the peak 

potential with scan rate, where the peak potential is determined as in equation l. 7. 

Ep= EO' - !.1 [0.78 _In(ko/D1I2) + In(anFvIRT)1I2) (1.7) 

where a is the transfer coefficient 

kO is the standard rate constant 

All other symbols are described above. 

Ep thus occurs at potentials higher than EO', with the overpotential being related to kO 

and a 26 For irreversible systems, at 298 K, the peak potential and half-wave potential 

differ by (48/an) mY. The voltammogram becomes more drawn out as an decreases. 

Often there is no return peak. The peak current is given by equation 1.8. 

ip = (2.99 x 1 OS)n( an )112 AcD1I2 V l /2 (1.8) 

All symbols are described above. 

The current is still proportional to the concentration of the bulk solution, but generally 

lower in height.26 

For a quasi-reversible system, with 10-1> kO > 10-5 cm S-I, both charge transfer 

and mass transport control the current. Generally, the CV for a quasi-reversible 

system is more drawn out and accompanied by a larger peak separation in comparison 

with a reversible system. ip is not proportional to square root of scan rate.26 

1.2.2. Square-wave voltammetry (SWV) 

This is a large-amplitude differential technique. Here a waveform that consists 

of a symmetrical square wave, which is superimposed on a base staircase potential, is 

applied to the working electrode. The square-wave is composed of two cycles, the 

forward and the reverse pulse; the current is sampled at the end of each cycle. The 
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difference between the two values is plotted against the base staircase potential. The 

charging current is discriminated by recording the difference resulting in high 

sensitivity in SWV. The resulting peak-shaped voltanunograrn is proportional to the 

concentration26 Effective scan rate is given by f6.Es. Where f is the square-wave 

frequency in Hz, and 6.Es is the step height in volts.26 

1.2.3. Bulk electrolysis 

Assuming that only the oxidised species is initially present in solution, the 

potential is set at a value sufficiently negative to cause rapid reduction, and is kept at 

this value until only the reduced species is present in solution. The total charge, Q, is 

related to the number of moles of oxidised species initially present in the solution by 

Faraday's law, equation 1.9. 

Q=nFVc . (1.9) 

where V is volume in dm-) 

F is Faraday constant 

Constants are as described above, see also the list of symbols. 

In bulk electrolysis (BE) the working electrode (WE) must have a large 

surface area to increase the rate of electrolysis (e.g. Pt gauze, reticulated vitreous 

carbon or mercury pool). Pt gauze may be employed as a counter electrode (CE). The 

solution is also stirred to enhance the rate of mass transport to and away from the 

working electrode. A two-compartment cell, Fig. 1.7, is normally employed, it 

separates the WE from the CE so that there is no interference between the CE electro­

generated species and the WE reaction of interest. 2) 
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CE WE RE 

Fig. 1.7 A typical bulk electrolysis cell . 

During BE experiment the current is integrated to obtain the charge. When the 

current has dropped to a residual level, 100% electrolysis is achieved. A 100% current 

efficiency implies that only one process is occurring at an electrode. Considering the 

result of electrolysis over a period of time, t, the fraction of the total number of 

coulombs involved in the process gives the overall current efficiency.25 

1.2.4. Spectroelectrochemistry 

Coupling of electrochemistry with spectroscopic techniques is termed 

spectroelectrochemistry. Optically transparent thin layer electrochemical (OTTLE) 

cells are usually employed for spectroelectrochemistry. 

In spectroelectrochemistry a potential is applied to the optically transparent 

electrode, and the electrochemical consumption of species and/or formation of 

product is followed continuously by, for example, UVNis spectrophotometry26 The 

key factor in performing spectroelectrochemical experiments is the use of optically 

transparent electrodes (OTEs), which enable light to pass through their surface and 

the adjacent solution. An aTE consists of metal (e.g. silver) micromesh containing 

small holes (10 - 30 flm), which possess good optical transmission (over 50%) and 

good electrical conductivity. This minigrid is sandwiched between two transparent 
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disks or slides, fonning a thin layer cell. The thickness of the thin layer of solution is 

less than 200 f'm . In order to pass the optical beam through the transparent electrode, 

the OTE is placed in a spectrophotometer. Complete electrolysis takes place in a few 

seconds. Thin layer spectroelectrochemistry can be used to measure n (number of 

electrons involved) using equation 1.9 described above. 

1.2.5. Electrochemical cell 

1.2.5.1 . Solvents and supporting electrolytes 

Electrochemical experiments are carried out III a solvent containing a 

supporting electrolyte. The function of the supporting electrolyte is to decrease the 

resistance of the solution, to eliminate migration effects and to maintain a constant 

ionic strength. Electrolytes, which should not be easily oxidised or reduced, are 

prepared from highly purified reagents. Electrolyte concentration should be much 

higher than that of the electroactive species. 

Nitrate, NaOH and buffers are often employed as electrolytes in aqueous 

media. The solvent of choice is the one in which the analyte of interest is soluble, 

does not react with the analyte and does not undergo an electrochemical reaction at 

the electrode surface over a wide range of potentials. Water has been used extensively 

as a solvent. Dried and purified acetonitrile,26 DMS026 and DMF26 are often 

employed in organic media26 

1.2.5.2. Macro- and micro-electrodes 

Three electrodes are used in voltammetric cells. These consist of the working 

electrode, where the reaction of interest occurs, the reference electrode to establish the 

desired potential at the working electrode, and the counter electrode, an inert 
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conducting material (e.g. Pt or graphite rod) used to carry current and complete the 

circuit. A one-compartment cell is often used. Fig. 1.8 shows an example of a typical 

cell used for cyclic voltammetry and square wave voltanunetry. 

WE RE CE 

Electrolyte 

Fig. loS A typical voltanunetry cell. 

Popular working electrodes include mercury and solid electrodes such as 

carbon, platinum and gold. Electrodes with a large surface area (> 4.5 cm2
) may be 

referred to as macroelectrodes. The other types of electrodes are those with a smaller 

surface area, less than 4.5 cml, referred to as microelectrodes. Finally, electrodes with 

surfaces less than 3 x 10-6 cm2 are termed ultra-microelectrodes. 

Glassy carbon electrodes (GCE) employed in this work, are carefully prepared 

under a controlled-heating program of a premodeled polymeric (phenol­

formaldehyde) resin body in an inert environment.l6 In order to ensure the removal of 

oxygen, nitrogen and hydrogen, the carbonized process proceed very slowly over the 

temperature range 573 - 1473 K. The structure of GCE consists of thin, tangled 

ribbons of cross-linked graphite sheets26 Surface pretreatment is very important and 

determines the electrochemical properties of GCE.26 Electrochemical, chemical, heat 

and laser treatment are described in literaturen Removal of surface contaminants, 
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exposure of fresh carbon edges and an increase in the concentration of redox surface 

functionalities result in improved electron-transfer kinetics of GCE26 However, 

electron-transfer rates observed at GCE are slower than those observed at metal 

electrodes, hence electrode modification becomes necessary26 

1.2.5.3. Ultra microelectrodes 

Their smaller dimensions result in analytical advantages such as exploration of 

microscopic domains, measurement of local concentration profiles, and detection in 

microflow systems and analysis of very small (micro litre) sample volumes. Some of 

the recent developments in ultra microelctrodes include time resolved probing of 

processes in single cells and in-vivo monitoring of neurochemical events. 

Because of low capacitive current, it is possible to work in highly resistive 

solutions. The decrease in ohmic distortions allows electrochemical measurements to 

be made in unique environments, not possible with macro and micro dimensioned 

electrodes.26 These media include frozen acetonitrile, low temperature glass, gas 

phase, supercritical carbon dioxide, ionic ally conductive polymers, oil based 

lubricants and electrolyte free organic solvents. 

The total diffusion-limited current is composed of the planar flux and radial 

flux diffusion components,26 equation 1.10. 

i tot:.1 = iplnnnr + iradial (1.10) 

The general expression for the radial component in equation 1.10 is given by equation 

1.11, for disc, spherical and hemispherical geometries. 

icadi,l = arnFDc (1.11) 

where a is a function of the electrode geometry, 

(a = 4, 4n and 2n for discs, spherical and hemispheres respectively) 
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r is the electrode radius 

Other symbols are defined above. 

The extent to which the planar or radial component dominates depends on the relative 

dimensions of the electrode and the diffusion layer, given by Dtlro 2, where t is the 

electrolysis time, and ro is the smallest dimension of the electrode26 Planar diffusion 

is dominant at small values of Dtlr02 resulting in a peak-shaped behaviour. For large 

(> 1) values ofDtlr/ (i.e. diffusion layer thickness larger than the electrode size), the 

current approaches steady state, and sigmoidal voltammograms are observed2 6 Hence, 

depending on the time scale of the experiment (i.e. the scan rate), the same electrode 

may exhibit peak-shaped or sigmoidal voltammogram.26 

1.3. Electrocatalysis 

1.3.1. General considerations 

Electrocatalysis may be represented by equations 1.12 and 1.13. 

where A = analyte 

P = product 

O+ne -- R 

R+A~P+O 

o = oxidized species 

R = reduced species. 

Other symbols are described above. 

(1.12) 

(1.13) 

The active form of the catalyst is generated by equation 1.12, and then reacts 

with the analyte as in equation 1. 13. In cases where the chemical reaction is fast, and 

all R is converted to 0 by equation 1.13, there will be no return peak/6 Fig. 1.9. 
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. (b) MPc + e" ~ MPc" 
,/ 

MPc" + analyte ~ MPc + products 

I \., 

\ \ ~ (a) MPc + e" ~ MPc· 

\. 
\ 
\ .... 

..~ .•... 

MPc" ~ MPc + e" 

Poten tial/rn V 

Fig. 1.9 A diagram showing a typical electrocatalytic behaviour on MPc 
modified electrode in (a) absence and (b) presence of analyte. In (b) 
the diffusion-shaped irrerversible wave would be observed if the 
catalysis is fast and the MPc is a thin layer on the electrode. 

The amount of catalyst detennines the extent of its catalytic activity28 When 

comparing the cyclic voltammogram of catalyst in electrolyte alone, Fig. 1.9 (a) and 

in the presence of analyte, Fig. 1.9 (b), the peak currents are increased in the presence 

of analyte, and the return peaks are absent or very small. Both the increased peak 

currents and absence of a return peak in the presence of the analyte indicate a catalytic 

process. A lowering in overpotential is also important in electrocatalysis. 
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An electron transfer process can also be investigated by coupling CV with 

coulometry, UVNis spectroscopy (spectroelectrochemistry) and infrared 

spectroscopy. 

1.3.2. Phthalocyanines as electrocatalysts 

MPc complexes are well known catalysts for many reactions. II. 

21~9.30.31.32.33.34.35.36.37 .3 8.39,40.96 Table 1.1 shows some of the molecules whose oxidation 

and/or reduction has been electrocatalysed using MPc complexes. MPcs catalyse the 

oxidation and/or reduction of a variety of molecules ranging from pollutants such as 

chlorophenols4o to neurotransmitters such as dopamine. 37 Some of the electrodes 

employed in these electrocatalytic reactions are highly oriented pyrolytic graphite 

(HOPG), conductive carbon cement (CCC) matrix and screen-printed carbon 

electrode (SPCE). The following phthalocyanines have also been employed as 

catalysts: tetraaminophthalocyanine (T APc), octabutoxyphthalocyanine (ObuPc) and 

crown ether phthalocyanine (CRPc). The catalytic activity of MPc complexes can be 

described by defmite parameters such as chemical structure, chemical and physical 

properties. 

Table 1.1 Catalytic activity of MPc modified electrodes 

MPc Electrode Analyte Reference 

Oxidation 

[CoTSPc]4+ Graphite 2-Mercaptoethanol 22 

[CoTSPct+, CoPc Graphite Gluthathione 22 

CoTAPc, CuTAPc Glassy carbon Glucose 31 

CoTAPc Glassy carbon, HOPG Sulphide 32 
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Table 1.1 (cont.) 
CoTAPc Glassy carbon 2-Mercaptoethanol 32 

[CoTm-3,4-tppat+ Graphite Hydrazine, 41 
Hydroxylamine 

[CoTm-3,4-tppa]4+ HOPG Sulphide 11 

[CoTm-3,4-tppat+ Carbon fiber Ascorbic acid 42 

CoPe CCC matrix Penicillamine 33 

CoPe SPCE HS, methanethiol 34 

CoPe, CoOBuPc Glassy carbon Ortho-, meta-, para- 38 
cresol 

FeliPe, [FeTSPct Carbon paste Dopamine, serotonine 37 

CoPe Glass carbon Phenol, chlorophenol, 40 
cresol 

CoPe Glassy carbon NO' 36 

[CoTSPct Glassy carbon NO' 39 

Reduction 

CoPe SPCE Dimethyldisulphide 34 

Zn ll COli Fel -, HOPG O2 29 

[Cll6Pc( -2)] 

CuPc, FePc, NiPc, GCE Nitrite, nitrate 97 
CoPe 
CoPe Glassy carbon NO 22 

[COTSPC]4-, 
[FeTSPct, FePc 

Polypyrrole matrix O2 22 

CoPe Carbon CO2 30 

CoCRPc, FeCRPc HOPG 02, H20 2 35 

[CoTm-3,4-tppat+ Graphite CO2 43 

. 
= reactions in which both oxidation and reduction have been performed. 

28 



Introduction 

In eletrocatalysis the analyte is either oxidised or reduced, and the 

electrocatalytic current is detected. The mechanism that has been proposed44 for CoPc 

electrocatalysed oxidation of species in acid media (e.g. cysteine) is given by 

equations 1.14 to 1.16. 

CoIlPc(-2) -+ [CoIllPc(-2)( + e- (1.14) 

[CoIIIPc(-2)( + RSH -+ ColIPc(-2) + RS' + H+ (1.15) 

2RS' -+ RSSR (1.16) 

where RSH = cysteine and RSSR = cystine. In most cases the axial ligand 

coordination of the analyte to the metal centre occurs as an intermediate step. 

The ColIIpc species generated during the first step catalyses the oxidation, and 

the catalyst is regenerated by the second step. A similar mechanism may be proposed 

by reactions catalysed by FePc species. The proposed mechanism for oxidations 

catalysed by ring-oxidised MPc species is shown by equations 1.17 to 1.19.45 

MPc(-2) -+ [MPc(-l)( + e-

2[MPc(-1)( -+ ([MPc(-1)]J2 

([MPc(-l)(h + 2RSH -+ 2MPc(-2) + RSSR + 2H+ 

1.3.3_ Metalloporpbyrazines as electro catalysts 

(1.17) 

(1.18) 

(1.19) 

Electrochemically deposited [Co"Tm-3,4-tppat+ bas been used III 

determination of sulphide ion, Table 1.1. II Graphite electrode modified with [CoTm-

3,4-tppat+ has been found to display electrocatalytic activity towards hydrazine and 

hydroxylamine oxidation through four-electron and two-electron reactions, 

respectively, Table 1.141 A graphite disc electrode coated with [Co"Tm-3,4-tppa14
+ 

and protected by Nafion® film has also been used in electro catalytic reduction of CO2, 

Table 1.1.43 [Co"Tm-3,4-tppat+-coated carbon fiber microelectrode has been 
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employed in ascorbic acid detection, Table 1.1.42 Ascorbic acid chemically reduces 

[Co"Tm-3 ,4-tppat+ according to the equation 1.20. 

The resultant [ColTmtppajJ+ IS oxidised back by means of the electrode reaction 

described by equation 1.21 42 

[CoIITmtppa]4+ + e-~ [Co!Tmtppa]3+ 

1.3.4. Modification of electrodes 

1.3.4.1. General considerations 

(1.21) 

Electrocatalysis may either be homogeneous or heterogeneous. For 

homogeneous catalysis, both the catalyst and the analyte are in solution. For 

heterogeneous catalysis, the catalyst is in the solid form, either absorbed onto the 

electrode (forming a chemically modified electrode) or forming part of the 

constituents of the electrode (e.g. in carbon paste electrodes). Chemically modified 

electrodes are employed in this work and a discussion on electrode modification 

follows. 

Redox reactions are often slow on unmodified electrodes. To catalyse such 

reactions a suitable electron mediator is attached on the electrode surface. The 

mediator, which can also be a catalyst, (e.g, a metalloporphyrin (MP) and its related 

compounds) functions by facilitating the charge transfer between the analyte and the 

electrode. The mediation process between the mediator (M) and the analyte (A) may 

be represented by equations 1.22 and 1.23. 

Mox + ne- -) Mr •• 

Mr •• + A., -) M., + A". 

(1.22) 

(1.23) 
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M"d = reduced form of mediator 

A.x = oxidised form of analyte 

A"d = reduced form of analyte. 

Introduction 

The electron transfer occurs between the electrode and the mediator, not directly 

between the electrode and the analyte. The catalyst or the mediator is 

electrochemically regenerated. The potential is lowered to the formal potential of the 

mediator and there is an increase in current density. This can result in better 

sensitivity and selectivity. 

In reversible and irreversible systems, the surface concentration of the 

adsorbed species, referred to as surface coverage (n, can be estimated from equation 

1.24. 

Q=nFAr 

where Q is the charge under the voltammetric peak 

r is the surface coverage 

All the other symbols are described above. 

(1.24) 

These modified electrodes are used in electrocatalysis. In this thesis, carbon 

electrodes modified with MPcs and [MTmtppa]4+ have been used for analysis of S02, 

eN·, N02·, histidine and cysteine. 

1.3.4.2. Methods of electrode modification 

Drop dry method 

Here a drop of a solution containing the catalyst is placed on the electrode 

surface and left to dry. A layer of the species gets adsorbed onto the electrode surface, 

and acts as a mediator. 
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Electrochemical deposition 

This refers to a repetitive scanning of potential in a particular direction to 

produce an active monolayer on the electrode surface, due to the oxidised or reduced 

species being less soluble than the starting species, and getting adsorbed onto the 

electrode surface. 

Electrochemical polymerization 

A solution containing the monomer is oxidised or reduced to the activated 

species that form a polymer film on the electrode surface. Normally the CY of the 

first scan is different from that of the subsequent scans, since a different MPc 

(polymer) is formed on the electrode.46 

Chemisorption 

This can be described as an adsorptive interaction between the catalyst and an 

electrode surface by sharing of electron density.47 Porphyrins have been used to 

modify electrodes by this approach, and sharing of the 1t-electron density between the 

porphyrin and the electrode. During chemisorption, the catalyst and the electrode 

must be in direct contact. The highest achievable coverage is a monolayer. The 

shortcomings of chemisorption are: a coverage limitation, irreversibility and slow 

leaching of the catalyst or chemisorbed molecules into the analyte solution.47 

"Self-assembled" monolayer (SAM) 

This is a modification of chemisorption. Here thiols, sulfides and disulfides act 

as chemisorption agents for gold derivatisation. For example, equation 1.25 shows 

chemisorption reaction between gold and an alkyl thiol (R-SH). 
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- Au + R-SH ~ - Au - S - R + Y,Hz 
I I 

(1.25) 

Au represents gold atoms at the electrode surface. R is the alkyl substituent. The 

reaction proceeds by immersing the electrode into a dilute solution of the thio1 48 

Interest in this approach is growing because the R groups can be varied and the 

resulting monolayer films on metal surfaces are densely packed and highly ordered47 

Drop dry method and electrochemical deposition have been employed to 

modify electrodes in this thesis. 

1.4. Analytes studied in this work 

The 1992 World Health Organisation (WHO) survey of air quality over 20 

megacities (e.g. New York, Mexico City, Tokyo, etc) showed that urban air pollution 

is a major environmental health problem deserving high priority for action. 

Comparison of the concentrations of major air pollutants (S02, N02, 0 3, CO, Pb and 

high-suspended particulate matter) was made with respect to existing WHO 

guidelines. The resu1ts showed that while several megacities still continued to have 

serious S02 and lead pollution problems, the levels of these pollutants have been 

decreasing in many of the megacities. S02 emissions have decreased over the last 30 

years in industrialized countries of Europe and North America.70 

In 1988 a directive was issued by the European Union and the USA requiring 

S02 reductions by 70% by the year 2003 (with reference to 1980 emissions). WHO 

air quality guidelines for maximum emissions of S02 stiputates 3.50 x JO-'I g m·3 in 

air. For cyanide containing effluents, the regulatory agencies have set point-source 

emission limits of the order of I parts per million (ppm), based on aquatic toxicity 
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tests . For the meat industry, regulations allow 200 ppm of nitrite in meat.85 Allowable 

nitrite in potable water is 4 x 10'6 mol dm,349 

The pollutant analytes studied in this work are cyanide, sulphur dioxide and 

nitrite, A brief discussion on these analytes is given below. In addition, studies are 

performed on some amino acids (cysteine and histidine). These are also discussed. 

1.4.1. Cyanide 

1.4.1.1. Sources, general properties and applications 

Cyanide is released into the environment by many processes and applications. 

The Andrussaw process in which ammonia, methane and air are reacted over platinum 

catalyst under high temperature to produce hydrogen cyanide, equation 1.26,50 results 

in some of the product entering the environment. 

1100·C / Pt 

HCN+3HzO (1.26) 

This is the main process for HCN production used worldwide. 

In an industrial application, alkaline solutions of cyanide have been employed 

in gold extraction in the process called leaching. Gold is electrochemically oxidised 

during leaching and dissolves to form the Au(I) cyanide complex, Au(CN)z', in 

aqueous, alkaline cyanide solution. Although Au(III) cyanide complex is also formed, 

it is less stable than Au(!) complex. Cyanide is released from Au(CN)2' as follows, 

equation 1.27. 

Au(CNh' + e ~ Au + 2CN- (1.27) 

Cyanide is used in the leaching process because of its relatively low cost and great 

effectiveness for gold dissolution55 Cyanide from the effluents in the above process 

eventually finds its way into the environment. 
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Cyanide is used in electroplating50 and case hardening. Case hardening refers 

to surface treatments applied to metals which result in production of hard, wear-

resistant outer layers (case) around the core allowing the metal inside to retain its 

original properties. Cyanoethylates are important textile products. so Other cyanide 

compounds are used in pigments and photographic industries. For example, potassium 

ferricyanide (KJ[Fe(CN)6]) is used in photography, blueprints and pigment 

manufacture50 

Cyanide containing molecules find use as precursors or reactants in the 

production of diverse items (e.g. paper bags and pharmaceuticals). The following 

materials may release cyanide when burnt: wool, silk, horsehair, tobacco, 

polyurethane, polyacrylonitrile and other N-containing synthetic materials5 0 Large 

quantities of hydrogen cyanide are used for the production of resin monomers. These 

include acrylates, methacrylates and hexamethylenediamine. For example, the 

synthesis of methacrylate is based on the reaction of acetone with HCN to form 

acetone cyanohydrin (as an intermediate which is then stabilised with H2S04). The 

addition of methanol results in the formation of methacrylate, equation 1.28. 

(OH) 
(CHJ)2C=O + HCN • (CH3hC(OH)CN 

H 2S04 • (CH3C(=CH2)C(=O)NH3 l(HS04-) 

CH30.s. CH3C(=CH2)COOCH3 + NH4HS04 (1.28) 

Some cyanide containing molecules find use as chelating agents, forming heterocyclic 

coordination compounds with metals 5 0 Cyanato side chain is incorporated in 

synthetic analogues of pyrethrum alkaloids used as pesticides 5 0 These pesticides have 

found utility in crop protection. The major synthetic amino acid, methionine, is made 

from carbon fragments based on propylene, methanol and cyanide 50 

HCN is used in the production oflactic acid as shown in equation 1.295 0 
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Lactic acid is used as a food acidifier and dough emulsifier. It is also used in 

antiperspirants, leather tanning and floor polishes. 

Cyanogenic glucosides found in plants release HCN following ingestion of 

these plants by humans. Sources of cyanogenic glycosides are bitter almonds, the pit 

of stone fruit such as cherry, peach and apricot, sorghum, vetch, lima beans, southern 

mock orange, apple seeds, cabbage and mustard. Particularly toxic are the young 

leaves of eastern wild cherry. Cyanogens are materials more complex than simple 

cyanides, they liberate free cyanides under appropriate chemical and/or physiological 

conditions. Cyanogenic glycosides in apricots have anti-cancer properties. Cassava, 

which is a tuberous plant and dietary staple in the tropics, contains cyanogenic 

gl ycoside5o 

Mild cyanide poisoning may result in dizziness, nausea, vomiting and fainting. 

Long term toxic effects resulting from diet containing cyanide are goitre, ataxic 

neuropathy and cretinism51 Deaths from acute cyanide poisoning are compatible with 

blood cyanide concentrations of 1.0 - 2.0 X 10
0

) g dm
o
) and above. 52 

An immediate measure following cyanide ingestion is administration of basic 

ferrous sulphate solution52 Antidotes of cyanide poisoning include: cystine, cysteine, 

gluthathione, histidine, pyruvates, cobalamins,5) ·glucose, hydroxylamine and 

chlorpromazine. 54 Activated charcoal reduces absorption of swallowed cyanideso 

Detoxification of cyanide containing waste can be achieved by oxidising 

cyanide with oxidants, such as chlorine or Hz0 2, to produce the less toxic cyanate 

(CNO").55.56 Photocatalytic oxidation of free cyanide ions in aqueous TiOz 

suspensions irradiated by sunlight has also been reported57 Cyanide photo-oxidation 
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has been found to be affected by the presence of H20 2 showing no dependence on the 

initial amount of cyanide present nor the amount of the catalyst. 

1.4.1.2. Detection methods 

Spectroscopic methods 

UVlVis spectrophotometry has been used for cyanide determination. 58
,59 The 

procedures utilise the reaction between cyanide and chloramine-T. Cyanide is 

converted to cyanogen chloride with chloramine-T solution. Cyanogen chloride is 

then reacted with a mixture of pyridine containing 0.1 % bis(pyrazolone) and 1-

phenyl-3-methyl-5-pyrazolone, to form a dye which is stable for at least 30 minutes at 

298 K. Many salts tested in the stud/8
,59 (e.g. borates, sulphates, etc) did not interfere 

with. The reaction between cyanide and chloramine-T does not depend on pH of the 

solution over the pH range 4.7 to 9.1. Cyanide concentration in the range 9.5 x 10-5 to 

2.6 X 10-4 and 2.6 x 10-4 to 3.6 X 10-4 g dm -J in alkaline and acidic media, 

respectively,59 was obtained in these studies. 

Electrochemical methods 

Determination of cyanide by cathodic stripping voltainmetry with both 

differential pulse voltammetry (DPV) and SWV modes at rotating silver electrode has 

been reported.60 In these studies, sulphide facilitated deposition, with reproducible 

cyanide peaks observed at - 0.38 V vs. SCE. Detection limits of 0.35 x 10-6 and 1.2 x 

10-6 mol dm-l for cyanide were obtained for DPV and SWV, respectively. 

Electrooxidation of cyanide ions on cobalt oxide (deposited on Ti substrate by thermal 

decomposition) electrode has also been reported 61 The oxidation product was found 

to be cyanate, equation 1.30. 

(1.30) 
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This electrochemical oxidation of cyanide shows slow kinetics. Highly corrosion 

resistant electrodes such as Pb02 or cobalt oxide are generally employed. 

There have been reports on the determination of cyanide using normal pulse 

voltammetry62 and polarography6l,64 For normal pulse voltammetry, the potential for 

cyanide oxidation was observed at 0.226 V vs. silverlsilver chloride (AgIAgCl), and 

the detection limit was 1.2 x 10-7 mol dm-l62 Polarographic determinations of cyanide 

were performed in the presence of sulphide6l,64 The polarographic wave of cyanide 

was observed at - 0.26 V vs. SCE.6l The detection limit of cyanide ion was 1.25 x IO-l 

g dm-l6l Sulphide and thiosulphate concentrations higher than 5 x 10-4 mol dm-l 

interfered with cyanide determination. Cyanide determinations were also performed in 

plant samples6l Basic media (e.g. pH 10.8) was employed, since hydroxide ion 

interferes with cyanide determination at pH values higher than 10.8. The detection 

limit of cyanide was 5 x 10-6 mol dm-l64 

1.4.1.3. Interaction of MPcs with cyanide 

The B band of zinc phthalocyanine in DMSO shows a single peak located at 

345 nm. On addition of cyanide this band splits in tw065 Addition of various ligands 

to iron(II) phthalocyanines have also shown a complex spectrum in the high energy 

region, with the bands being split and well separated when cyanide was the ligand. 

Splitting in high-energy bands was also observed on addition of CN- to COPC 65 

The kinetics and equilibria for the reaction between cyanide and FePc 161 or 

iron(II) hexadecachlorophthalocyanine ((Cl)16PcFe)66 in DMSO have been reported. 

Kinetic studies on Fellpc and ruthenium phthalocyanine (RuPc) complexes have 

shown that the axial coordination of cyanide occurs in a stepwise manner, with the 

coordination of the first cyanide occurring much faster than that of the second66,67 
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Low rate constants were observed. For example, the values of the rate for the forward 

reaction (kr) for the coordination of cyanide to FePc were 17.5 dm) mor l 
S-I and 0.2 

dm) mor l 
S-I for the ligation of first and second cyanide, respectivelyl61 The 

equilibrium constants for cyanide coordination to FelIpc complex were 3.0 x 10) and 

5.7 x 102 dm) mor l for the first and second cyanide, respectivelyl61 

Interaction between porphyrins and cyanide has also been investigated. For 

example, the shift in the Band Q bands was observed on addition of cyanide to 

RhlllTPPS68 The whole physiological pH range (5 - 9) was covered in order to 

determine the potential for this species as a cyanide-scavenging drug. The specific 

rate constant of 5.0 dm) mor l 
S-I was obtained68 

1.4.1.4. Electrocatalysis of cyanide using MPc complexes 

Co(III) tetra(3-methoxy-4-hydroxylphenyl) (CoIllTMHP) porphyrin69 

(C0 111TMHPP) porphyrin bound to the Pt electrode through a sol-gel network was 

used for cyanide detection. The peak for (CoIllTMHPP) on Pt electrode in pH 10 

buffer was observed from - 0.05 to - 0.1 V vs. AglAgCl in the absence of cyanide.69 

Increased currents and more defined peaks were observed in the presence of oxygen 

(and absence of cyanide), indicating oxygen catalysis. However, when cyanide was 

added to the solution, the reductive peak of CO
IWII disappeared, since the cyanide 

coordinated to the COli active centre. It was concluded that the catalytic sites were 

occupied and oxygen reduction was inhibited. In these studies,69 when the 

electrochemical system had reached the steady state, cyanide was injected and the 

catalytic currents decreased rapidly. The percentage of inhibition was then calculated 

for different KCN concentrations. The response was linear for cyanide concentrations 

in the range of 10-8 mol dm-), the detection limit was within the range of 0.7 to 2 .1 x 
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10.8 mol dm'] This pOisomng effect can be used for highly sensitive cyanide 

detection69 

Aims of the project 

No studies on the interaction between MPcs and cyanide in aqueous media 

have been reported. One of the aims of this thesis is to study the interactions of 

cyanide with MPcs in aqueous media, as a step towards the development of cyanide 

antidotes and spectroscopic methods of cyanide determination. Electrochemical 

methods based on the use of [CoTmtppat+ as catalyst were employed in this thesis 

for analysis of CN' with the aim of improving sensitivity. 

1.4.2. Sulphur dioxide 

1.4.2.1. Sources. properties and applications 

The sources of S02 are classified as stationary, mobile and natural. Stationary 

sources of S02 are power stations, and other industries (e.g. sulphuric acid 

manufacturing plant and petroleum refineries). Mobile sources are emissions from 

motor vehicles, airplanes and ships. Natural sources include volcanoes. The sulphur 

that is present in coal (0.2 - 7%) and oil (0.3 - 4%) is oxidised to S02 during 

combustion. The simplified reaction is shown by equation 1.31. 

(1.31) 

As a result of burning coal, S02 is released with the smoke. The combination of S02, 

smoke, and fog produces smog, often referred to as sulphurous smog. The typical S02 

concentration found in flue gases of coal-fired power stations are 1500 parts per 

million by volume (ppmv). As a result of treatment, natural gas has negligible sulphur 

content. Wood also has a very small content of sulphur. 70 
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The health effects of SOz include immediate coughing, eye irritation, throat 

irritation, reversible bronchial constriction as well as the decline in lung function of 

children, aggravated bronchitis and increased mortality70 

SOz is a contributor to acid rain. In the atmosphere, oxidation of SOz by 

hydroxyl radicals to sulphuric acid occurs, and the sulphuric acid is readily absorbed 

by rain. SOz may alternatively dissolve in cloud droplets to form dissolved SOz.HzO, 

bisulphite (HSO)") and sUlphite (Sot) ions according to equations 1.32 to 1.3470 

S02 + H 20 -- S02.H20 

SOz.H20 ....... HSO)- + H+ 

HSO)- ....- 80/- + H+ 

(1.32) 

(1.33) 

(1.34) 

At pH values typical of rainwater (3 - 6), dissolved SOz exists predominantly as 

bisulphite ion,70 which can be oxidised to sUlphate (SO/-) in cloud droplets by 

dissolved hydrogen peroxide and ozone. S02 oxidation by Oz in cloud droplets may 

occur in polluted air, catalysed by trace metals such as iron and manganese, with the 

reaction rate increasing with pH.7o 

The harmful effects of acid rain include lake and river acidification, leading to 

the mobilization of soluble aluminium, which in association with low pH has initiated 

fish deaths. Acceleration of corrosion of limestone and iron is another consequence of 

acid rain. This leads to the damaging of important historical monuments and other 

building structures; adverse effect on plant growth, leading to forest decline and crop 

damage.7o 

J.4.2.2. Detection methods 

In a routine SOz source emission control, SOz has been absorbed into a reagent 

solution, followed by subsequent chemical analysis. When the reagent solution is 
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hydrogen peroxide, S02 is oxidised to sulphate and the acidity (i .e. the amount of 

sulphate) can be determined by titration with a standard alkaline solution. The 

chemical analysis has a shortcoming in that alkaline substances such as NH3 will 

neutralize acidity and give a negative response, while any atmospheric component, 

which dissolves to give a strong acid, will produce a positive response. In an 

alternative method, sulphate ion is analysed from the solution using ion 

chromatography, after S02 is absorbed into H20 2 solution. This method shows high 

selectivity70 Alternatively, following S02 adsorption into a reagent solution, (a) 

reaction with barium chloroanilate can be performed, with subsequent colorimetric 

analysis at 530 nm or (b) sulphate ion can be determined by flow injection analysis/i 

and sulphate ions in the range 0.08 to 10.00 x 10-3 g dm·l may be analysed. 

Spectroscopic methods 

The technique mostly used for continuous analysis of S02 gas at air quality 

monitoring stations is UV fluorescence spectroscopy70 Measurements of sulphur 

dioxide and other sulphur compounds can be performed using flame photometric 

detection. In this technique, both inorganic and organic sulphur compounds may be 

detected. The reason being that these substances form S2 species in the flame zone, 

which is responsible for the observed emission. The advantages of the flame 

photometric sensor include: low detection limit (0.005 ppm), linear response in 

ambient air concentration range, fast response and a gas flow system (no liquid 

reagents) .72 

S02may also be dissolved into potassium tetrachloromercurate solution, 

followed by spectrophotometric analysis. 7o 
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Electrochemical methods 

A sulphur dioxide analyser that consists of 2.0 mol dro-l H2S04 electrolyte, a 

gold sensing electrode and a lead dioxide counter-electrode has been reported.72 The 

analyser is simple, compact, and cheap and can be employed in large monitoring 

networks for measurements in extended periods (e.g. 24 hours). A gold rod equipped 

with microporous Teflon membrane was used as an amperometric sensor for 

atmospheric S0273 Various electrolyte solutions were employed including H2S04 and 

HCI04 in DMSO . Sensitivity was 45 nA ppm-I, and detection limit was 500 parts per 

billion (Ppb) of S02. The electrochemical window for sensitive and selective S02 

determination using this sensor is limited to potentials less positive than + 1.6 V, as 

above this potential oxygen evolution interferes with the analysis. The 

voltammograms for electrooxidation of S02 exhibit broad peaks corresponding to 

equation 1.35.73 

(1.35) 

These broad peaks are typical for S02 oxidation on gold and smooth platinum 

electrodes in aqueous SUlphuric acid solutions. 

Many electrochemical techniques for monitoring S02 have been described, 

such as polarography74 and differential pulse polarography (DPp).75 

The use of improved electrochemical sensor based on Au-solid polymer 

electrolyte sensing electrode in direct contact with the gases in the atmosphere has 

been reported76 S02 oxidation took place in the potential range + 0.15 to + 0.6 V vs. 

HgjHg2S04 . The latter potential corresponds to formation of gold oxide on the 

electrode surface. S02.H20 (aq) is the electro active species in acidic media, equation 

1.32. In basic media SO/· is formed, equation 1.36. 

S02 (g) + H 20 ~ SO/- (aq) + 2H+ (1.36) 
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sot (aq) ions are thus the predominant electro active species under basic 

electrolyte conditions. SOJ2. (aq) species undergo oxidation at potentials higher than 

for S02.H20 (aq). The oxidation is not a pure electron transfer process. On Au and Pt 

electrodes it is an enhancement of Au or Pt oxide peaks. Amperometric sensors 

therefore encounter a major problem in lack of sensitivity towards electroactive 

species. The presence of CO, NO and N02 were reported not to interfere with S02 

measurements. The transport of O2 was found to be the limiting stage in S02 

oxidation. The detection limit of S02 was I ppb76 

1.4.2.3. Interaction ofMPcs with sulphur dioxide 

Photoassisted electron transfer between S02 and tin(IV) phthalocyanine 

(L2)(SnPC) has been reported.77 As the reaction proceeded, the Q band for (L2)(SnPC) 

(located at 696 nm) decreased in intensity and two new weaker bands were formed at 

585 and 616 nmn The spectral changes were typical of ring reductions in MPc 

complexes.78 The reaction that was first order in both SnPc and S02, was also found 

to involve a one-electron reduction of SnPc to anion radical species.77 

Photochemically induced electron transfer between S02 and tin(IV) di­

phthalocyanines has also been reported.79 Photolysis of tin diphthalocyanine (Pc2SnrY) 

in dichloromethane containing S02 resulted in one-electron oxidation of these species 

to [Pc(-2)SnrYPc(-I)t. 

The interaction of iron(II) tetraphenyl porphyrin (FellTPP) with S02 resulted 

in three different sulfato complexes of (porphinato) iron(III) being isolated: binuclear 

species; [Fe(TPP)]zS04, a mononuclear bisulfate complex; [Fe(TPP)(OSOJH)] and a 

mononuclear sulfate containing derivative80 
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1.4.2.4. Electrocatalysis of sulphur dioxide using MPc complexes 

The electrochemical oxidation of S02 on carbon gas diffusion electrodes 

modified with cobalt phthalocyanine has been reported81 The aim, which was to 

resolve the problem for the complete oxidation of S02 on gas diffusion electrodes 

when using S02 gas in mixtures, was achieved with mixtures of air containing up to 

20% by volume S02. There have been some reports on the effect of pyrolysis 

temperature on the catalytic activity of cobalt phthalocyanine for the oxidation of S02 

by 0 2
82 The catalytic oxidation of S02 to sulphuric acid was proposed. 

S02 exists mainly as HSO) - in the pH range 3 - 670 The reduction of HSO) - to 

H2S on iron porphyrin modified electrodes has been reported.B
) The peak potential for 

HSO)- reduction was observed at - 0.64 V vs. SCE8) 

Aims ofthe project 

There is no literature on the kinetics and equilibria of the interactions of S02 

with MPcs, hence, one of the aims of this thesis is to study the interactions of S02 

with MPc complexes. This will be a step toward the development of spectroscopic 

methods of S02 detection. In this thesis, [FeIlTSPc]4+and [CoIlTSPct+ are examined 

for their ability to lower the potential and improve sensitivity in the electrocatalytic 

determination of S02. 

1.4.3. Nitrite 

1.4.3.1. Sources, properties and applications 

Nitrites find use as fertilizers in agriculture and as medicinal agents. For 

example, amyl nitrite is used to dilate coronary vessels and to reduce blood pressure. 

Some meat products are treated with potassium and sodium nitrite. The 

importance of NaNOz and KN02 salt additives to the cured meat products are that the 
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cations provide the meat with salty and bitter tastes, anti-microbial action (important 

for long storage), colour fixation, preservation effect and indirect beneficial effect on 

flavour. 84 These industrial meat products include spiced ham, vienna sausages, 

frankfurters, bologna and smoked salmon85 

In addition, sodium nitrite, sodium nitrate and hydroxide are present in high 

concentrations in low-level nuclear waste, and contribute to environmental release 

hazards. The electrochemical reduction of these materials to gaseous products has 

been studied in a synthetic waste mixture.86 

High concentrations of N02' can have adverse effects such as respiratory 

disease. N02- can also affect the immune system unfavourably. Nitrite produces 

carcinogenic nitrosamines. Nitrate reduction to nitrite by bacteria takes place under 

acidic conditions in human infant stomach (PH 5 - 7). Nitrite can oxidise 

haemoglobin ironcrD to iron(IID resulting in methaemoglobin, which has a lower 

affinity for oxygen than haemoglobin. The subsequent decrease of oxygen in an 

infant's body may cause diarrhoea, vomiting and possibly death. The condition is 

referred to as methaemoglobinaemia. Occasionally, a blue colour around affected 

infant's mouth has been ob&erved, the condition thus also being referred to as blue 

baby syndrome87 

1.4.3.2. Detection methods 

Spectroscopic and chromatographic methods 

Ultra-trace analysis of nitrite in food samples by flow injection with 

spectrophotometry detection has been reported88 Analytical parameters such as 

acidity, reagent concentration, flow rate, sample size, time, temperature and 

interfering ions were studied. The flow injection analysis (FIA) method is based on 
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catalytic effect of nitrite on oxidation of gallocyanine (a dye) by bromate in sUlphuric 

acid. A decrease in absorbance of gallocyanine at 530 run is used in monitoring N02" 

concentration. 

Enzymic method for the determination of nitrite in meat and fish products has 

been reported. 89 In this spectrophotometric method, nitrite is measured enzymically 

through its reaction with nitrite reductase. The absorbance was monitored at 340 run, 

and the calibration curves were linear in the range 0.1 to 10 x 10-6 g dm")89 

MacCarthy and co-workers have described many methods for nitrite analysis 

in natural water.90 Nitrate can easily be reduced to nitrite and nitrite oxidised to 

nitrate. Therefore, simultaneous determination of the two becomes important. 

Simultaneous determination of NO)" and N02" in seawater using UV detection ion 

chromatography has been reported90 The detection limit for nitrite was found to be 8 

x 10"6 g dm") 90 In another method, which determines NO)" and N02" simultaneously, 

an azo dye has been added, with nitrite determined by spectrophotometry90 

Chemiluminiscence has also been used to detect NO)" and N02", the analytes are 

reduced to NO in acidic medium with Vlll
.
90 UVNis absorption spectroscopy has 

been used for direct determination of N02", using the absorption band at 355 run.90 

Spectroscopic determination of nitrate and nitrite in water and some fruit samples 

using column preconcentration has been reported9 1 In this method, nitrite is 

diazotised with sulphanilamide, sulphamethizole or sulphadimidine; using absorbance 

measurements, the detection limits were found to be 1.4 x 10"6 g dm"), 1.2 x 10"6 g dm" 

' or 1.0 x 10-6 g dro"' respectively. Interferences from various metal ions or alkali metal 

salts (e.g. N a2CO), C02
+ etc) were observed, but no interference from nitrate was 

observed9 1 
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Determination of nitrite in meat samples has been reported.84
.
85 Nitrite is 

diazotised with N-(I -naphthyl)-ethylenediamine dichloride to form a highly coloured 

dye, the absorbance of which is employed in the analysis. Detection limit of 1.1 x 10-3 

g dm-3 for sodium nitrite was obtained85 The strongest vibration band for nitrite is 

observed at 1271.5 cm- l in infra-red spectrometry and can be used for its detection. 

Ion chromatography has been used to detect N02- in the presence of large 

amounts ofCr.9o 

Due to complex sample manipulation, slow analysis, toxicity of utilised 

products (carcinogenic intermediates such as nitrosamines) and difficulty of 

application to remote environmental determinations, the spectroscopic and 

spectrophotometric methods discussed above are not convenient. 92 

Electrochemical methods 

It is necessary to transform nitrite and nitrate to nitrogen and ammoma In 

order to prevent these ions from entering ground waters. It is also necessary to 

establish conditions that maximise the current efficiency for the production of 

ammonia and/or nitrogen gas from the electrochemical reduction of nitrate and nitrite. 

Studies on the electrochemical reduction of these species in both the simulated and 

actual radioactive waste solutions have been conducted86
•
93 The products of 

electrochemical reduction of nitrate and nitrite depend on the conditions of the 

reduction such as electrode material, pH, coexisting ions and cell design. Products 

that have been observed for the electrochemical reduction of nitrite include ammonia, 

nitrogen, hydroxylamine and nitrous oxide86
•
93

,95.97 With a proper choice of electrode 

material and applied potential, some selectivity in the products of the electrochemical 

reduction of nitrites may be achieved. 
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Catalytic polarography has been used to determine NOz- in water at the ppm 

leveL90 It was proposed that [Fe(SCN)NOt is formed in a sample that contains 

ammonium ferrous sulphate, thiocyanate and nitrite in the presence of sodium 

perchlorate as a supporting electrolyte.9o Single-sweep cathodic polarography was 

used in nitrite determination where a detection limit of 0.004 x 10-3 g of NOz- dm-3 

was obtained9o 

By a very simple technique, linear sweep voltarnmetry (LSY), vitreous 

carbon94 or carbon fibre and gold ultramicroelectrodes92 have been used successfully 

for electrochemical determinations of nitrite in pure and natural waters92 In these 

studies the peak for nitrite oxidation was observed at 0.85 y 92 or 1.0 y 94 vs . SCE 

where the detection limit was 2.60 x 10-6 mol dm-3,92 and 5 x 10-5 mol dm-3
,94 

respectively. It was observed that neither nitrate nor dissolved oxygen interfered in 

the nitrite determination using LSY making the technique one of the simplest 

possible. 

Detection limits for nitrite analysis can be improved by the use of more 

sensitive electrochemical methods such as differential pulse techniques92 

N02- reduction on Ag cathodes is accompanied by H2 evolution. On Cu 

cathodes, N03 - and nitrite reduction occur at the same potential regions and show 

similar voltarnmetric profiles. The dominant product of nitrite reduction was NH3. On 

the other hand nitrate may be reduced to nitrite at - 1.1 Y vs. SCE and to ammonia 

with high yields at - 1.4 V vs. SCE9 5 

FlA coupled to electrochemical detection has been used to detect nitrite in 

residual water. 96 Determination of nitrite using this method was based on the reaction 

of nitrite with iodide in acidic media, the iodine formed being detected 

biamperometrically at two Pt electrodes polarised with a potential difference of 0.1 Y. 
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Equations (1.37) to (1.39) below97 show that nitrite can be reduced 

electrochemically to hydroxyl ions, nitrogen, ammonia and hydroxylamine. Specific 

reduction products obtained depend on electrode surface, media/pH and reduction 

potential. For example, in basic media, copper electrodes yield ammonia as the main 

product of nitrite reduction. 

N02' + 2H20 + 3e' -7 Y,N 2 + 40H' 

N02' + SH20 + 6e' -7 NH3 + 70H­

N02' + 4HlO + 4e' -7 NHlOH + SOH-

O.23V vs. AglAgCI (1.37) 

-O.36V vs. AglAgCI (1.38) 

-O.65V vs. AglAgCI (1.39) 

Of all the products of nitrite reduction, anunonia and hydrazine become useful 

as important industrial raw materials. Hydrazine is a strong reducing agent in alkaline 

media, being oxidised to nitrogen, hence the equation for hydrazine production is not 

given above. 

1.4.3.3. Interaction ofMPcs with nitrite 

A study on the interaction between [CoIlTSPct with nitrite in the presence of 

NO)' and Cl04' in water has been reported98 The rate of the forward reaction, kr, was 

found to be 1.6 x 10-4 dm) mor l 
S'I and the rate of the reverse reaction, kr, was 2.9 x 

10'6 S-I in the presence ofnitrate98 In the presence ofCl04-, the value ofkrwas found 

to be equal to that in the presence of nitrate, with a kr of 4.6 x 10'6 S'I obtained98 

1.4.3.4. Electrocatalysis ofnitrite using MPc 

Nitrite-selective electrode based on electropolymerised cobalt(II) 4,4',4",4"'­

tetraaminophthalocyanine has been reported. 99 Different polymerisation conditions 

and buffers were investigated in order to optimise the response of the electrode. The 
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electrodes were found to be most selective for nitrite. The detection limit was 1.7 x 

A poly(vinyl chloride) membrane electrode based on 2,9,16,23-tetra-tert-

butylphthalocyanine-cobalt has demonstrated excellent selectivity toward the nitrite 

ion. loo The following selectivity sequence was observed on this electrode: nitrite> 

thiocyanate > iodide > perchlorate > bromide > nitrate > chloride. lOo Nitrite 

concentration was linear in the range 10-5 to 0.1 mol dm-)l00 

The electrochemical reduction of nitrite in alkaline solution has been studied 

on glassy carbon electrodes modified with Mn-, Fe-, Co-, Cu- and ZnPc. 97 The MPc 

complexes lowered the overpotential for the reduction of nitrite as follows: CuPc > 

FePc > NiPc > CoPc > MnPc > ZnPc > GCE. The main product of nitrite reduction 

was ammonia.97 

Nitrite reduction by myoglobin in surfactant films has been discussed. 101 

Catalytic nitrite peaks were observed at - 0.895 and - 1.205 V vs. SCE. The catalytic 

peaks shifted to more negative potentials and the currents decreased with increase in 

pH. IOI 

An enzyme sensor has been developed for the detectio~of nitrite.102 The 

enzyme, based on nitrite reductase, displayed a linear signal for nitrite detection in the 

concentration range 0.2 to 3 x 10-) g dm-)101 Electrocatalytic reduction of nitrite on 

iron porphyrin has been reported. 10),104 Electroreduction at - 0.9 V vs. SCE yielded 

ammonia as the main product and dinitrogen as a minor product. 10) Depending upon 

reaction conditions, ammonia, hydroxylamine and N10 can be obtained as products in 

significant amounts. 104 Reduction of nitrite on hemin modified electrode (a 

metalloporphyrin) occurred at - - 0.7 V vs. SCE.105 
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Aims of the project 

There is no literature on the kinetics and equilibria of the interactions of nitrite 

with porphyrazines. The thesis partly aims at studying the interactions between nitrite 

and [CoTmtppat+ as a step towards the development of spectroscopic methods of 

N02' detection. In this thesis MPcs and [MTmtppa]4+ complexes, which are similar to 

porphyrins, are employed as catalysts for the analysis of nitrite and its reduction to 

ammoma. 

1.4.4. Histidine and cysteine 

1.4.4.1. General properties and applications 

(a) cysteine (b) histidine 

Histidine 

L-histidine is an essential amino acid and must be incorporated in the daily 

food intake to be available to the body.106 The food sources that contain histidine are 

dairy, meat, poultry, fish as well as rice, wheat and rye. 

Histidine is a precursor of histamine, 107,108 a compound released by immune 

system cells during an allergic reaction. The body cannot maintain adequate histamine 

levels without adequate L-histidine stores. Histamine is well known for its role in 

stimulating the inflammatory response of skinl09 and mucous membranes such as 

those found in the nose - this action is essential in the protection of these barriers 

during infection. Histamine also stimulates the secretion of the digestive enzyme 
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gastrin. 106 Without adequate histamine production, healthy digestion can become 

impaired. 

Metallothionein formation requires both L-cysteinello (usually derived from 

available glutathione stores) and L-histidine. Toxic metals such as mercury, lead, 

cadmium,l lo as well as excess amounts of the essential minerals zinc and copper 

stimulate the rapid formation of metallothionein inside cells of the brain, liver, and 

kidneys. Metallothionein is a molecule designed to store metals in such a way as to 

prevent uncontrolled oxidation reactions; protecting the normal functioning of the 

cell. 

Histidinemia is an inborn error of the metabolism of histidine due to a 

deficiency of the enzyme histidase, where high levels of histidine are found in the 

blood and urine, manifesting in speech disorders and mental retardation. I I I 

Histidine can be positively charged (at acidic pH) IIO or uncharged (under basic 

conditions)11O depending on its local environrnent. 112 Histidine is often found in the 

active sites of enzymes, where its imidazole ring can readily switch between these 

states to catalyse the making and breaking of bonds 1 
10 

Cysteine 

Cysteine is a sulphur-containing non-essential amino acid.113 Cysteine is found 

in high protein foods such as poultry, wheat, broccoli, eggs as well as garlic, onions 

and red peppers. Cysteine is rarely used as a dietary supplement. N-acetyl cysteine, 

which contains cysteine, is more commonly used as a supplement. 

Cysteine is only incorporated into proteins at the rate of 2.8 percent relative to 

the other amino acids, but the unique thiol side chain of this amino acid is often 

heavily involved in the three-dimensional structure of proteins and enzymes. 109 The 
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side chain is also often involved in the chemistry occurring at the active sites of many 

enzymes. Cysteine is also critical to the metabolism of a number of essential 

biochemicals including coenzyme A, heparin, biotin, lipoic acid, and glutathione. 107 

Cysteine is required in human skin; it assists in skin elasticity and texture. It is I 

found in ~-keratin (the main protein in nails), in skin as well as hair. lOS It is important I 
in collagen production, and is required in the manufacture of the amino acid taurine. 

Cysteine is useful in detoxifying the body from harmful toxins and helps protect the 

brain and liver from damage by alcohol, drugs etc. It has been found that it may help 

in strengthening the protective lining of the stomach as well as intestines, which may 

help prevent damage caused by aspirin and similar drugs. 114 

Cysteine is occasionally converted into glucose and used as a source of 

energy. In addition, cysteine may play an important role in the communication 

between immune system cells. lll 

No direct effects of deficiencies of cysteine have been reported. However, 

according to several studies, blood levels of cysteine and glutathione are low in 

individuals infected with human immunodeficiency virus. I 16 

1.4.4.2. Detection methods 

Spectroscopic, chromatographic and chemical methods 

Identification and quantification of amino acids in proteins have been achieved 

by reversed-phase high performance liquid chromatography.117 The other methods 

employed in amino acid determinations are fluorimetry, ultraviolet absorption and 

infrared spectrophotometry.117 The methods l17 of determination of proteins include: 

Biuret, Coomassie Brilliant (Bradford), silver bonding, turbidimetry methods and 

Kjeldahl analysis. 
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Amino acids are building blocks of proteins. lOS Several methods of protein 

analysis depend on the constituent amino acids. I06 

In Biuret method, cupric ions form a coordination complex with -NH groups 

present in peptide bonds giving an absorption maximum at 540 - 560 run. Despite 

good reproducibility, the method lacks sensitivity and is not suitable for protein assay 

at concentrations less than I x 10') g dm'] 

Coomassie Brilliant Blue is a dye that complexes with proteins to give an 

absorption maximum at 595 run. Immediate signal response is obtained. The detection 

limit of 20 x 10.6 g dm·3 of protein can be obtained. The method is relative, as the 

amount of the dye binding to proteins appears to vary with the content of basic amino 

acid residues in the protein. This makes the choice of a standard difficult. Also, many 

proteins do not dissolve properly in the acidic reaction medium. 

The turbidimetry method lies on the ability of strong or organic acids such as 

trichloroacetic and sulfosalicylic acid that cause proteins to precipitate. 

The amount of the precipitate formed is measured by its light scattering 

intensity (turbidimetry). 

The Kjeldahl analysis is a general chemical method for determining the 

nitrogen content of any compound. The method is reproducible and precise for the 

determination of nitrogen, but the determination of protein content is complicated by 

presence of nitrogen in the contaminants such as deoxyribonucleic acid. 

Electrochemical methods 

Histidine 

In-situ Fourier transform infra-red (FTIR) studies of the electrochemical 

oxidation products of histidine in 0.1 mol dm·3 NaOH have been reported. I IS Histidine 
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was oxidised from + 1.1 V vs. AglAgCI. The major products of prolonged 

electrochemical oxidation of histidine were carbon dioxide, ammonia, formic acid and 

imidazole. 

Cysteine 

Boron-doped diamond (BDD) electrodes were used to examine L-cysteine 

oxidation in alkaline media. 119 Cyclic voltammogams of L-cysteine on BDD and 

glassy carbon electrodes exhibited a well-defined peak (- 0.57 V vs. SCE).119 

1.4.4.3. Interaction ofMPcs and [MTmtppa/+ with cysteine or histidine 

Kinetics of the interaction of [Cd'TSPc t with histidine in pH 7.2 buffer have 

been reported.120 The rate was first order in both [Co"TSPc t and the amino acid, 

with a rate constant of 0.16 dm] mor l S·I obtained for histidine. 120 

CobaJt(II) porphyrins of the general formula CO(P)L2, where P = TMPyP or 

tetrakis( 4-carboxylatophenyl) porphine (TCPP) and L = amino acids have been 

studied in aqueous solution by IH NMR spectroscopy. 121 At pH above 7, 

predominant species are Co(P)(Lh, whereas at lower pH values Co(P)(L)(H20) 

species are also present. In the general case, two amino acid ligands were bound to 

cobalt atom through the NH2 group. In the case of histidine, at pH 7, it was bound to 

cobalt exclusively through the imidazole group, while at higher pH (PH > 10), it was 

bound only through the NH2 group.121 

Kinetics of the interaction of [Co"TSPct with cysteine in pH 7.2 buffer have 

been reported. 120 The rates were first order in both [Co"TSPct and the amino acid, 

with a rate constant of2.2 dm] mor l S·I obtained. 12o 
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Addition of ascorbic acid to aqueous solutions of [CoIITm-2,3-tppa]4+ resulted 

In a colour change from green to purple. ESR spectral results and the 

spectrophotometric titrations conclusively pointed out the COl complex ("-max = 505 

nm) to be the product of this reaction4 Addition of cysteine or 

ethylenediaminetetraacetate (EDT A) to [ZnTm-2,3-tppat+, followed by irradiation, 

resulted in spectra typical of phthalocyamine dianion species5 

Addition of cysteine and histidine to [PdTm-2,3-tppa t + or [PtTm-2,3-tppa t+ 

resulted in a decrease in the Q-band absorption spectrum, and formation of a new 

broad band near 525 nm. The colour of the solution changed from blue to purplish­

blue.12 These spectral changes were assigned to ring reductions and formation of 

monoanion species, [MTmtppa( -3))3+ 

Interactions between [CoIITm-3,4-lppat+ and the analytes nitrite, cysteine and 

histidine are studied in this thesis. 

1.4.4.4. Electracatalysis a/histidine and cysteine using MPcs and [MTmtppa/+ 

To the author's knowledge, there are no reports on histidine electrocatalysis 

employing phthalocyanines, hen'ce this thesis aims at histidine electrocatalytic 

detection employing [CoTmtppat+ as a catalyst. 

Oxidation of cysteine occurs at highly positive potentials on ordinary 

electrodes. Modification of electrodes with MPc lowers the oxidation potential of 

cysteine. The anodic currents of cysteine were observed at 0.82 V vs. AglAgCl in 

acidic media, on GCE modified with [CoIITSPct (denoted as [CoIITSPct-GCE),122 

with the detection limit shown in Table 1.2. Catalytic activity for cysteine oxidation 

was also observed on electrodes modified with CoIIpc, oxomolybdenum(V) 

phthalocyanine ([OMo(V)(OH)Pc]4-) and the copper tetrasulfophthalocyanine, 

([Cu"TSPct)123 Oxidation potentials and detection limits are shown in Table 1.2. 
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Table 1.2 Ep and detection limits for the MPc catalysed oxidation of cysteine. 

MPc Conditions EpfV Detection Reference 
(vs. AgJAgCQ limiUmol dm·3 

OMov(OH)Pc Carbon paste 0.26 _ 10') 124 

[OMovTSPct Solution 0.28 
_ 10.2 124 

[CoTSPct Glassy carbon 0.90 20* 123 

CoPe Carbon paste 0.77 _ 10.7 44 

[CoTSPct Solution 0.77 
_ 10.7 44 

[CoTSPct Glassy carbon 0.82 I x 10.8 122 

CoOBTPc SAMs -0.4 3.1 X 10.7 125 

* = Detection limit in Ilg mL·1 

[OMo v (OH)Pc] incorporated into graphite powder to form a chemically 

modified carbon paste electrode has been used in catalytic oxidation of cysteine. The 

detection limits for cysteine analysis are shown in Table 1.2, and the best detection 

limit was observed on [CollTSPct·GCE. J22 Solution catalysis usmg 

oxomolybdenum(V) tetrasulfophthalocyanine ([OMo v(OH)TSPct), was also 

investigated. Cysteine oxidation occurred at 0.26 and 0.28 V vs. AgJAgCI for catalysis 

by OMo v(OH)Pc and [OMo v(OH)TSPct respectively,124 Table 1.2. There was thus 

a considerable lowering of the overpotential when molybdenum phthalocyanines were 

employed in comparison to when cobalt tetrasulfophthalocyanines was employed, I2J 

Table 1.2. 

Detection of cysteine on SAM of octabutylthiophtha10cyaninatocobalt(II) 

(CoOBTPc) has been reported,125 with a detection limit shown in Table 1.2. 

Electrocatalytic behaviour of differently substituted cobalt phthalocyanines 

towards cysteine oxidation has been investigated. The electro catalytic oxidation was 
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related to COlli/COli in acidic media and to COIl/COl couple in basic media. Both the 

catalytic currents and the oxidation potential for cysteine were pH dependent. 126 

Aim of the thesis 

There are no literature reports on the kinetics and equilibria of the interactions 

of histidine with cobalt porphyrazines. One of the aims of this thesis is to study the 

interactions of histidine with [CoIITmtppat+. This will be an important step towards 

understanding the interactions of porphyrazines with biological systems. Positively 

charged [M"Tmtppa]4+ was employed to lower the potential and improve the 

sensitivity in histidine electrocatalytic detection. 

One of the aims of this thesis is to study the interactions of cysteine with 

[CoIITmtppa]4+. This will be an important step towards understanding the interactions 

of porphyrazines with biological systems. No cysteine electrocatalysis employing 

cobalt porphyrazines has been reported. One of the aims of this thesis is to study 

electrocatalytic detection of cysteine using cobalt porphyrazines. 

1.5. SUMMARY OF AIMS OF THE PROJECT 

The aims are to study: 

(a) interactions between the pollutants (S02, N02', CN') and amino acids (cysteine 

and histidine) with metallophthalocyanines and 

metallotetramethyltetrapyridinoporphyrazines for use In spectroscopic 

determination of these analytes. 

(b) catalytic behaviour ofMllpCS and [MIITmtppat+ towards oxidation and reduction 

of these pollutants and amino acids . 
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CHAPTER 2 

EXPERIMENTAL 
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2.1. Reagents 

Distilled deionised Millipore water was employed for all studies in aqueous 

media. Dimethyl sulfoxide (DMSO) was dried on alumina and dimethylformamide 

(DMF) was freshly distilled. Tetraethylammonium perchlorate (TEAP) was 

recrystallized from ethanol before use as an electrolyte for the electrodeposition of 

cobalt(II) tetrasulfophthalocyanine [CoIlTSPct onto a glassy carbon electrode (GCE) 

from DMF solutions. Dimethyl sulphate was distilled prior to use. 0.01 or 0.1 mol dm-

3 (ionic strength = 0.5 mol dm-3 NaCI04) tris(hydroxymethyl)aminomethane (Tris) 

buffer was employed for buffered solutions, pH 3.2 to 11. NaOH or HCI (0.1 mol 

dm-3
) was used to adjust pH. Phosphate (PH 4 and 7.4) and borate buffers (PH 10.8) 

were also employed. The buffer employed and pH has been stated in the relevant 

section of results. 

Potassium hexacyanoferrate, K3[Fe(CN)6) was purchased from Merck and 

used as received. KCN was purchased from Merck, sulphur dioxide was bought from 

Messer Grieshem, L-histidine and L-cysteine were purchased from Aldrich. Sodium 

nitrite was purchased from BDH. Sodium dithionite, sodium bisulphite and sodium 

sulphite were purchased from Aldrich. Cobalt(II) acetate, ammonium molybdate, 

ammoniun chloride, urea, 3,4-pyridinedicarboxylic acid, 2,3-pyridinedicarboxylic 

acid, nitrobenzene, sodium hydroxide, 4-sulfophthalic acid and silver nitrate were 

purchased from SAARCHEM. N2 was purchased from MESSER Fedgas and dried 

with CaH2. All reagents were of analytical grade. 

2.2. Synthesis of metallophthalocyanine and metalloporphyrazine 
complexes 

Cobalt phthalocyanine (CoP c) was purchased from Aldrich. 
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2.2.1. Synthesis of cobalt(II) tetrapyridinoporphyrazine complexes, Scheme 2.1. 

Cobalt-3,4-tetrapyridinoporphyrazine (Co-3,4-tppa) 

The complex was prepared according to the literature methods.127 Urea (3 .2 g), 

ammonium molybdate (0.126 g) and 3,4-pyridinedicarboxylic acid (1.0 g) were 

ground together until homogeneous. The mixture was stirred in 1,2,4-trichlorobenzene 

(40 cm}) for 1 hour at 429 - 433 K. A ground mixture of cobalt(II) oxalate 

[CO(C204).2H20, l.l g] and urea (2.5 g) was slowly added under nitrogen. The 

temperature was maintained at 478 - 483 K for 3.5 hours. After this time, 1,2,4-

trichlorobenzene was removed by distillation. The crude product was washed with 

benzene (0.1 dm\ crushed and washed successively with ethanol, warm water, warm 

aqueous sodium hydroxide solution (5% w/v), warm water, warm dilute hydrochloric 

acid (2.5% v/v) , warm water and dried at 80°C over P205. Yield = 82%. 

~C02H 

N~C02H 

trichlorobenzene 
+ Co{lI} oxalate ____ --;.~ 

heat, urea, catalyst 

Scheme 2.1 Simplified synthetic route of Co-3,4-tppa. 

Cobalt-2,3-tetrapyridinoporphyrazine (Co-2,3-tppa) 

This complex was also prepared in a procedure similar to that described in the 

preparation of cobalt-3,4-tetrapyridinoporphyrazine, Scheme 2.1, except for 

substitution of 3,4- pyridinedicarboxylic acid by 2,3-pyridinedicarboxylic acid. 127 The 

same quantities of reagents were employed. Yield = 80%. 
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2.2.2. Synthesis of cobalt(II) tetramethyltetrapyridinoporphyrazine complexes 

Cobalt-3,4-tetramethyltetrapyridinoporphyrazine ([CoIlTm-3,4-tppa)4"') 

Quatemization of the (Co-3,4-tppa) from Scheme 2.1 to form cobalt-3,4-

tetramethyltetrapyridinoporphyrazine ([Co IlTm-3,4-tppa)4+) was carried out following 

literature methods. 127 The cobalt-3,4-tetrapyridinoporphyrazine from Scheme 2.1 was 

refluxed in DMF at 393 K, Scheme 2.2. An excess of dimethyl sulphate was added 

dropwise. The mixture was heated with stirring for 30 min. At the end of the reaction, 

excess DMF was removed by distillation. The resultant slurry was poured into 

acetone and the product collected by centrifugation. It was washed with ethanol, 

followed by diethyl ether, and dried at 353 K over phosphorus pentoxide. IR spectra 

(KBr discs, cm,l) 583w, 616m, 757s, 854m, 933m, 1001 vs, 1057m, 1121 vs, 1222vs, 

l304w, 1443m, 1533m, 1643s, 2366w, 3069w, 3415s. UVlVis in water (A.max, nm (log 

E)) 338 (5.1), 440 (4.6), 594 (4.7), 659 (5.0). Elemental analysis results calculated for 

C32H28NI2018S4Co.4H20: C, 35.39; N, 17.00; H, 2.77. Found: C, 34.76; N, 16.09; H, 

2.50%. 

CH
3 

I 

,It 
cq Jij ~+ "" '--.-, '" N - C H 

H C I N-Co-N 3 
3 -N+ h I'-::::.h-

I N 

NoN 
N+ 

,ft, 
~ N~ I "" '--.-, '" N heat 

N--Co-N • 
N h '~h ( CH 30 ) SO, 
IN' 

'-cr 
I 
CH 3 

Scheme 2.2 Sim~lified synthetic route for quartenisation and formation of 
[Co Tm-3,4-tppat+. 
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Cobalt-2,3-tetramethyltetrapyridinoporphyrazine ([CoTm-2,3-tppaj4"') 

The complex was prepared following the procedure outlined above for the 

preparation of [CoIlTm-3,4-tppa)'+, Scheme 2.2, except for substitution of Co-3,4-

tppa by Co-2,3-tppa.127 Same quantities of the reagents were employed. Yield = 60%. 

IR spectra (KEr discs, cm-I) 443w, 628s, 748w, 981m, 1087vs, I 140m, 1438m, 

1561m, 1655s, 2346w, 3390s. UVNis in water (Am• x, nm (log E» 341 (5.0),428 (4.6), 

561 (4.6), 616 (4.8). Elemental analysis results calculated for 

C12HzsNIZOISS4CO.2HzO: C, 36.59; N, 17.80; H, 2.50. Found: C, 36.08; N, 16.79; H, 

3.90%. 

Synthesis of axially ligated [Co lITm-3,4-tppa)4+ complexes 

The solid [Co IlTm-3,4-tppa)4+ complex containing axially ligated nitrite was 

prepared by adding nitrite to aqueous solution of [Co IlTm-3,4-tppaj4+ until defined 

spectral changes were observed. Water was then removed by evaporation. IR spectra 

(KEr discs, em-I) 619w, 773w, 831m, 1002m, 1268vs, 1385m, 1630m (Co-nitrite), 

2360w, 2553w, 3434s. UVNis in water (Am• x, nm (log E» 351 (4.5), 437 (3.8), 589 

(4.2),663 (4.5). 

The solid [CoIlTm-3,4-tppat+ complex containing axially ligated cysteine was 

prepared by adding cysteine to aqueous solution of [Co IlTm-3,4-tppa)4+ until defined 

spectral changes were observed. Water was then removed by evaporation. IR spectra 

(KEr discs, em-I) 430w, 533m, 582m, 614s, 763vs, 847w, 1004vs, 1060m, 1216m, 

1402sh, 1716s, 3207vs. UVNis in water (Am•x, nm (log E» 659 (1.5). 

The solid [CoTm-3,4-tppa)4+ complex containing axially ligated histidine was 

prepared by adding histidine to aqueous solution of [CoTm-3,4-tppa)4+, until defined 

spectral changes were observed. Then water was evaporated off. IR spectra (KEr 

discs, cm-I) 426vs, 538vs, 625vs, 651m, 685vs, 732w, 777s, 796s, 836w, 924vs, 
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967vs, 1064s, 1086m, I 11 2m,1172w, 1252vs, 1271 s, 1416s, 1464s, 1568w, 1635vs, 

2027m, 3012s. UVNis in water (Amax, run (log E)) 659 (\,2). 

2.2.3. Synthesis of coba\t(II) tetrasulfophthalocyanine ([ColITSPc),,), Scheme 
2.3 

[CoIlTSPct was prepared and purified according to reported procedures,) 

Scheme 2.3 . The monosodium salt of 4-sulfophthalic acid (4.32g), ammonium 

chloride (4.7g), urea (S.8g) , ammonium molybdate (0.068g) and cobalt(II) sulphate 

(1.36g) were ground together to form a homogeneous mixture. 0.01 dm) nitrobenzene 

was added to a 0.15 dm) two-necked flask fitted witli a conde~sei' and' a thermometer 

and heated to 453 K. The solid mixture was slowly added to the flask with stirring, 

while the temperature was kept between 433 and 463 K. The heterogeneous mixture 

was heated for 6 hours at 453 K. The crude product was ground and washed with 

methanol until the odor of nitrobenzene could no longer be detected. The remaining 

solid was added to 0.11 dm) of 1.0 mol dm·) HCI saturated with sodium chloride. This 

step ensures removal of excess Co(II) from the product. The solution and 

accompaning undissolved material were briefly heated to boiling, cooled to room 

temperature and filtered. The resulting solid was dissolved in 0.07 dm) of 0.1 mol 

dm·) NaOH. The solution was heated to 353 K and insoluble impurities were removed 

by filtration. N aCI (27 g) was added to the solution. At this point some of the solid 

product precipitated. The slurry was heated and stirred at 353 K until ammonia 

evolution stopped. The product was obtained by filtration and the initial 

reprecipitation process was repeated twice. The solid was separated and washed with 

80% aqueous ethanol until the filtrate was chloride free (using AgNO) test for Cr). 

The product was refluxed for 4 hours in 0.02 dm) of absolute ethanol, and the final 

blue product filtered and dried overnight. Yield = 80%. IR spectra (KBr discs , cm·l ) 
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409m, 5955, 6515, 7005, 7515, 833m, 10315, 1059m, 1112m, 1151w, 1189m, 13855, 

1438m, 1655m, 2347w. UVNis in water (I'max, nm (log g)) 320 (5.2), 625 (4.8), 660 

(3.4). Elemental analysis results calculated for N~C32H I6N80IlS4C0.4H20: C, 35.72; 

N, 10.42; H, 1.86. Found: C, 35.07; N, 10.38; H, 1.68 %. 

NaSO'lQ:co H 
I "" '+ 

o CO,H 

CoSO,.7H,O 

~, ,if '« N ~ 190 0 C ,:;-- I : ---= "" 
N--Co-N ---.::::::.... . ~ 

6hr. I N h '1r 00, 

SO,. 

Scheme 2.3 Simplified synthetic route of [CollTSPct. 

Synthesis of axially ligated [CoIITSPct complexes 

The solid [CollTSPct complex containing axially ligated cyanide was 

prepared by adding cyanide to aqueous solution of [CollTSPct until defined spectral 

changes were observed. Water was then removed by evaporation. UVNis in pH 11 

(Am", nm (log g)) 329 (4.2),449 (4.3), 428 (3.2), 610 (4.1), 676 (4.6). IR spectra (KEr 

discs, cm'l) 571w, 596m, 651m, 699m, 750m, 833s, 934m, 1031vs, 1060m, 1150m, 

1326m, 1652vs, 1993s, 2063w, 2130w (Co-CN), 2340w, 2364m, 3529vs. 

The solid [ColLrsPct complex containing axially ligated S02 was prepared 

by bubbling S02 to aqueous solutions of [CollTSPct' until defined spectral changes 

were observed. Water was then removed by evaporation. UVNis in pH 11 (Am•x, nm 

(log g)) 334 (3.8),348 (3.8), 607 (3.5), 673 (4.1). IR spectra (KEr discs, cm' l) 592s, 
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650sh, 700sh, 749w, 874s, 1035s, 1057s, 1112w, 1208vs (Co-sol"), 1403vs, 1652s, 

2340m, 2358m, 3446vs. 

2.2.4. Synthesis of iron(II) tetrasulfophthalocyanine ([FeIITSPc)4") 

The procedure for the synthesis of [FellTSPc)'" is similar to that employed for 

[CoIlTSPc)'", Scheme 2.3, with cobalt(ID sulphate replaced with iron(II) chloride 

tetrahydrate. Yield = 45%. IR spectra (KBr discs, cm-1
) 559sh, 594w, 631 w, 698m, 

741w, 8325, 930w, 1030vs, 1056w, 1110m, 1147w, 1191vs, 1368m, 1437w, 1561w, 

1648w, 2839w, 2348w, 2839w, 3435vs. UVNis in water (Amax, nm (log E)) 327 (5.2), 

631 (4.3),663 (3.6). 

2.2.5. Synthesis of [CoIITSPc)'".[CoIITm-3,4-tppa)4+ dimer 

A mixture of 

([CoIlTmtppat+.[CoTSPct) species was prepared by mlxlllg aqueous solutions 

(equimolar amounts) of the individual species, following the methods used for 

. 1 1 .. / .. h' I 1316128129 A .. d'l prepanng : calionIc anIOnIC porp ynn comp exes. .. . precIpItate rea I y 

fonned following mixing of the two solutions. The resulting precipitate was collected 

by evaporation in rotavapor and washed twice with methanol. IR spectra (KBr discs, 

cm-1
) 603sh, 637sh, 698s, 750m, 832sh, 933sh, 1029vs, 1060m, 1111sh, 1145m, 

1190sh, 1217sh, 1328m, 1389sh. UVNis in water (Amax, nm (log E)) 320 (5.5), 490 

(5.0), 620 (5.3), 660 (5.3). Elemental analysis results calculated for 

11.51; H, 3.35 %. 
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2.3. Methods 

2.3.1. Electrochemical methods 

2.3.1.1. Voltammetry 

Experimental 

Cyclic voltammetry experiments were carried out in a one compartment, 

three-electrode cel!. The working electrode was either an unmodified glassy carbon 

electrode (GCE) (area = 0.07 cm2
) or a GCE modified with MPcs and [MTmtppa]4+. 

Silverlsilver chloride (AgIAgCl (3 mol dm- l KCI» reference was employed for all 

studies in aqueous media. A silver wire/silver ion electrode [(AglAg+ (0.1 mol dm- l
)], 

containing a silver wire immersed in 0.1 mol dm- l AgNO l and 0.1 mol dm- l 

TEAPIDMSO was used as a non-aqueous reference electrode. Pt wire counter 

electrodes were employed. Solutions were deaerated with Nz and a constant Nz 

atmosphere was maintained throughout the voltammetry scans. 

2.3.1 .2. Electrode modification 

Prior to modification, the GCE was polished with alumina « 10 !lm) on a 

Buehler felt pad, soaked in dilute nitric acid and rinsed in water. The GCE 

modification was performed by drop dry method or by electrodepositing from 

solutions ofMPcs or [MTmtppat+ in aqueous or organic media. 

In the drop dry method, a drop of a saturated (- 1 X lO-l mol dm-l
) solution of 

MPc, MTppa or [MTmtppa]4+ in pyridine or in water (for water soluble complexes) 

was placed on GCE and dried in air. 

Electrodeposition was carried out at different pH (e.g. pH 4, 7.4 and 10.2) and 

in DMF containing TEAP. The choice of solvent and electrodeposition potential 

ranges was dependent on the stability of the resulting film. Following the report by 

Tse et.a!. , I I [Co llTm-3 ,4-tppat+ was electrodeposited from pH 4 buffer (phosphate) 
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by repetitive scanning in the negative direction from 0 V to - 0.6 V vs. AglAgCl. 

[CoTm-3,4-tppat+[Co!lTsPct was deposited in pH 4 buffer (phosphate) by 

scanning from - 0.2 to + 1.0 v. [CoIlTSPct is known to readily fonm a film on the 

GCE when deposited from non-aqueous solvents in the positive potential range. 122 

Hence, [CoIlTSPct was deposited in this work from DMF containing TEAP in the 

potential range - 0.2 to + 1.0 V vs. AglAgCl. Purple films were observed in all cases 

after removal of the GCE from the respective solutions. 

GCE modification was also perfonmed by electrodepositing from a solution of 

[CoIlTSPct in pH 10.2 Tris buffer. [FeIlTSPct was electrodeposited from pH 7.4 

phosphate buffer. The deposition of [Co!lTSPct or [FeIiTSPct was carried out by 

scanning (using cyclic voltammetry) at 0.1 Y S-I between - 0.9 to + 1.25 V vs. 

AglAgCl in pH 10.2 buffer or between - 1.5 to + 1.5 Y vs. AglAgCl in pH 7.4 buffer. 

The electrode was then placed in a cell containing the appropriate solvent, in 

the absence of catalyst, and scanned in the same potential range as for the deposition 

until the peak current was stable. The electrode was ready for analysis. 

2.3.1.3. Osteryoung square wave voltammetry 

Osteryoung square wave voltammetry (OSWV) was used to complement CV 

where good sensitivity was required. OSWY parameters were: amplitude = 25 mY, 

frequency = 15 Hz and step E = 4 m V. 

2.3.1.4. Bulk electrolysis 

For bulk electrolysis, platinum sheet auxiliary and AglAgCl (3 mol dm-3 KCl) 

reference electrodes were employed, the auxiliary electrode being separated from the 

compartment housing the reference and working electrodes by a fine glass liit. The 
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working electrode for bulk electrolysis was a carbon rod (area = 0.2 cm2) coated with 

a known amount of the complexes using the drop dry method. The average 

concentration of the adsorbed complexes was then calculated from the amount 

deposited onto the electrode. The surface coverage was of the order of r - 10,10 mol 

cm,2, as estimated from the area under the reduction peak following cyclic 

voltammetry of the complexes in the blank solution (electrolyte or buffer only). 

2.3.1.5. Spectroelectrochemical methods 

Spectroelectrochemical studies (PH 7) were performed usmg an optically 

transparent thin layer electrochemical (OTTLE) cell described in the literature. l3O The 

OTTLE cell contains a platinum grit working and counter electrodes and a silver wire 

pseudo-reference electrode. The OTTLE cell was connected to the BioAnalytical 

Systems (BAS) CV 27 Voltammograph. 

2.3.2. Analysis of products of bulk electrolysis of nitrite 

2.3.2.1. Analysis o/ammonia 

The ammonia generated following bulk electrolysis of nitrite was determined 

usmg Nessler method.132 The reagent was prepared according to the literature 

methods. 132 To 17.5 g potassium iodide dissolved in 0.05 dm3 water, was. added 4% 

mercury(ll) chloride solution, with stirring, until a slight red precipitate remained. 

Next, a solution of 60 g sodium hydroxide in 0.125 dm3 water was introduced with 

stirring and made up to 0.5 dm3 with Millipore water. Small amounts of mercury(II) 

chloride solution was added until there was a permanent turbidity. The mixture was 

then allowed to stand for one day and then decanted from the sediment. The solution 

was kept stoppered in a dark-co loured bottle until use. 
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The standards of ammonium hydroxide were prepared. Equal amounts of 

Nessler's reagent added to each. The spectra of the yellowlbrown product formed 

were recorded after 10 minutes equilibration time. A standard curve was obtained and 

used to determine the concentration of ammonia from the bulk electrolysis of nitrite. 

The Nessler's reagent (K2[HgI4]) reacts with ammonia according to equation 2,1. 

2K2[HgI4J + 2NH3 = NH2Hg213 + 4KI + NH41 

(NH2Hg2Il is the yellowlbrown precipitate). 

2.3.2,2, Analysis ofhydroxylamine 

(2.1) 

Hydroxylamine was determined spectroscopically using established methods 5 

In this procedure, 0.0002 dml of the electrolysis solution, 0,003 dm) of 0.3 mol dm') 

potassium hydrogen phthalate and 0.001 dm) of 0,01 mol dm') ferrozine were mixed 

and diluted to 0.008 dm) with Millipore water. After addition of 0.002 dml of 0.01 

mol dm') FeCh, the reaction was allowed to proceed for 7 min and the absorbance 

was then measured at 564 nm. From equation 2.2, 1 mole sodium nitrite gives 1 mole 

of hydroxylamine. 

N02' + SH+ + 4e'~ NH20H + H 20 (2.2) 

2.3.3. Kinetics and equilibria 

Kinetic and equilibrium studies were run at precise temperatures between 20 

and 21 °C and monitored with the spectrophotometer. The reactions were carried out 

in 0.1 or 0,01 mol dm'l Tris buffer (ionic strength, ~ = 0.5 mol dm') NaCI04, pH 3,2 

to 11). The appearance of the spectra due to the products formed following the 

addition of an analyte (cyanide, S02, nitrite or NO) to solutions of appropriate MPc or 

porphyrazine, was monitored. In some instances the disappearance in the spectra was 

employed (e.g. cysteine or histidine). Typically, a known volume of the solution of 
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[CoIlTSPct or [CoIlTm-3,4-tppa]4+ was added to a 1 cm path length 

spectrophotometric cell. Then, a known volume of the aqueous solution of cyanide, 

SOz, nitrite, NO, cysteine or histidine in an appropriate solvent was added to the cell 

and changes in absorbance monitored with time. The concentration of the 

[CoIlTSPct complex in water was estimated from the published molar extinction 

coefficient of 5.8 x 104 dm3 mor' em" at 663 nm, IJI while that of [CoTmtppat+ was 

estimated from the molar extinction coefficient of 9.2 x 104 dm3 mor' em" in water, 

at 659 nm, determined in this work. The concentrations of the analytes, MPc and 

[MTmtppat+ are given in the relevant sections of the results and discussions and in 

Table 2.1. The concentrations of cyanide, SOl, nitrite, NO, cysteine and histidine were 

at least tenfold larger than those of [CoTS Pet and [CoTm-3,4-tppat+ Pseudo-first 

order conditions were assumed for kinetic studies. 

Table 2.1 Concentrations of analytes, catalysts and pH employed ill 

kinetics and equilibria studies 

Analyte Catalyst [Catalyst]/ pH [Analyte]/mol dm,l 

mol dm,l range 

CN' [CoTSPct 1.0 x 10'> 11 2.5.x 10,3 to 8.7 X 10,2 

S02 [CoTSPct 1.0 x 10,5 7.4, II 2.0.x lO,l to 1.6 X lO'z 

N02', NO [CoTm-3,4-tppat+ 4.0 x 10'6 4, 7 1.5.x 10,5 to 2.4 X lO'z 

Cysteine, [CoTm-3,4-tppat+ 2.2 x 10,6 3.2, 7 2.2.x 10,5 to 2.0 x 10-4 
histidine 

The concentration of cyanide III non-aqueous media was determined by 

titration with silver nitrate. 132 

SOz stock solutions were prepared by bubbling SOz gas into aqueous 

solutions. The flasks containing SOz were closed with a tight fitting stopper. SOz 
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concentrations were determined by treatment with standard iodine, followed by 

titration with standard aqueous sodium thiosulphite. 1J2 

2.3.4. Preparation of NO 

NO gas was prepared by adding saturated sodium nitrite drop-wise to a 0.2 

mol dm·3 H2S04 solution under nitrogen atmosphere. The NO produced was passed 

through a column containing solid potassium hydroxide to remove higher oxides of 

NO and then bubbled into nitrogen-saturated Millipore water. NO solutions were 

prepared freshly before use, kept in a glass flask fitted with a rubber septum and used 

for kinetic and equilibrium studies within six hours of preparation. NO concentration 

in water was calculated using the reported solubility of2.2 x 10-3 mol dm-3 at 1 atm.133 

2.4. Instrumentation 

UVlVis spectra were recorded with the Cary 500 UVlVislNIR 

Spectrophotometer. Infrared spectra (KBr discs) were recorded with the Perkin Elmer 

Spectrum 2000 FTIR spectrophotometer. 

Cyclic voltamrnetry and OSWV were performed with a Bioanalytical system 

(BAS) model 100BIW electrochemical-workstation. IH-nuclear magnetic resonance 

(NMR, 400 MHz) spectra were obtained in D20 using the Bruker EMX 400 NMR 

spectrometer. 
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RESULTS AND DISCUSSION 
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CHAPTER 3 

CHARACTERISATION AND 

INTERACTIONS OF CATALYSTS WITH 

ANALYTES* 

• Part of the work presented in this chapter has been published in the following journals: M. Thamae 
and T. Nyokong, Ca) J. Porphyrins Phthalocyanines, 5 (2001) 839 and (b) Polyhedron, 21 (2002) 133. 
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3. CHARACTERISATION AND INTERACTIONS WITH 

ANALYTES. 

3.1. Spectral characterisation 

3.1.1. Meta\lotetrasulfophthalocyanine ([MIITSPct) 

Electronic absorption spectra of [CoIlTSPct complexes have been described 

in terms of the monomer-dimer equilibrium. IlI •
1l4 The peak located at a higher­

wavelength (- 670 nm) has been attributed to a monomer peak and the lower­

wavelength peak (- 630 nm) to a dimer. This equilibrium is affected by conditions 

such as ionic strength, pH and temperature. In this work, for [CoIlTSPct, two peaks 

are observed at 625 and 660 nm in pH 4 buffer, Fig. 3.1(a). The B band was observed 

at 320 nm. The absorption bands and the molar absorptivities are shown in Table 3.1. 

The IR spectrum of [CoIlTSPct is shown in Fig. 3.2 and the peak assignments in 

Table 3.2. 

The nature of [FeIITSPct complex has been investigated. Like all [MTSPct 

complexes, the spectrum consists of monomer-dimer equilibrium in aqueous 

solutions. The monomer peak was observed at 663 nm and the dimer peak at 631 nm 

for [FeTSPct species, Fig. 3.3. The B band was observed at 327 nm. The absorption 

bands and the molar absorptivities are shown in Table 3.1. The nature of [FeTSPct 

species prepared by the method of Weber and Busch3 has been found to vary from 

batch to batch. A wide range of iron phthalocyanine complexes have been found to be 

obtained with different preparation batches,135 with some authors reporting on the 

formation of ).!-oxo complexes, while some authors did not find any evidence for ).!­

oxo species. The spectrum shown in Fig. 3.3 is typical of dimeric (FeTSPch in 

equilibrim with the monomeric species.1l6 The IR spectrum of [FeIlTSPct is typical 
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ofMPc complexes, with peak assignments given in Table 3.2 . There was no evidence 

of the oxo complex. 

Fig. 3.1 
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Table 3.1 

300 450 600 750 

Wavelength/nm 

Electronic absorption spectra in pH 4 buffer of (a) 9.0 x 10,6 
mol dm') [CollTSPct, (b) 5.5 x 10'6 mol dm') [Co!1ym-3,4-
tppat and (c) the mixture of complexes [CollTSPct and 
[COl Tm-3,4-tppat+, 2.2 x 10'6 mol dm'). 

Main absorption bands and molar absorptivities of [MIiTSPc t 
and [CollTmtppa]4+ complexes in water. 

Complex Q band/nm B band/nm 

'[CoIITm-3,4-tppal'+ 
(log E) (log E) 
659 (5 .0) 330(5.1) 

b[ CollTm-2,3-tppa ]4+ 616 (4.8) 341 (5.0) 

'[CoIiTSPct 625 (4.8) 320 (5.2) 
660 (3.4) 

b[FellTSPct 631 (4.3) 327 (5.2) 
663 (3.6) 

a = pH 4 buffer, b = unbuffered 
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Wavelength/nm 
Electronic absorption spectrum in water of 1.0 x 10'5 mol dm') 
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Table 3.2 

[Co-3,4-Tmtppa]4+ 

583w 

616m 

757s 

854m 

933m 

1001vs 

1057m 

1121 vs 

1222vs 

1304w 

1443m 

1533m 

1643s 

2366w 

3069w 

34155 

Results and Discussions 

The IR data for [MIITSPct and [MIITmtppa]4+ complexes. KBr 
discs. 

[CoTm-2,3-tppa]'+ [CoTSPc]," [FeTSPc]4. Assignments 

443w 409m 559w 

595s 594w 

628s 651s 631w 

7005 698m v(S-O) 

748w 751s 741w n(C-H) 

833m 832s (C-H) 

981m 930w 

1087vs 1031s 1030vs 8(C-H) 

1059m 1056w (C-H) 

1140m 1112m 1110m (C-C) 

1151w 1147w 

1189m 1191 vs 

13855 1368m 

1438m 1438m 1437w 

1561m 1561w v(C-C) 

1655s 1655m 1648w (C-N) 

2346w 2347w 2348w v(C-H) 

3390s 2839w 

3512 3410s 3435s 

v = stretching vibrations, 8 = in-plane bending vibrations, n = out-of-plane 
bending vibrations, m = medium, s = strong, vs = very strong, w = weak. 
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3.1.2. Cobalt(II) tetramethyltetrapyridinoporphyrazine ([CoIITmtppa]4) 

The spectra of the [MTmtppa]4+ (M = 2n(1I) and Cu(II)) complexes has been 

described in terms ofDMF-insoluble (split Q band) and DMF-soluble (single Q band) 

fractions due to the presence of mixtures of isomers. 5 The DMF -soluble fraction 

contains at least three isomers, whereas the DMF -insoluble fraction contains at least 

two isomers. The electronic absorption spectrum showed a Q band at 659 nm, a 

shoulder at 595 nm and the B band at 330 nm for [CoTm-3,4-tppat+ in pH 4 buffer, 

Fig. 3.I(b). The [CoIlTm-2,3-tppa]4+ complex in pH 4 buffer has a strong absorption 

at 616 nm and a broad shoulder at 561 nm. The B band was observed at 341 nm for 

[CoIlTm-2,3-tppat+. The absorption bands and the molar absorptivities are shown in 

Table 3.1. IR spectrum of [Co IlTm-3,4-tppa]4+ is shown in Fig. 3.4 and Table 3.2, 

gives peak assignments. The IR spectrum for [CoTm-3,4-tppat+ is typical of 

metallophthalocyanine type molecules. 
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IR spectrum of [Co IlTm-3,4-tppat+. KEr discs. 

o 

80 



Results and Discussions 

3.1.3. [MlITmtppa]4+.[MlITsPct dimer 

Fig. 3.1 compares the absorption spectrum, in pH 4 buffer, of the mixture of 

[CoIITm-3,4-tppa]4+ and [CoIITSPct (hence, [CoIITmtppa]4+.[CoIITSPct dimer) with 

that of the individual components. It is evident from Fig. 3.1 (c) that the mixture is not 

simply the sum of the component monomer spectrum. The Q band of [CoIITSPct is 

observed at 625 nm (dimeric component) and at 659 nm for [CoIITm-3,4-tppat+ The 

mixture of [Co IITm-3,4-tppa]4+ and [CoIITSPct shows a split Q band with broad 

maxima at 660 nm and near 620 nm. There is a general broadening of the Q band for 

the dimer. The B band of the mixture of [CoIITm-3,4-tppa]4+ and [CoIITSPct shows 

a broad envelope in the vicinity of 320 nm. The peak observed for [CoIITm-3,4-

tppa]4+ at 330 nm is not observed for the mixed complex. A broad feature is also 

observed near 490 nm for the complex formed by mixing the anionic [CoIITSPct 

with the cationic complex [CoIITm-3,4-tppat+. This band was also observed for 

[CoIITm-3,4-tppa]4+ Broadening and shifting in the Q band have been observed for 

the formation of cationic/anionic aggregates in porphyrins!6 as well as for the 

formation of aggregates between anionic and cationic porphyrinlphthalocyanine 

. complexes.!5 Aggregation of oppositely charged porphyrin and phthalocyanine 

complexes is most conveniently studied by spectroscopic methods. Fig. 3.5(a) 

represents the spectral evolution observed on titration of [CoIITSPct with small 

aliquots of [CoIITm-3,4-tppat+ complex. The formation of the aggregate between 

[CoIlTSPct and [CoIlTm-3,4-tppat+ occurs with isosbestic points at 657 and 590 

nm. The spectral changes consisted of the decrease in the dimeric peak of 

[CoIITSPct, at 625 nm, and the increase and shifting in the monomeric peak of this 

complex from 660 to 668 nm. A new broad band appears near 490 nm on formation 

of the aggregated complex. At this stage, the spectrum is not similar to that observed 
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in Fig. 3.1(c), for the final product formed by the reaction of the cationic [CoIITm-3,4-

tppa]4+ and the anionic [CoIlTSPct. When the ratio of [CoIITm-3,4-tppat+ with 

[CoIITSPct was approximately 1:1 , a significant increase in the backgrotmd was 

observed and spectral changes shown in Fig. 3.5(b) were obtained. These changes 

consisted of the shift of the two peaks in the Q band region from 625 and 668 nm to 

620 and 660 nm, accompanied by the decrease in the absorption band at 620 nm and 

the increase in the intensity of the absorption band at 660 nm. A considerable 

broadening of the spectra was observed accompanying these spectral changes. 

The spectral changes observed in Fig. 3.5 suggest that addition of small 

amounts of [Co ILym-3,4-tppat+ to [CoIITSPct results in the shift of the monomer­

dimer equilibrium in [CoIITSPct towards the monomeric side before the formation 

of the cationic/anionic aggregates. 
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(a) 

i 

450 600 750 

Wavelength/nm 

450 600 750 

Wavelength/nm 

Electronic absorption spectral changes observed on titration of 
[CoIITSPc{ with [CoTm-3,4-;rpat+ in pH 4 buffer. The initial 
concentration of [CoilTSPc] - = 8.75 X 10-6 mol dm-3 

Concentration of [CoTm-3,4-tppat+ ranged from 4.4 x 10-7 to 
1.75 X 10-5 mol dm-J

. Spectral changes before (a) and after ~b) 
the attainment of 1: 1 ratio of [CoTm-3,4-tppat+ to [CoTSPc] -. 
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The stoichiometry of the mixed complex formed was deduced by Job's method. 14 In 

this method, the absorption, F(x), measured at a given wavelength for mixtures with 

various ratios of phthalocyanine (pc) and porphyrazine (pz) is calculated using the 

expression given by equation 3.1. 

F(x) = d(x) - (&Pc - &pz)x - &pz (3.1) 

where x = npcl(npz + npc) is the mole fraction of the Pc; &pc and Epz are the molar 

absorptivities of the Pc and of the Pz, respectively; d(x) is the actual optical density of 

the solution divided by the total concentration of chromophores. The Job diagram for 

the formation .ofthe complex between [CoIlTm-3 ,4-tppat+ and [CollTSPc{ is shown 

in Fig. 3.6. It consists of two straight lines intersecting at the mole fraction of 

[CoIlTm-3,4-tppat+ equal to 0.5, as is typical when a 1:1 complex is formed. This 

confirms the formation ofthe [Co llTm-3,4-tppa]4+ .[CollTSPc{ dimer. 

~ , 
E 
(,) . 
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:E -x 
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Fig. 3.6 
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0 0.2 0.4 0.6 0.8 1 

X(34-Tmtppaj 

Job plot of the electronic abso~tion spectral changes observed 
on addition of the cationic [Co lTm-3,4-tppat + to the anionic 
[CollTSPc{, plotted against the mole ratio of [Co llTm-3,4-
tppa]4+. A. = 659 nm. 
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The reverse titration of [CoilTm-3,4-tppaj4+ with [CollTSPct was performed 

at pH 4 and pH 7, Fig. 3.7. Similar spectral changes were observed at both pH values. 

[CoilTm-3,4-tppat+ is known to decompose in basic media, but are stable at acid or 

near neutral pH. Fig. 3.7 shows that there is considerable broadening of the Q band 

and shifting to longer wavelengths during the titration. The Q band shifts from 659 

run to a broad band near 610 nm. A broad feature is also formed near 470 nm. As 

observed in Fig. 3.5 for the titration of[CoilTSPct with [CoTm-3,4-tppat+, when the 

ratio of the two components was 1: I, spectral changes different from those in Fig. 

3.7(a) were observed as shown in Fig. 3.7(b). These changes consisted of the increase 

in the Q band and its resolution into two bands at 620 and 660 nm. These bands are 

similar to the maxima observed for the titration of [CoilTSPct with [CoTm-3,4-

tppat+, in Fig. 3.5(b). The relative intensities of the components of the Q band are 

however different in Fig. 3.7(b) when compared to Fig. 3.5(b). The possibility of the 

formation of aggregates higher than 1: 1 ratio cannot be ruled out. 
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(a) 

i 
1 

450 600 750 

Wavelength/nm 

(b) 

i 

450 600 750 

Wavelength/nm 

Electronic absorption spectral changes observed on titration of 
[CoTm-3,4-tppat+ with [CoIITSPct in pH 7 buffer. The initial 
concentration of [CoTm-3,4-tppaj4+ = 2.68 x 10.6 mol dm-3. 

Concentration of [CoIITSPct ranged from 8.72 x 10-7 to 8.72 
X 10-6 mol dm-] Spectral changes before (a) and after (b) the 
attainment of 1:1 ratio of [COIITSPct to [CoIITm-3,4-tppaj4+. 
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3.2. Electrochemical characterisation 

3.2.1 CobaJt(lI) 3,4-tetramethyltetrapyridinoporphyrazine 
([CoIlTm-3,4-tppaj4+) 

Results and Discussions 

Fig. 3.8 shows the cyclic voltammogram of [Co IlTm-3,4-tppat+ in pH 4 

buffer. Two peaks are observed at Ey, = + 0.20 V and - 0.40 V vs. AglAgCI for 

couples I and II respectively, Fig. 3.8. Cyclic voltammetry of [Co IlTm-3,4-tppat+ has 

been described. II
,42 Two reduction couples were also observed beforell

,42 in pH 4 

buffer and on highly oriented pyrolytic graphite electrode; the first reduction was 

assigned to the COII;CO I couple and the second couple to the ring based reduction. The 

reduction at + 0.20 V vs. AglAgCI is independent of pH. Couple I (+ 0.20 V) in Fig. 

3.8 is assigned to first reduction of the metal ion in [Co IlTm-3,4-tppa( -2)]4+ and 

formation of [Co ITm-3 ,4-tppa(-2)]3+, in comparison with the literature. I 1,42 Couple II 

(- 0.40 V) in Fig. 3.8 corresponds to ring reduction in [Co ITm-3,4-tppa( -2)]3+ and 

formation of [Co ITm-3,4-tppa(-3)]H The COII;CO I couple in [Co IlTm-3,4-tppat+ 

complexes occurs at a potential more positive than for any of the cobalt 

phthalocyanine derivatives. I I 

Couples I and II were observed at + 0.24 and - 0.55 V vs. AglAgCI for 

[CoIlTm-2,3-tppa t +· 
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Cyclic voltammogram of [CollTm-3,4-tppa]4+ in pH 4 buffer. 
Scan rate = 100 mY S· l 
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3.2.1.1. Spectroelectrochemical characterization of [CoIlTm-3,4-tppa/+ 

In order to explain the behaviour of [CollTm-3,4-tppa]4+ complex on 

interaction with the nitrogen oxides species under discussion in this work, it was 

necessary to study the spectroelectrochemical behaviour of this complex. Cyclic 

voltammetry of this complex shows the first reduction at + 0.20 V vs . AglAgCI at pH 

4 and 7. Electrolysis of the solution containing [CollTm-3,4-tppa]4+ in pH 7 buffer or 

water containing Na2S04 at potentials of the first reduction, resulted in spectral 

changes shown in Fig. 3.9. These spectral changes consisted of the decrease in the Q­

band at 659 nm and the simultaneous formation of new absorption bands, one near 

470 nm and the other at 589 nm. A clear isosbestic point was observed at 543 nm and 

a diffuse one near 450 nm. From cyclic voltammetry studies above, the first reduction 

in [CollTmtppat+ occurs at the central metal with the formation of [CoITmtppa]3+ 

species. The formation of a violet coloured solution with a broad peak at 500 nm on 

addition of ascorbic acid to [CollTmtppa]4+ was also attributed to metal based 

reduction. 127 The [CoITmtppa]3+ species is insoluble and forms a purple precipitate. 

Spectral changes in Fig. 3.9 are similar to those reported4 for the formation of the 

[CoITmtppa] 3+ species. Absorption peaks in the 500 nm region are associated with 

ring reduction in [MlITmtppa]4+ complexes containing non-transition metals (e.g. 

[ZnllTmtppat+)5 and are also typical of ring-based reductions in phthalocyanines.9 

However, [CoITmtppa]3+ shows an absorption in the 500 nm region and the COl 

oxidation state in [CoITmtppaf+ species has been confirmed before by electron spin 

resonance spectroscopy (ESR).4.5 
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1 

450 550 650 750 

Wavelength!n m 

Electronic abso~tion spectral changes observed on electrolysis 
(- 0.4 V) of [Co ITm-3,4-tppat+, 2.2 x 10.6 mol dm-) in water 
containing sodium sulphate (OTTLE cell). (a) spectrum before 
electrolysis, (b) spectrum at the end of electrolysis. 

3.2.2. Metal(II) tetrasulfophthalocyanine ([CoIlTSPC]4") 

Electrochemical properties of [Co"TSPct in aqueous l78 and non-aqueous l22 

media have been described. 
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Cyclic voltammogram of [CoIlTSPct in (a) DMF containing 
0.1 mol dm-3 TEAP and (b) in pH 10.2 buffer containing 0.1 
mol dm-3 Na2S04. 

Fig. 3.l0(a) shows the cyclic voltamrnogram for [CoIlTSPct in DMF. The 

voltammograrn consists of a couple at - 0.2 and a peak at + 0.8 V vs AgIAgCl. 

According to the literature, 122 a quasi-reversible couple I may be assigned to reduction 
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of [CoIlTSPc(2-)),-to [Co1TSPc(2-)t, since in donor solvents such as DMF, the first 

reduction in CoPc complexes occurs at the metal. Peak II in Fig. 3.10(a) is assigned to 

oxidation in [CoIlTSPct and formation of [ComTSPc(. As has been reported,m the 

first oxidation in [CoIlTSPct is irreversible in DMF. 

Cyclic voltammogram of [CoIlTSPct in solution is known to exhibit broad ill­

defined peaks,178 hence the lack of clear resolution in Fig. 3.10 is not surprising. In 

Fig. 3.l0(b), couples I to IV are observed at - 0.25, - 0.5, - 0.9 and + 0.8 V vs. 

AglAgCI and are assigned as follows, according to literature: 178 couple I is the 

reduction of metal ion in [CoIlTSPc(-2)t and formation of[Co1TSPc(-2)t, couple II 

corresponds to first ring reduction [Co ITSPc(-2)] 5-/[Co1TSPc(-3)]6-, couple III 

corresponds to a second ring reduction [CoITSPc( -3)t/[Co ITSPc( -4)t and couple IV 

is the metal oxidation [Co IlITSPc(-2)(/[Co IlTSPc(-2)t. 

Cyclic voltammogram of [FeIlTSPc t shown in Fig. 3.11 is similar to that of 

[CoIlTSPc(-2)t. Several authors have reported the difficulty in obtaining CV for 

[FeIlTSPc t, thus the observation of weak and irreversible peaks is not surprising. 

Despite extensive research on [FeIlTSPct as reported in literature, 3,137,138,139,140,141,178 

no consensus has been found concerning the electrochemical behaviour of 

[FeIlTSPct. Therefore, the paper by Zecevic et al. I78 was used to identify the 

observed peaks with respect to the wave potentials. However, their study showed that 

no peaks were observed during the first scan for [FeIlTSPct, although broad peaks 

were observed for the first scan in this work. The peak (I) for first reduction in 

[FeIlTSPc t was observed at - 0.5 V vs. AglAgCl and following literature 

assignments,178 Peak I is assigned to metal reduction, Fell/Fel
, in Fig. 3.11. Couple II, 

around 1.0 V vs. AglAgCl in Fig. 3.11 , is attributed to FellI/Fell oxidation. A weak 

peak III near + 1.3 V vs. AglAgCl is attributed to ring oxidation in [FeIllTSPc(-2)]3-
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giving [Fe!IlTSPc(-l)t. A relatively large irreversible reduction peak IV centered 

around 0.2 V vs. AgJAgCI could be identified as the reduction of oxygen. Despite the 

fact that the experiments were carried out in solutions purged with nitrogen, oxygen 

was produced at the electrode surface at the most positive applied potentials. 

Scanning the potential to a value less positive (up to 1.25 V vs. AgJAgCl) did not 

result in peak IV. It could therefore be concluded that this peak: was due to oxygen 

reduction, and was not observed for [CollTSPct (Fig. 3.10), since a less negative 

return potential was employed. 
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(.) 

1500 500 

IV 

-I-

-500 
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-1500 

Potential/mV (vs. AgIAgCI) 

Fig. 3.11 Cyclic voltammogram of [FeIlTSPct in pH 7.4 buffer. Scan 
rate = 100mVs·1

• 

3.2.3. [MIITm-3,4-tppaj4+.[MIITSPct dimer 

3.2.3.1 . Cyclic voltammetry 

Cyclic voltammetry of the dimer, [CoIlTm-3,4-tppa]4+.[CoIlTSPc t, in pH 4 

buffer showed two reductions at Ey. = - 0.53 V and - 0.88 V vs. AgJAgCI (Fig. 

3.12(a», couples I and II respectively, and one oxidation peak at + 0.78 V vs. 

AgJAgCI (III). The first reduction was reversible with a cathodic to anodic (Ec - E,) 
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peak separation of 60 mV and ip ex vY
,. For the second reduction, the cathodic currents 

were more enhanced when compared to the corresponding anodic currents. Both 

reduction peaks were located at potentials not associated with the reductions of the 

individual components of the mixture, implying that the cyclic voltammogram is not 

simply the sum of component voltarnmograms. 
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Cyclic voltarnmetry of [CoIlTm-3,4-tppar.[CoIlTSPct 
aggregate in pH 4 buffer. Scan rate = 100 mV s' . 

Under the same conditions used for CV of dimer (PH 4 buffer), the cyclic 

voltarnmogram of [CollTSPct shows a peak at - 0.38 V vs . AgIAgCl, Fig. 3.13, 

assigned to the reduction of the central metal from COlI to COl [ColITm-3,4-tppa]4+ 
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shows reduction couples at + 0.20 V and - 0.40 V vs. AgIAgCI, Fig 3.8, assigned 

above to metal (Cou/Co!) and ring reductions, respectively. Thus, the potential for the 

first reduction (I) of the aggregated [CouTm-3,4-tppat+.[CouTSPct is closer to the 

potentials for the first reduction of the metal in [CoIlTSPct- or ring reduction in 

[CoUTmtppat+. In Fig. 3.12(b), peak III is located in the potential region that 

corresponds to metal oxidation in [CouTSPct species, at - 0.8 V. 
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Cyclic voltammogram of I x 10-) mol dm-) [CoIlTSPc t in pH 
4 buffer. 

3.2.3.2. Spectroelectrochemistry 

In order to ascertain the site of redox activity In the cationic/anionic 

aggregates, reduction of the aggregated complex was performed using controlled 

potential electrolysis. Reduction at potentials slightly negative of the first reduction 
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couple (-0.6 V vs. AgIAgCI) for [CoIITm-3,4-tppa]4+.[Co IITSPct aggregate resulted 

in spectral changes shown in Fig. 3.14. These changes consisted of a decrease in the 

intensity of the Q band and the formation of a new broad band near 460 run. The new 

spectrum is formed with a clear isosbestic point at 549 run. The spectral changes 

shown in Fig. 3.14 are similar to those observed during metal reduction of 

[Co IiTSPct,120 and the formation of [CoITSPct. This observation implies that the 

reduction of the aggregated [CoIiTm-3 ,4-tppat+.[CoIiTSPct complex occurs on the 

phthalocyanine part of the aggregate. The reduction was reversible in that application 

of 0 V resulted in more than 90% regeneration of the spectra of the [CoIlTm-3,4-

]4+ [C Ii S ]4-tppa . 0 T Pc aggregate. 
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Spectral changes observed during controlled potential 
electrolysis of the [Co ilTm-3 ,4-tppat+.[CoIlTSPct aggregate 
in pH 4 buffer at potential of the first reduction couple ( - 0.6 V 
vs. AgIAgCl). 
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3.3. Spectral characterisation of interactions with analytes 

The use of phthalocyanines as photosensitizers for photodynamic therapy 

(PDT) ' f . 142 143 144 145 In . f MP I . h . IS 0 current mterest. . . , teractlOn 0 c comp exes WIt protems or 

amino acids is an important step towards understanding the mode of operation of 

these complexes as photosensitisers for PDT. Analysis of nitrite and cyanide are of 

importance due to their harmful effects. There is also a need to develop complexes 

that may scavenge nitric oxide. 

3.3.1. Interaction of amino acids with [Co lITm-3,4-tppa]4+ 

On addition of cysteine to the solutions of [Co lITm-3,4-tppat+ under pH 3.2 

or 7 conditions, spectral changes shown in Fig. 3.15 were observed. [CouTm-3,4-

tppat+ decomposes at pH values higher than 7. Similar changes as shown in Fig. 3.15 

were observed on addition of histidine to solutions of [Co lITm-3,4-tppa]4+ species. 

These changes are similar to those shown in Fig. 3.9 for the electrochemical reduction 

of [Co lITm-3,4-tppa]4+, thus confirming the formation of the same species in the 

presence of the amino acids and when electrochemical potential is applied to solutions 

of [Co lITm-3,4-tppat+ species. Auto-reduction of [Co lITm-3,4-tppa]4+ to [Co ITm-3,4-

tppa ]3+ is thus observed in the presence of these amino acids. 

For cysteine, the proposed mechanism for the auto-reduction may be 

represented by equation 3.1 and 3.2. 

[Co lITmtppa(-2)]4+ + RSH ~ [Co ITmtppa(-2)]3+ + RS' + H+ (3.1) 

2 RS' ~ RSSR (3.2) 

where RSH represents cysteine and RSSR represents its oxidation product, cystine. 

Equations similar to those shown in equation 3.1 and 3.2 may also be written for 

histidine, except the nature of the oxidation product of histidine has not yet been 
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determined. Coordination of the amino acids to the [Co IITm-3,4-tppat+ species is 

expected to occur prior to electron transfer. The possibility of the formation of the 

cysteine-[CoITsPct complex (instead of the formation of cystine) as reported by 

other researchers 146 cannot be ruled out. The coordination of amino acids to 

cobaJt(III) porphyrins through the NH2 of the amino acids has been observed l47 by 

using mainly lH NMR. In this work IH NMR spectra of the amino acids before and 

after addition of [Co"Tm-3,4-tppat+ were examined. The IH NMR spectra were not 

recorded at equilibrium. The IH NMR showed that the resonance for side chain 

(-CH2) protons, labelled (1) in Fig. 3.16 for histidine showed a considerable 

broadening in the presence of [Co IITm-3,4-tppa]4+ species, Fig. 3.16. This suggests 

that coordination occurs through the amino group on the side chain and not through 

ring nitrogen groups, even though the coordination bond may be weak. The IH NMR 

spectra of the ring protons of histidine were unaffected by coordination to [CoIITm-

3,4-tppat+ species. No new peaks were observed which could be attributed to the 

coupling reactions of histidine oxidation products. The CH2 protons in cysteine were 

also broadened in the presence of [Co IITm-3,4-,tppat+ species. 
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Electronic absorption spectral changes observed on addition of 4.4 x 
10.5 mol dm·} cysteine to [CoIITm-3,4-tppat+, 2.3 x 10.6 mol dm·} 
solution at pH 3.2. (a) spectrum before addition of cysteine and (b) 
spectrum 2.5 minutes following addition of cysteine. 
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[Co IITm-3,4-tppat+ under pH 7 conditions. 
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3.3.2. Interaction of NO and NO z' with [CoIlTm-3,4-tppaj4+ 

pH 4 studies 

In pH 4 buffer, about 43% of nitrite disproportinates to NO.148.149 The 

interaction of [Co llTm-3,4-tppa]4+ with nitrite at pH 4 is attributed to NO. On 

addition of nitrite to [Co llTm-3,4-tppaj"+ in pH 4 buffer, spectral changes shown in 

Fig. 3.17 were observed. As observed in Figs. 3.9 and 3.15, the UY/vis spectrum of 

[Co llTm-3 ,4-tppa]4+ consists of a single Q band centred at 659 nm. The spectral 

changes shown in Fig. 3.l7 consisted of the splitting of the Q band with the formation 

of bands at 666 and 678 nm. The Q band shifted to longer wavelengths and its 

intensity increased with time. Isosbestic points were observed at 384, 493 and 658 

nm. There was an increase in the intensity of a broad feature near 410 nm. The B 

band decreased in intensity. These spectral changes are quite different from the ones 

reported above for the interactions of histidine and cysteine with the [Co llTm-3,4-

tppat+ complex, and hence are not due to the auto-reduction of the [Co ITTm-3,4-

]
4+ . tppa species. 
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Electronic absorption s~ectral changes observed on addition of 
NO (3.3 x 10.4 mol dm' N02') to [CoTm-3,4-tppat+, 4.0 x 10-6 

mol dm'3 solution at pH 4. (a) spectrum immediately following 
addition of NO and (b) final spectrum 20 minutes following 
addition of NO. 

Under pH 7 buffer conditions, the disporpotionation of nitrite to NO is minimal, 

hence coordination of nitrite occurs under these conditions. On addition of nitrite to 

solutions of [CoIITm-3,4-tppa]4+ in pH 7 buffer, spectral changes shown in Fig. 3.18 

were observed. Spectral changes shown in Fig. 3. 18 consisted of a shift of the Q band 

from 660 nm to 663 nm, accompanied by an increase in its intensity with isosbestic 

points at 422 and 575 nm. These spectral changes are associated with coordination of 

nitrite ion to [CoIlTm-3,4-tppa]4+ complex. Auto-reduction of [Co IITm-3,4-tppat+ 

observed on addition of cysteine or histidine, was again not observed. There was no 

splitting of the Q band, which was observed in the presence of NO, Fig. 3,17, 

suggesting that a different complex is formed. 
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Electronic absorption changes observed when nitrite (3.3 x 10.2 

mol dm')) was added to solutions of [CoIlTm-3,4-tppat+, 4.0 x 
10.6 mol dm-) in pH 7 buffer. (a) spectrum immediately 
following addition of nitrite and (b) final spectrum 3 hours 
following addition of nitrite. 

IR spectra of the solid product formed following evaporation of the solvent 

from a solution containing N02- and [CoIlTm-3,4-tppa]4+ showed the formation of a 

new band at 1630 cm- I
, This value is in the range for vibrations ofN02- coordinated 

to Co(Il) species in cobalamin15o Spectroscopic changes observedloo on addition of 

nitrite to cobalt(II) 2,9, I 6.23-tetra(tert-butylphthalocyanine) (CoTTBPc) were 

attributed to the coordination of nitrite to CoTTBPc species. The selectivity of 

CoTTBPc for nitrite was attributed to this interaction. The coordination of the second 

nitrite ion to [Co IlTm-3,4-tppat+ species was not observed in this work. The earlier 

report on the interaction between nitrite and cobaJt(II) tetrasulfophthalocyanine 
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showed that only one nitrite molecule coordinated to this species.98 A I: I reaction 

between porphyrin derivatives and nitrite has also been reported. 151 

3.3.3. Interaction of cyanide with [ConTSPcj4-

As already discussed above, electronic absorption spectra of [CoIITSPct 

complexes have been described in terms of the monomer-dimer equilibrium, and the 

position of the peaks is highly dependent on the medium (e.g. pH).\Jl,1l4 The 

monomer peak for [CoIlTSPc t species under pH II buffer conditions is observed as 

a broad shoulder near 666 nm, while the dimer peak is observed at 627 nm. On 

addition of cyanide to solutions of [CoIlTSPcj'- in pH II buffer, spectral changes 

shown in Fig. 3.19(a) were observed. pH II was deliberately chosen since at this pH 

it is expected that mainly the CN- species exist in solution, hence avoiding 

complicating effects of HCN species. pKa for [HCN)/([CN-)[H+j is 9.14.152 Spectral 

changes shown in Fig. 3.19(a) consisted of a decrease in the dimer peak at 627nm, as 

well as an increase accompanied by a shift in the monomer peak from 666 nm to 670 

nm and finally to 676 nm. There were also new peaks at 610, 404 and 348 nm. The 

split in the B band with the shifting of one of the split peaks to wavelengths near 400 

nm, is characteristic of cyanide coordination in MPc complexes.6,65 Isosbestic points 

were observed at 652, 458 and 337 nm. The original spectrum before addition of 

cyanide did not pass precisely through the isosbestic point at 458 nm, suggesting that 

there are more than two species in solution. The shifting of the monomer peak from 

666 nm to 670 and finally to 676 nm also shows that there are more than two species 

in solution. The solution changed from blue to green as the spectral changes shown in 

Fig. 3.19(a) progressed. No further spectral changes were observed following the 

formation of the species with a Q band at 676 nm. 
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Electronic absorption spectral changes observed on addition of 
(a) cyanide (1.8 x 10'4 mol dm'\ (b) ferrocyanide (3.3 x 10'2 
mol dm'3) to solutions of [CoIITSPct, 1.0 x 10'5 mol dm'3 in 
pH 11 buffer. (i) spectrum before addition of cyanide and (ii) 
final spectrum 2.5 min following addition of cyanide. 
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Weber and Buschl 53 reported on the interaction of cyanide with [CoIlTSPct and 

concluded that a cyanocobalt phthalocyanine did not form when solutions of cyanide 

were added to [CoIlTSPct, but that cyanocobalt(III) phthalocyanine complex was 

formed when ferricyanide was employed as a source of cyanide. Fig. 3 .19(b) shows 

spectral changes obtained on addition of ferricyanide to solutions of [CoIlTSPct 

under pH 11 buffer conditions. Spectral changes similar to those shown in Fig. 3.19(a) 

were obtained, except that the monomer peak shifted only from 666 run to 670 run, 

with no further shift to 676 run, which was observed in Fig. 3.19(a). There was 

evidence of coordination of cyanide since there was a split in the B band with a 

formation of a broad band near 400, run as was observed in Fig. 3 .19( a). Thus, these 

results show that cyanide coordination is observed when either cyanide or 

ferricyanide are added to the solutions of [CoIlTSPct in basic media. Stable 

cyanocobalt(III) phthalocyanine complexes have been reported from addition of 

cyanide to other CoPc6.65 complexes in non-aqueous media. Literature reports have 

thus shown that coordination of cyanide to ColIpc complexes results in the oxidation 

of the central metal with the formation of Colllpc complexes6
,65,154 Autooxidation of 

[CoIlTSPct is known to depend on the nature of the axial ligands. 153,155 

The fact that the final Q band maxima in Figs. 3.19(a) and 3.19(b) are 

different (yet in both cases coordination of cyanide occurs, as evidenced by split in 

the B band), suggests that different levels of axial ligand coordination occurs in the 

two situations. Since the final Q band maxima on addition of ferricyanide to 

[CoIlTSPct is at the same wavelength as the Q band observed when cyanide is first 

added to [CoIlTSPct species, it can be proposed that on addition offerricyanide, only 

one cyanide ligand is coordinated, since further spectral changes to 676 run were not 

observed. In the case where cyanide (instead of ferricyanide) was added to the 
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[CoIITSPct solutions, Fig. 3.19(a), the first spectral changes with a Q band located at 

670 nm are due to the coordination of the first cyanide in a similar manner (and with a 

similar Q band maxima) to when ferricyanide is added. The further shifting of the 

spectra to 676 urn in the case of addition of cyanide is due to the coordination of the 

second cyanide and the formation of [(CN-)2Co lllTSPc]5- species. Coordination of 

cyanide to CoPc complexes is known to result in dicyano complexes.6,65 Coordination 

of the first cyanide to other MPc complexes (e.g. (L)2FePc) is known to occur much 

faster than the coordination of the second cyanide66 In general, coordination of the 

first axial ligands in MPc complexes occurs much faster than the coordination of the 

second ligands66,67,I 56,I61 The fact that gradual spectral changes were not observed for 

the formation of the monocyano species with a Q band maxima at 670 urn on addition 

of cyanide, under aqueous conditions, even though gradual changes were observed 

when ferricyanide was employed as a source of cyanide, may be a result of the extent 

of cyanide availability in the latter. Gradual evolution of the 670 urn band was not 

observed even on addition of very small amounts of cyanide. Instantaneous formation 

of the ' species with a Q band centered at 670 urn was observed under all 

circumstances. 

In order to confirm the step-wise coordination of cyanide to [CoIITSPC]4-

species, spectral changes for this complex in the presence of cyanide using DMSO as 

a solvent were monitored. Spectral changes observed in Fig. 3.20 clearly showed the 

stepwise coordination of cyanide to the [CoIITSPc t species. In DMSO the 

[CoIITSPct species is in the monomeric form only. The spectral changes shown in 

Fig. 3.20(a) consisted of a decrease in the Q-band (located at 663 urn) accompanied 

by an isosbestic shift to 670 urn. When the solution that resulted in spectral changes 

of Fig. 3.20(a) is left for longer periods, or when larger cyanide concentrations (0.03 
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mol dm-3) were added to [CoIITSPct solutions, spectral changes shown in Fig. 

3.20(b) were observed, consisting of a shift of the Q band from 670 nm to 680 nm. 

Thus, in organic media, stepwise spectral changes were observed corresponding to the 

stepwise coordination of cyanide. Fig. 3.20(a) corresponds to the coordination of the 

first cyanide and Fig. 3.20(b) to the coordination of the second cyanide. The fact that 

these stepwise coordinations are observed in organic media and not in aqueous 

solutions is a result of the slower kinetics in the former. 

It is suggested that coordination of cyanide to [ColITSPct specIes occurs 

simultaneously with the oxidation of COlI to COlli and hence the formation of the 

[(CN-)2Co lIlTSPc t species in aqueous solutions. As mentioned above, oxidation of 

COlI to COlli occurs on addition of cyanide to CoPe complexes.6
,65 Addition of bromine 

to aqueous solutions of [ColITSPct- resulted in the formation of the Q band at 670 

nm (due to the formation of[CoIllTSPC]3- species) and the disappearance of the dimer 

band. Central metal oxidation in [ColITSPc t complex results in the disappearance of 

the dimer peak and the shifting of the Q band to longer wavelengths.98
,120,162 Addition 

of a reducing agent (e.g. sodium borohydride) at the end of the reaction between 

cyanide and [CoIITSPct and the formation of species with a Q band located at 676 

nm, resulted in regeneration of the original spectrum in Fig. 3.19(a), confirming that 

oxidation accompanies the coordination of cyanide to [CoIITSPct species and that 

cyanide binds reversibly to [CoIITSPc ]4-. 

The slight deviation from the isosbestic point at 458 nm of the spectrum 

before addition of cyanide in Fig. 3.l9(a) may be attributed to the presence of more 

than two species in solution, these being the dimer, monomer, monocyano and 

dicyano species. 
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Electronic absorption spectral changes observed on addition of 
cyanide (6.7 x 10'3 mol dm,3) to solutions of [CollTSPct, 1.0 x 
10'5 mol dm,3 in DMSO. (i) spectrum before addition of 
cyanide, (ii) final spectrum 2.5 min following addition of 
cyanide and (iii) spectrum 6 hours after addition of cyanide. (a) 
and (b) represent the spectral changes for the coordination of 
the first and second cyanides, respectively. 
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The ligation of cyanide to [CollTSPc t was evidenced by IR spectra of the 

solid complex produced when cyanide was added to solutions of [ColITSPct and 

then evaporating off the solvent. DCN- was observed at 2130 cm- I
. This value is larger 

than that reported by Weber and Busch for the formation of cyanocobalt(III) 

phthalocyanine complex using ferricyanide as a source of cyanide,153 but is in the 

range reported for DCN- ( 2120 cm-I
) in dicyanoiron phthalocyanine.66 

Earlier studies 16Z have shown that bubbling oxygen through a solution of 

[ColITSPct resulted in an increase in the monomer peak of the spectrum of this 

complex, followed by a further shift to longer wavelengths. These spectral changes 

were attributed to formation of an adduct between oxygen and [ColITSPct. No 

spectral changes for [ColITSPct in the absence of cyanide were observed, showing 

that residual oxygen present in water is not enough to oxidize [ColITSPc t in the 

absence of cyanide under pH 11 conditions. It has been reported before l57 that the 

adduct between [ColITSPct and oxygen is only formed at pH values greater than 12. 

The relatively strong ligands, cyanidel53 and imidazoles,lzo,153 are known to 

facilitate central metal oxidation in [CollTSPct by atmospheric oxygen. The spectral 

changes observed when oxygen was deliberately bubbled into the solution containing 

[CollTSPct and cyanide are similar to those observed in the presence of residual 

oxygen, and as will be shown in the next section, the rate of formation of products is 

much faster when oxygen is bubbled, clearly showing that oxygen is involved in the 

oxidation of [ColITSPc t on coordination of cyanide. 

Assuming that two molecules of water are initially ligated to the [ColITSPct 

forming [(HZO)zCollTSPc t as has been suggested before,134 the mechanism for the 

coordination of cyanide to [CollTSPct is proposed as follows, equations 3.3 and 3.4. 

O2 

[(H20hCoIlTSPct + CN-~ [(HzO)(CN")CoIIlTSPc( + H 20 + Oz- (3.3) 
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(3.4) 

Equation 3.3 is a result of the fast coordination of the first cyanide ligand with a Q 

band maxima centered at 670 nm in Fig. 3.19(a). Equation 3.4 is proposed for the 

coordination of the second cyanide with gradual spectral changes in Fig. 3.19(a) and 

the final formation of a Q band at 676 nm. 

3.3.4. Interaction of S02 with [CoIITSPct 

Fig. 3.21 shows spectral changes observed when sulphur dioxide solutions 

were added to solutions of [CollTSPct under pH II buffer conditions in the presence 

of residual oxygen (no oxygen bubbled). Basic solutions were chosen for this study in 

order to allow for comparison with the studies for cyanide coordination discussed 

above. The spectral changes shown in Fig. 3.21 are similar to those observed in Fig. 

3.\9(a) for the addition of cyanide to [CoIlTSPct species, except that the final 

spectrum showed a Q band at 673 nm, and not 676 nm, observed for cyanide 

coordination. The monomer peak shifted from 666 nm to 670 nm and finally to 673 

nm, with clear isosbestic points at 710, 649, 502 and 341 run. Similar spectral changes 

were observed in pH 7.4 buffer. The. similarities between spectr~Lchanges on addition 

of S02 to [CoIITSPct to the changes observed on coordination of cyanide above, 

suggests that similar processes are taking place in both cases. Thus, coordination of 

S02 to [CollTSPct is proposed for changes observed in Fig. 3.21 in a similar manner 

to coordination of cyanide, with coordination of the first S02 occurring fast, resulting 

in the Q band shift to 670 run. The final spectral changes leading to the observation 

of the Q band at 673 run is due to the coordination of the second S02 molecule. This 

coordination results in the formation of a disulphite complex, since SO/- is the 

prominent form of S02 in basic media. The exact nature of the complex formed has 
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not yet been determined. However, the step-wise coordination of S02 to the 

[Co"TSPct species was confirmed by the observation of spectral changes (in 

DMSO) similar to those shown in Fig. 3.20 for the coordination of cyanide. 
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Electronic absorption changes observed on addition of S02 
(2.1 x 10-3 mol dm-3

) to solutions of [CoIITSPct, 1.0 x 10-5 

mol dm-3 in pH 11 buffer (i) spectrum before addition of 
sulphur dioxide and (ii) final spectrum, 2.5 min following 
addition of S02. 

In comparison with cyanide, it is likely that the coordination of S02 is also 

accompanied by electron transfer and oxidation of [CoIlTSPct to [CoillTSPct 

species. Earlier studies 77 showed that photochemical reduction of tin(IV) 

phthalocyanine complexes, (OH)2SnPc or (CI)2SnPc in the presence of S02 resulted in 
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the ring reduction of these SnPc complexes, whereas oxidation of Pc( -2)Sn(IV)Pc( -2) 

to the Pc(-I)Sn(IV)Pc(-2) species was observed on addition of sulphur dioxide79 The 

fact that the final spectrum peak is observed at different wavelengths for cyanide (AQ 

band = 676 nm) and S02 (AQ band = 673 nm) coordination to [Col"rSPct confirms that 

different complexes are formed due to axial ligation. Despite the fact that solutions of 

S02 and sulphites are commonly used as reducing agents,182 the spectral changes 

observed on addition of S02 to [CoIlTSPc t solutions are similar to those observed in 

the presence of bromine. As a result, oxidation, and not reduction is implicated. 

Metalloporphyrin complexes are known to react with SOz to form porphyrin 

sulphate complexes,158.159 with the IR spectrum of monocoordinated sulphate groups 

being observed at 1147, 1098 and 464 cm·t. I60 IR spectra of the solid product formed 

following evaporation of the solvent from a solution containing S02 and [CollTSPct 

results in formation of a sulphate-ligated [CollTSPct complex (S02 is oxidized by 

oxygen to SOl"), with IR band at 1208 cm"t. However, the IR spectra were 

complicated by the presence of vibrations from the SO}" groups attached to the 

phthalocyanine ring in the [CollTSPct complex. The peaks are observed at 1112 and 

1151 cm"1 in [CoIlTSPct. In the SO/"-ligated complex, the 1112 cm"1 peak persisted 

while the 1151 cm"1 peak shifted to higher wavenumbers, and is observed as a strong 

peak at 1208 cm"l, assigned to the metal coordinated S = 0 bond. 

3.4. Kinetics and equilibria studies 

The equilibrium data was analysed by standard spectrophotomeric methods 

using equation 3.5. 

log[(Aeq - Ao)/(Aoo - Aeq)] = logK + nlog[L] (3.5) 
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where Aeq is the equilibrium absorbance, Ao is the absorbance before addition of 

analyte. Aoo can be determined from the final absorbance following complete 

formation of a complex under investigation. L is the coordinating ligand. 

Reactions catalysed by MPc complexes are often mediated by axial ligation of the 

species to be catalysed. Axial ligand substitution reactions in metallophthalocyanine 

and metalloporphyrin complexes are dissociative with the formation of a highly 

reactive five-coordinate intermediate. 161
,162,163 The coordination of axial ligands to 

metallophthalocyanine complexes occurs in two steps, with the coordination of the 

first ligand occurring faster than that of the second. 

It is assumed that [CollTm-3 ,4-tppat+ and [CollTSPct· exist In aqueous 

solution with two molecules of water axially ligated to the metal centre, 

intermediate, [(H20)CollTmtppa]4+ or [(H20)CollTSPct forms prior to ligand (L) 

exchange, equations 3.6 and 3.7. 

kl 

[(H20)2MPcj - [(H20)MPcj + H20 (3,6) 
k.1 

k2 
[(H20)MPc]+ L -- [(H20)(L)MPc] 

k.2 

(3,7) 

where MPc = [CollTm-3,4-tppat+ or [CollTSPct . The rate law of the reaction 

(equations 3.6 and 3.7) can then be described by equations similar to equations 3.8 to 

kobs = k1k,[LJ + (k.1k,!H20] 
k.I[HzOj + k2[Lj 

(3,8) 

Since the solvent is in excess, it may be assumed that k.1[H20] » k2[L] , then equation 

3.8 becomes 3.9. 
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k_1[H,O] 

Equation 3.9 can be simplified to equation 3.10. 

kobs = k1k,[L] + k.2 
k.l [H20] 

Re.'wlts alld Discussions 

(3.9) 

(3.10) 

if klk, = kr, and k.2 = kr, equation 3.10 may be written as equation 3.11. 
k.1[H20J 

(3.11) 

Where kr is the rate for the forward reaction and kr is the rate for the reverse 

reaction. 

3.4.1. Interactions of amino acids with [CollTm-3,4-tppa]4+ 

For these studies the concentration of [Co llTm-3,4-tppaJ4+ was kept constant at 

2.2 X 10-6 mol dm'), while the concentration of cysteine and histidine were varied 

between 2.2 x 10-5 and 2.0 x 10.4 mol dm'] Since the concentrations of cysteine and 

histidine were much larger than that of [Co llTm-3,4-tppat+, pseudo-first order 

conditions were assumed for kinetic studies. 

The disappearance in Q-band at 659 nrn with time following addition of either 

cysteine or histidine to the [Co llTm-3,4-tppat+ species, Fig. 3.15, was followed in pH 

3.2 or 7 buffer systems. The plots of the logarithm of absorbance at 659 nrn versus 

time were linear, Fig. 3.22, confirming the assumption of a first order reaction with 

respect to the [Co llTm-3,4-tppat+ species. The observed rate constants, kobs , were 

obtained from the slopes of these plots and are plotted vs. [LJ in Fig. 3.23. A linear 

plot (Fig. 3.23) was observed for both cysteine and histidine, showing that the 

reaction was first order in both of these amino acids, and suggesting that the rate law 

of equation 3.11 is obeyed for the reduction of [CollTm-3,4-tppaJ4+ by histidine and 

cysteine, where L represents histidine or cysteine, kJ is the rate constant for the 
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formation of the product and kr is the rate constant for the reverse reaction (i.e. the re-

generation of the starting complex). 
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Least square analysis of the data represented in Fig. 3.23 gave kf value from 

the slope and kr value from the intercept. For the auto-reduction of [CoIITm3,4-tppa]4+ 

in the presence of cysteine in pH 3.2 buffer, the values of kf and kr were determined 

to be 2.7 ± 0.3 x 102 dm) mor l so l and 7.3 ± 0.5 x lO-l S-l, respectively. Using these 

values, the equilibrium constant was estimated from K = kJkr to be K = 3.7 X 104 dml 

mor l for auto-reduction of [Co 1ITm-3,4-tppaj'+ complex in the presence of cysteine in 

pH 3.2 buffer. The values of the constants are listed in Table 3.3. 
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Table 3.3. Equilibrium and rate constants for the interactions of 3,4-
pyridinoporphyrazines or phthalocyanines with nitrogen oxides 
and amino acids. pH 7 conditions unless stated otherwise. 

Complex Molecule "K(dm3 kr k, (5.1) bRef 
mor l

) (dm3 mor l S·I) 

[PtllTmtppa t+ Cysteine 8.8 ± 0.1 x 10-z 12 

[PtllTmtppa t + Histidine 1.9 ± 0.1 x 10-3 12 

[CollTmtppat+ Cysteine 7.5xl0z 2.1±0.3xlOI 2.8 ± 
0.5 x IO-z tw 

[CollTmtppa t+ Cysteine' 3.7 x 104 2.7 ± 0.3 x IOz 
7.3 ± 
0.5xI0-3 tw 

[CollTmtppa t+ Histidine 1.3 x 104 2.8 ± 0.6 2.1 ± 
0.5 x 10-4 tw 

[CoTmtppat+ NOd 2.2 ± 2.1 ± 0.1 x 10-1 

0.1 X 102 
1.0 X 10-3 

tw 

[CoTmtppat+ NO· 2.3 ± 7.5 ± 0.1 
0.1 x 104 

2.9± 
0.2 x 10-4 tw 

[CoTmtppat+ NOz- 2.0x 10z 4.0 ± 0.1 x 10-3 2.4 ± 
0.9 x 10-5 tw 

[CoTSPct NOz- 4.7 1.6 x 10-4 2.9 X 10-6 98 

a K values for histidine and cysteine interactions estimated from kJ kr . 

b tw = this work. 
C cysteine = studies in pH 3.2 buffer. 
dNO =NO from disproportionation of nitrite. pH 4. [NO] = 0.43 [NOz-] used in 

determining constants 
e NO = NO prepared by reaction between sulphuric acid and nitrite, as explained in 

Section 2.3.4. pH = 4 

The spectral changes for addition of cysteine to [CollTm-3,4-tppat+ obtained 

at pH 7 were similar to those shown in Fig. 3.15. For the auto-reduction of [CollTm-

3,4-tppa]4+ in the presence of cysteine, at pH 7, kf and kr values were determined to 

be 2.1 ± OJ x 101 dm3 morl S-I and 2.8 ± 0.5 x lO-z S-I, respectively. For auto-

reduction of[CollTm-3,4-tppat+ in the presence of histidine at pH 7, kfand kr were = 
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2.8 ± 0.6 dm) morl 
S-I and 2.1 ± 0.5 x 10-4 s·\ respectively. Using these values, the 

equilibrium constants were estimated from K = klk, to be K = 7.5 X 102 dm) mor l and 

1.3 x 104 dm) morl for auto-reduction of [Co IITm-3,4-tppal'+ complex at pH 7 and in 

the presence of cysteine and histidine, respectively, Table 3.3. No spectral changes 

were observed for histidine at low pH values. The equilibrium constants could not be 

determined directly from the UV Nis data since as discussed above, there is slow 

precipitation following the auto-reduction reactions. The kJ values reported here are 

much higher than the values reported l2 for the auto-reduction of the Pd- and Pt-

[Tmtppa]4+ complexes in the presence of cysteine or histidine, Table 3.3, showing that 

the cobalt complex is more readily auto-reduced in the presence of cysteine than the 

Pt and Pd complexes. However, the site of reduction in [Ptl"rmtppa 1'+ and 

[PdIlTmtppa]4+ is different from that in [CoIITmtppa]4+, in that reduction occurs at the 

ring and not at the metal in Pt and Pd complexes. The rate constants are close to the 

values reported for the coordination ofthiolates to [CoIlTSPct.1 65.166 

The values of rate constants for the auto-reduction of [Co IlTm-3,4-tppa]4+ in 

the presence of cysteine depended on pH. kfis 10 times larger at pH 3.2 than at pH 7. 

Under acid conditions, cysteine is protonated, pKa = 8.36, equation 3.12, and is still 

expected to be protonated in neutral media (pH 7). At this pH, both species I and III 

exist, equation 3.12. Since high kf values are observed at low pH, the protonated form 

is more reactive in the reaction. 

II 

H' 
~ +H)NCHRCOO­
OH+ 

I 

where R = HSCH2 (for cysteine) 

H' 
~ +H)NCHRCOOH 

oH' 

III 

(3.12) 
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3.4.2. Interaction of NOz-and NO with [CoIlTm-3,4-tppaj4+ 

The concentration of [Co IITm-3,4-tppa]4+ was kept constant at 4.0 x 10-6 mol 

dm-3, while nitrite and nitric oxide concentrations were varied from 1.5 x 10-5 to 2.4 X 

10-2 mol dm-3 Since the concentrations of nitrite and nitric oxide were much larger 

than that of [Co IITm-3,4-tppa]4+, pseudo-first order conditions were assumed for 

kinetic studies. 

pH 4 studies 

As discussed in Section 3.3.2, the spectral changes shown in Fig. 3.17 (at pH 

4) are associated with the coordination of NO to the [CoIlTm-3,4-tppa]4+ species and 

the formation of [(NO)CoTm-3,4-tppat+. Equilibrium data for the formation of the 

complex between NO and the [CoTm-3,4-tppat+ species were determined by 

monitoring changes in the Q band and using equation 3.5, with L representing NO. In 

this section A.,q is the equilibrium absorbance at 678 nm, Ao is the absorbance at 678 

nm before addition of NO as nitrite, from Fig. 3.1 7. A"" the absorbance after complete 

formation of the complex was determined from the final absorbance at 678 nm. From 

the plot of 10g[(A.,q - Ao)/(A", - A,q)] versus log [N02-], Fig. 3.24, an equilibrium 

constant of K = 2.2 ± 0.1 x 102 dm3 mor l was determined for the formation of 

[(NO)CoTm-3,4-tppat+, and the value ofn was found to be near unity (n = 0.9 ± 0.1) 

showing that one molecule of NO coordinates to the [Co IlTm-3,4-tppa]4+ species 

forming [(NO)CoTm-3,4-tppa]4+ species. In an alternative method, equilibrium 

constant may be determined by a double reciprocal plot (l /l>.absorbance vs. 

1I[ligand]).1 66 
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Plot of log[(Aeq - Ao)/(An - Aeq)] versus log [N02-] in pH 4 
buffer for coordination of NO with [Co lITm-3,4-lppat+_ 

For the formation of [(NO)CoTm-3,4-tppat+ species, plots ofln(An - At) against time 

(where An, and At are defined above) were linear, Fig_ 3.25. 
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Fig. 3.25 Plot of In(Aa, - At) vs . time, for the reaction of 1.67 x 10.3 mol 
dm·3 N02• with [Co"Tm-3,4-tppa]4+ (4.0 x 10.6 mol dm·\ pH 
4 buffer. 

The plot of the observed rate constant (kobs) versus nitrite concentration as NO 

was linear (Fig. 3.26) for the data shown in Fig. 3.17, showing that the coordination is 

first order in NO and obeys the rate law of equation 3.11, which is typical of 

coordination of axial ligands to MPc complexes. kr is the rate constant for the 

formation of [(NO)CoTm-3,4-tppa]4+ and kr is the dissociation of the complex. The 

rate constants were as follows, kr= 2.1 ± 0.1 x 10-1 dm3 mor l 
S-I and k, = 1.0 X 10-3 

S-I. Using these values, the equilibrium constant was estimated to be K - 2.1 x 102 

dm3 mor l in agreement with the value determined from equilibrium data. 
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Plot of kOb' (S"I) versus [N02"] in pH 4 buffer for coordination of 
NO with [Co llTm-3,4-tppat+" 

NO formed on disproportionation of nitrite at low pH is in equilibrium with 

nitrite and nitrate, which may influence the interactions between NO and [CoIITm-

3,4-tppa]4+ complex. For comparison purposes, kinetic and equilibria studies were 

also conducted using dissolved NO gas prepared from H2S04 and nitrite as explained 

in Section 2.3 .4. Oxygen was excluded from solutions containing NO in order to 

avoid the formation of nitrite. When NO (synthesized from H2S04 and nitrite) 

solution in pH 4 buffer was added to solutions of [CoIITm-3,4-1ppat+ in pH 4 buffer, 

spectral changes observed were similar to those observed in Fig. 3.17 for the addition 

of NO (as nitrite) to the [CoTm-3,4-tppat+ species, with a split Q band at 666 and 

678 nm. The fact that the Q band was observed at similar wavelengths for 

coordination of NO (added as nitrite) and NO prepared from nitrite and H2S04 

confirms that the same complex is formed due to axial ligation of NO to [CoIITm-3 ,4-

tppa]4+ species. The equilibrium and kinetic data for the interaction of [Co llTm-3,4-
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tppa)4+ species with NO from the different sources are listed in Table 3.1. Larger 

equilibrium and rate constants were observed when NO gas, prepared as outlined in 

Section 2.3.4, was employed. It is likely that when nitrite is employed as a source of 

NO, a six-coordinate complex containing both NO and N02-, [(NO)(N02-)CoTm-3,4-

tppa)4+, is fo=ed. A mixed complex of this nature has been reported for porphyrin 

complexes, ' 67 whereas a complex containing only NO, [(NO)CoTm-3,4-tppat+, is 

formed when pure NO is employed. This would then result in the observed 

differences in the constants. 

pH 7 studies 

Under pH 7 buffer conditions, the disporpotionation of nitrite to NO is 

minimal, hence coordination of nitrite occurs under these conditions. Kinetics and 

equilibria for the fo=ation of the new species were followed by monitoring the 

appearance of the peak due to product fo=ation (at 663 run, Fig. 3.18) with time. The 

equilibrium data were analysed by standard spectrophotomeric methods using 

equation 3.5 , where Aeq is the equilibrium absorbance at 663 run, Au is the absorbance 

at 663 run before addition of nitrite. Ax, was dete=ined from the final absorbance at 

663 nm in Fig. 3.18 following complete shifting of the Q band to 663 run. From the 

plot of 10g[(Aeq - Ao)/(Ax, - Aeq») versus log [N02-) (Fig. 3.27), an equilibrium 

constant, K = 2.0 X 102 dm3 mor' was dete=ined for the coordination of nitrite to 

[CoTmtppa)4+. The value of n = 1.1 ± 0.1 was obtained from the slope showing that 

one molecule of nitrite has coordinated to [Co IITm-3,4-tppat+ complex, fo=ing 

[(N02-)CoTm-3,4-tppa)3+ species. 
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Fig. 3.27 Plot oflog[(Aeq - A,)/(A., - Aeq) ] versus log [NOz·] in pH 7 
buffer for coordination ofNOz· with [Co I"Tm-3,4-tppa]4+. 

For the formation of [(NOz-)CoTm-3,4-tppaf+ species, plots of In(A., - At) 

against time (where A." and At are defined above) were linear, Fig. 3.28. 
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Plot of In(A" - At) vs. time, for the reaction ofN02' (1.34 x 10.2 

mol dm')) with [CollTm-3,4-tppaj4+ (4.0 x 10"6 mol dm·)). pH 7 
buffer. 

The plot of the observed rate constant (kobs) versus nitrite concentration was 

linear (Fig. 3.29) for the data shown in Fig. 3.18, showing that the coordination is first 

order in nitrite and obeys the rate law of equation 3.11, with L representing NOz·. 

Least-square analysis of the data gave kr = 4.0 ± 0.1 x 10-) dm) mort s" from the 

slope and kr = 2.4 ± 0.9 x 10-5 s" from the intercept. Using these values, the 

equilibrium constant was estimated to be K - J. 7 x 10z dm] mor', in good agreement 

with the value determined from equilibrium data. The value of the equilibrium 

constant is about 42 times higher than that obtained for coordination of nitrite to the 

negatively charged [CollTSPcj4- complex,98 Table 3.3, whereas the rate constant for 

the forward reaction was approximately 25 times larger. 
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3.4.3. General discussion on the interaction of analytes with [CoIlTm-3,4-tppaj4+ 

The rate constants for the auto-reduction of (CollTmtppat+ by cysteine were 

found to be higher than those for histidine as was also reported for (PtllTmtppa]4+ and 

(PdllTmtppat+ complexes. 12 The differences in the rate constants for the auto-

reduction of (MllTmtppat+ complexes in the presence of histidine and cysteine may 

be due to differences in abilities of the protonated and deprotonated forms of these 

amino acids in effecting the auto-reduction process. Spectral changes shown in Fig. 

3.17 were observed for histidine only at pH values greater than 6, thus showing that 

the extent of deprotonation of histidine is important for the auto-reduction process. 

For cysteine, auto-reduction was observed from pH values less than 3 to physiological 

pH values (-7). Thus, the protonated forms of cysteine are involved in the auto-

reduction of the (CollTmtppat+ species. (Mll(Tmtppa)t+ complexes are unstable in 

highly basic media, hence studies at pH values larger than 7 were not undertaken. 
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Reduction of [CoIlTSPct and [MII(Tmtppa)t+ complexes in the presence of 

cysteine is well documented5 ,lZ,l ZO,168 Histidine has been shown lZ to reduce 

[MII(Tmtppa)]4+ (where M = Pd or Pt) at the ring, but to oxidize [CollTSPct to COlli 

species1z,I69 in the presence of oxygen. There was no evidence of the oxidation of 

[CollTmtppat+ complex in the presence of histidine even when oxygen was not 

excluded from the solution. 

Auto-reduction of [CoIlTSPct in the presence of cysteine is known to be pH 

dependent in that it occurs at pH values greater than 4, but at pH values between 9.5 

and 12, [CoITSPct catalyses the reduction of cystine to cysteine.168 However, it was 

observed in this work that cysteine auto-reduces [CoIlTm-3,4-tppat+ species at pH 

values less than 4, reflecting the ease of reduction of this positively charged complex, 

compared to [CoIlTSPct. As explained above, the interactions in highly basic media 

could not be undertaken since [CoIlTm-3,4-tppat+ complex decomposes under these 

conditions. 

Interactions of [Co IlTm-3,4-tppat+ with NO and NOz- resulted in different 

spectroscopic behaviour than observed for histidine and cysteine. Interaction between 

NO or NOz- with [CoIlTSPct has been studied36,98 Auto-oxidation of [CoIlTSPct to 

[CoIllTSPc]J- has been implicated on interaction of this species with NO or nitrite. 

Oxidation of the [CoIlTm-3,4-tppat+ species is expected to occur with difficulty due 

to the presence of positive charges, when compared to oxidation of [Co1"rSPct. 

There was no evidence of the oxidation of [CoIlTm-3,4-tppa]4+ species on interaction 

with NO or nitrite. 

Therefore, it has been shown in this work that autoreduction of [CoIlTm-3,4-

tppa]4+ occurs in the presence of either histidine or cysteine, with the formation of 

metal reduced species, [CoITmtppa(-2)]J+. NO and nitrite coordinate to [Co IITm-3,4-
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tppa]4+ speCIeS, without auto-reduction of this speCIes, observed for cysteine or 

histidine. There was also no spectroscopic evidence for the coordination of two nitrite 

or NO ligands to [Co IlTm-3 ,4-lppa]4+ species. Ring modifications from negatively 

charged [CoIlTSPct to positively charged [CoIlTm-3,4-tppat+ resulted in an 

improved rate in the interaction of these species with nitrite. 

3.4.4. Interaction of cyanide with cobalt tetrasulfophthalocyanine 

Kinetic and equilibrium data for the formation of new species following 

addition of cyanide to [CoIlTSPct was determined by monitoring the spectrum due to 

the product, [(CN-)2COlllTSPC]5-, with a Q band at 676 run, Fig. 3.19(a). The 

concentration of [CoIlTSPct was kept constant at 1.0 x 10-5 mol dm- l
, while 

cyanide concentrations were varied from 2.5 x lO-l to 8.7 X 10-2 mol dm-] Since the 

concentrations of cyanide were much larger than that of [CoIlTSPct, pseudo-first 

order conditions were assumed for kinetic studies. A pH of 11 was employed. 

The equilibrium data were analysed by standard spectrophotomeric methods 

using equation 3.5. Where A.,q is the equilibrium absorbance at 676 run, A, is the 

absorbance at 676 run before addition of cyanide. A.o was determined from the final 

absorbance at 676 run in Fig. 3.19(a), following complete formation of 

[(CN-)2CorIITSPc t complex. From the plot of 10g[(Aeq - A,)/(A.o - A.,q)] versus log 

[CN-], Fig. 3.30, an equilibrium constant of K = 2.1 ± 0.1 x 101 dml morl was 

determined for the formation of [(CN-)2COrIITSPct when oxygen was deliberately 

bubbled through the solution. A lower value of the equilibrium constant ofK = 6.0 ± 

0.1 dm l mor l (Table 3.4) was observed when no oxygen was bubbled into solution 

(i.e. in the presence of residual oxygen in water). The number of moles of electrons 

transferred of near unity (n = 0.9 ± 0.1) was obtained from the slope of the plot shown 
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in Fig. 3.30, showing coordination of one molecule of cyanide at this stage. As has 

been discussed above, the coordination of the second cyanide is responsible for the 

formation of species with Q band at 676 nm, hence the determined equilibrium 

constant is for the formation of [(CN')2CoIlITSPct species by equation 3.4. The 

value of the equilibrium constant could be slightly affected by the initial formation of 

the monocyano species. 
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Fig. 3.30 Plots of 10g[(Aeq - A,)/(A., - Aeq)] vs. log [CN'] for coordination 
ofCN' to [CoIITSPct 

For the formation of [(CN')2COIlITSPc]5- species, plots of In(A., - At) against 

time, (where A." and At are defined above) were linear, Fig. 3.31. 
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Plot of In(A,, - At) vs. time, for the reaction of cyanide (8.76 x 
10'2 mol dm'l) with [CoIlTSPct (1.0 x 10'5 mol dm'l). 

The observed rate constant (kobs) is given by the slope of the plot ofln(A" - At) 

against time. The observed rate constant was obtained for several cyanide 

concentrations. The plot of the observed rate constant (kobs) versus cyanide 

concentration was linear (Fig. 3.32) for the data represented in Fig. 3.19(a), showing 

that the coordination is first order in cyanide and obeys the rate law of equation 3.11, 

which is typical of coordination of axial ligands to MPc complexes. kr is the rate 

constant for the formation of [(CN')2Co IJITSPct and is given by k/k/k,/[CNl kr is 

the rate constant for the dissociation of the complex. Least-square analysis of the data 

gave kr = 0.12 ± 0.03 dml mor ' s" from the slope and kr = 5.7 ± 0.2 x lO'l s" from the 

intercept for the case when oxygen was bubbled through the solution, and kr = 0.10 ± 

0.03 dm) mor' s" and kr = 1.6 ± 0.02 x 10'2 s" , in the presence of residual oxygen (i.e. 

no oxygen bubbled through the solution). Using kr and kr values, the equilibrium 
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constants were estimated to be K - 2.1 X 10' and 6.0 dm) mor' , respectively, for 

situations when oxygen was bubbled or in the presence of residual oxygen. These 

values are in good agreement with the values determined from equilibrium data. 

Oxidation of thiols with [Co"TSPc t and the subsequent reduction of the latter to 

[Co'TSPc t has been reported. '70, '7' 

Rates and equilibrium constants are higher when oxygen was bubbled through 

the solution, hence showing that the formation of oxidised [(CN')2COIllTSPc t species 

is dependent on oxygen. Also a larger equilibrium constant in the presence of oxygen 

indicates formation of a more stable complex. As has been mentioned above, it has 

been reported in the literature that cyanide facilitates central metal oxidation in 

[Co"TSPct by atmospheric oxygen.15J Kinetic studies were not affected by varying 

the concentration ofTris buffer employed. 
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Plot of kobs (S'l) versus concentration for the coordination 
cyanide to [Co"TSPct, 1.0 x IO's mol dm') species. pH 11 
buffer. 

Table 3.4 compares the equilibrium and rate constants for the coordination of 

cyanide to [CollTSPct complex, to the constants reported for the coordination of 

cyanide to FePc complexes. Table 3.4 shows that the rate constants for the 

coordination of cyanide to [Co"TSPct complex in aqueous solutions is in the range 

with those reported for the coordination of cyanide to FePc complexes in DMSO. 

Coordination of axial ligands (e.g. pyridine) to FePc was found172 to occur faster than 

its coordination to CoPc complexes in DMSO solutions, suggesting faster axial ligand 

exchange reactions in FePc complexes compared to CoPc complexes. As has been 

mentioned above, in the presence of DMSO, coordination of cyanide to [CollTSPct 

was slower (hence the observation of a stepwise cyanide coordination in DMSO) 

than in water, thus the nature of the solvent plays an important role. The rate constants 

for the coordination of cyanide to CoPc in non-aqueous solutions have not been 
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reported. The rate constant reported for the coordination of cyanide to the 

[CollTSPct species is much lower than the rate constant of 3 x 104 dml mor l 
S'I 

reported for the coordination of cyanide to cobalt tetraphenyl porphyrin. 17) 

Table 3.4 Equilibrium and rate constants for the coordination of cyanide 
and S02 to MPc complexes. The data is for the coordination of 
second cyanide or sulphur dioxide ligands. 

Complex Ligand Conditions K (dm) mor l
) kr kr (S'I) 

(dm) mor l S'I) 

b[CoTSPct CN' pH II 2.1±0.lxl01 0.12 ± 0.03 5.7 ± 0.2 x 10,l 

C[CoTSPct CN' pH 11 6.0 ± 0.1 0.10±0.03 1.6 ± 0.2 x 10'2 

FePc CN' DMSO 5.7x 102 0.2 3.5 x 10-4 

FePc(Cl)16 CN' DMSO 1.6 x 10l 4.2 x 10') 2.3 X 10'6 

[CoTSPct S02 pH II 8.7 ± 0.2 x 101 3.5 ± 0.3 3.8 ± 0.3 x 10'2 

[CoTSPc{ S02 pH 7.4 1.3 ± 0.2 x 102 4.0 ± 0.2 3.2 ± 0.3 x 10'2 

a tw = this work. b = Oxygen bubbled. C = Residual oxygen (no oxygen bubbled) 

3.4.5. Interaction of S02 with [Co"TSPct' 

Equilibrium data for the formation of the S02 complex was determined as 

explained above using equation 3.5, with L replaced by S02. The concentration of 

CollTSPct was kept constant at 1.0 x 10'5 mol dm'), while S02 concentrations were 

varied from 2.0 x 10') to 1.6 X 10'2 mol dm'3 Since the concentrations of S02 were 

much larger than that of [CoIITSPc{, pseudo-first order conditions were assumed for 

kinetic studies. pH II and 7.4 conditions were employed. 

The increase in the monomer peak in Fig. 3.21 was monitored. In equation 

3.5, Aeq is the equilibrium absorbance at 673 nm; ~ is the absorbance at 673 nm 

before addition ofS02. Aoo is the absorbance after complete formation of the complex, 
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determined from the final absorbance at 673 nm. From the plot of log [(Aeq - Ao)/(A" 

- Aeq)] versus log [S02], Fig. 3.33, an equilibrium constant ofK = 8.7 ± 0.3 x 101 dm) 

mor l was determined for the formation of the proposed [(SO)2')2CoTSPc{ complex. 

The value of n was found to be near unity (n = 1.1 ± 0.1) showing that the 

coordination of one molecule of S02 results in the observed spectral evolution with a 

Q band centred at 673 nm in Fig. 3.21. 
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Fig. 3.33 Plots of log[(Aeq - Ao)/(A" - Aeq)] versus log [S02J in pH II 
buffer for coordination ofS02 to [CoTSPct. 

For the formation of [(SO/")2CoTSPct species, plots of In(A" - At) against 

time (where A." and At are defined above) were linear, Fig. 3.34. 
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Plot of In(Aa, - At) vs. time, for the reaction of S02 (2.06 x 10-3 

mol dm-l
) with [CoIlTSPct (1.0 x 10-5 mol dm-\ pH 11. 

The plot of kobs versus [S02] for the data shown in Fig. 3.21 was linear, Fig. 

3J5, with kr = 3.5 ± OJ dmJ mor l sol and kr = 3.8 ± 0.3 x 10-2 S-l, under pH II 

conditions. Using these values the equilibrium constant was estimated to be K - 9.0 x 

101 dml mor l in agreement with the value determined from equilibrium data. The 

plot in Fig. 3.34 confirms that a rate law similar to that shown by equation 3.11 is 

obeyed for the coordination ofS02 to [CoIlTSPct species and that the coordination is 

first order in S02. Equilibrium and rate constants for the reaction between S02 and 

[CoIlTSPct at pH II are shown in Table 3.4, and are compared with those obtained 

at pH 7.4. Similar rate constants are obtained at these two pH values. The equilibrium 

constant at pH 7.4 was slightly higher than that obtained at pH 11, but the difference 

was not significant. As discussed above, in basic media, it is expected that the 

predominant species for S02 are SO/ species. Thus, at both pH 7.4 and pH 11 , the 

same species (SO/") is expected to coordinate to [CoIlTSPct complex; pKa = 1.81 
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turn may form S2052- in basic media according to equation 3.13. 182 

(3.13) 

Thus HS03- and S20/- may compete with SO/- for binding to the phthalocyanine 

species. However, S2052- readily converted to SO/- according to equation 1.34. 

The effect of this reaction was not observed using this technique. 
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Fig. 3.35 Plots of kobs (S- I) versus concentration for the coordination of 
sulphur dioxide to [CoIlTSPct-, 1.0 x 10-5 mol drn-3 species. pH 
11 buffer. 

3.4.6. Discussion on the interaction of analytes with [CoIlTSPct 

It has been shown in this work that cyanide and S02 coordinate to 

[CoIlTSPct species. The coordination is accompanied by oxidation of the central 

Co(Il) metal forming Co(IIl) species. The rate constants reported here for cyanide 

coordination to the [CoIlTSPct complex are in the range for those reported for the 

coordination of cyanide to FePc and RuPc complexes in non-aqueous media. 
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CHAPTER 4 

ELECTROCATALYTIC STUDIES 
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4. ELECTROCATALYTIC STUDIES' 

4.1. Electrodeposition 

The choice of the solvent for electrodeposition depended on the stability of the 

modified electrode towards the detection of the species. Different methods were thus 

employed for different analytes, as outlined below. 

4.1.1. ElectrodepositioD of [CoIlTm-3,4-tppa]4+ 

The glassy carbon electrode modified with [Co IlTm-3,4-tppa]4+, represented as 

[CoTm-3,4-tppat+-GCE was employed for catalysis of nitrite, cyanide and amino 

acids. The electrode modification was obtained by cathodic electrodeposition from a I 

X lO'J mol dm'l solution of [CoIlTm-3,4-tppat+ in pH 4 phosphate buffer, as 

explained in the experimental section (Section 2.3.1.2). The deposition was carried 

out by repetitively scanning between 0 and - 0.6 V vs. AgIAgCI, Fig. 4.1. The reduced 

species readily formed an electrically conducting film on the carbon electrodell •
42 

After deposition, the electrode was rinsed with water, followed by pH 4 buffer, and 

then a CV scan recorded in the blank (PH 4 buffer), in the potential range 0 to - 0.6 V 

yielding a well-developed couple I, which corresponds to the first ring reduction, as 

has been reported before and as discussed in Section 3.2.11.42 

• Part of the work in this chapter has resulted in the following publications: M. Thamae and T. 
Nyokong, 1. Electroanal. Chern .. 470 (1999) 126. M. Thamae, P. Westbroek and T. Nyokong, 
Mikrochimica Acta, in press. 
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-200 -400 -600 

Potential/mV (vs. AgIAgCI) 

Repetitive cyclic voltammograms of [Co IlTm-3,4-tppa)'+, (I x 
lO"l mol dm"l) for electrodeposition in pH 4 phosphate buffer. 
Scan rate = 100 mV S"l 

To check the stability of [CoIlTm-3,4-tppaj4+-GCE, repetitive scanning was 

performed in the potential range 0 to - 0.6 V vs . AglAgCI in a blank (PH 4 buffer), 

until no further decrease in the peak current was observed. The electrode was then 

ready for use. 

4.1.2. Electrodeposition of [CoIlTsPct 

The GCE electrode modified with [CoIlTSPct represented as [Co1"rSPct-

GCE was employed in nitrite electrocatalysis in addition to [Co llTm-3,4-tppal'+ -GCE. 

The deposition was carried out as explained in the experimental section (Section 

2.3 .1.2) by repetitively scanning at 100 mV S"l between + 1.0 and - 0.2 V vs. Ag!AgCI 
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(non-aqueous), Fig. 4.2 from a 1 x 10') mol dm') solution of [CoIlTSPct in DMF 

containing 0.1 mol dm-) TEAP as an electrolyte. 

-c: 
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:l 
U 

1200 

Fig. 4.2 

I5 1lA 

800 400 o -400 

Potential/mV (V5. AgIAgCI) 

[CoIlTSPct cyclic voltammogram in DMF and TEAP as an 
electrolyte showing repetitive scanning for electrodeposition 
onto a GCE. Scan rate = 100 mV S-I. 

The redox processes labelled I and II are assigned to metal reduction and 

oxidation in [CoIlTSPct with the formation of [CoITSPct and [CoIIlTSPct, 

respectively. See also Fig. 3.1O(a) in Section 3.2.2. 

[CoIlTSPct is water soluble and it is known to be irreversibly bound to the 

glassy carbon electrode upon electrochemical deposition. 122 The [CoILysPct 

complex was also adsorbed onto the GCE using repetitive cyclic voltarnmetry 

scanning from - 0.9 to + 1.25 V vs. AgIAgCl, Fig. 4.3 (in pH 10. 2 buffer), and was 

employed for SOz detection. Similar electrocatalysis results were observed when 

[CoIlTSPct-GCE was electrodeposited from DMF and from pH 10.2 buffer as 
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explained above. No S02 catalysis was observed when electrodepositing from pH 7.4 

buffer. 

Fig. 4.3 
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750 250 -250 -750 -1 250 
Potential/mV (vs. AgIAgCI) 

Cyclic voltammogram of [CoIlTSPct in pH 10.2 buffer, 
showing repetitive scanning for electrodeposition onto a GCE. 
Scan rate = 100 mV S-I. 

An increase in peak III was observed with repetitive cycling under pH 10.2 buffer 

conditions, but a decrease was observed for peak IV, Fig 4.3, (see Section 3.2.2 for 

peak assignments). At the end of electrodeposition, a purple layer was observed on 

the elecrode surface indicating the presence of a catalyst on the electrode surface. 

4.1.3. Electrodeposition of [FeIITSPcj4-

In Fig. 4.4 the electrodeposition of [F ellTSPc t is shown as a function of scan 

number and was carried out in a 10·) mol dm-) solution of [FeIlTSPct. Five peaks 

could be observed during this experiment, all of them increasing with scan number. 

This means that [FeIlTSPct is indeed depositing onto the surface of the electrode. 

Assignments of peaks were discussed in Section 3.2.2 above. 
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Yoltammetric curves of the electrodeposition of [Fe"TSPc t at 
a glassy carbon electrode in pH = 7.4 buffer containing 10') 
mol dm') [FellTSPct. Scan rate = 100 mY S·l 

4.1.4. Electrodeposition of [CoIlTmtppa]4+.[CoTSPc{ 

Studies on porphyrin complexes have shown that mixing cationic metal(II) 

tetrakis(N·methylpyridyl) porphyrinato with the anionic metal(II) tetrakis (4-

sulfonatophenyl) porphyrinato in polar solvents leads to the formation of a stable 1: 1 

dimeric complex,I),16,128.129,174 which readily adsorbs electrochemically onto a glassy 

carbon electrode and shows high catalytic efficiency towards four electron reduction 

of oxygen174 In this work the catalytic activities of the anionic, [Co"TSPct, and the 

cationic, [Co IITm-3,4-tppaj4+, complexes towards nitrite reduction are compared with 

the activity of the mixture of these complexes, represented as 
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The GCE electrode modified with [CoIlTm-3,4-tppat+.[Co1"rSPc{ is 

represented as [Co IITm-3,4-tppal'+[CoIITSPct-GCE. The deposition of GCE was 

performed as explained in the experimental section (Section 2.3.1.2).122 In this 

method the deposition was carried out by repetitively scanning at 100 mV S- I between 

+ 1.0 and - 0.2 V vs. AgJAgCI in pH 4 buffer, Fig. 4.5, from a I x 10-) mol dm-) 

solution of [Co IITm-3,4-tppat+.[CoIITSPc{ in pH 4 buffer. 

1200 800 400 o -400 

Potential/mV (vs. AgIAgCI) 

Fig. 4.5 [Co IITm-3,4-tppat+.[CoIlTSPct cyclic voltammogram in pH 4 
buffer showing repetitive scanning for electrodeposition onto a 
GCE. Scan rate = 100 mV S-I. 

Peak I in Fig. 4.5 corresponds to metal oxidation of the [CoIITSPct 

component of [Co IITm-3,4-tppat+[Co IITSPct complex. 

4.2. Electrocatalytic studies of nitrite and nitric oxide 

Catalytic activity of MPc complexes is known to depend on the central metal 

ion. MPc complexes with an electroactive central metal ion, e.g. CoPe and FePc have 
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been shown to exhibit better catalytic activity than those MPc complexes with ring 

based redox processes22 Studies have shown that COllpC complexes exhibit good 

selectivity toward nitrite ion determination. loo In this section, the porphyrazine and 

phthalocyanine complexes: cobalt(II) tetra-2,3-pyridinoporphyrazine (Colltppa), 

cobalt(II) N,N,N ,N -tetramethyltetra-2,3-pyridinoporphyrazine ([Co IlTm-2-3-

tppat+), cobalt(II) N,N,N,N -tetramethyltetra-3,4-pyridinoporphyrazine ([CoIITm-

3,4-tppat+), cobalt(II) tetrasulfophthalocyanine ([CoIlTSPct) and the mixture of 

[CoIITSPc{ and [Co IlTm-3,4-tppaj4+ are studied with respect to their catalytic 

activity towards nitrite reduction, and compared to ColIpc. 

4.2.1. Reduction of NO under homogeneous conditions 

In an attempt to identify the porphyrazine redox species that may be 

responsible for the catalytic reduction of nitrite, homogeneous catalysis of nitrite 

using [Co IlTm-3,4-tppat+was studied. When N02' was added to [Co IlTm-3,4-tppat+ 

in pH 4 buffer, the cyclic voJtarnmogram shown in Fig. 4.6(a) was obtained. This 

voltarnmogram is compared with a voltammogram in the absence ofN02-, Fig. 4.6(b). 

A large enhancement of the cathodic currents was observed at potentials assigned to 

the reduction of the porphyrazine ring in [CoIlTm-3,4-tppat+ Metal reductions to 

COli species occur at positive potentials as discussed in Section 3.2.1. The large 

increase in the cathodic currents is typical behaviour for catalytic reduction. No 

cathodic catalytic currents were observed within the potential range reported in Fig. 

4.6, in the absence of [Co IITm-3,4-tppat+. At near neutral pH conditions, there is only 

a small disporpotionation of nitrite to NO while under acid conditions the 

disproportionation of nitrite to NO IS significant and the catalytic reduction 

corresponds to the reduction of NO under these conditions. 175.176 Thus the catalytic 
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reduction currents observed in Fig. 4.6 are due to the reduction of NO. A broad peak 

near - 0.6 V vs. AglAgCI is observed for the reduction of NO in the presence of 

[CoIITm-3,4-tppal'+, Fig. 4.6. Similar results were observed when [Co IITm-2,3-

tppa]4+ was employed, with the reduction peak at - 0.6 V vs. AglAgCI. A rise in 

catalytic currents was also observed at about - 0.6 V vs. AglAgCl for reduction of NO 

on electrodes modified with the cobalt(II) tetrakis(N-methyl-2-pyridyl)porphine 

complex. 176 For this porphine complex, the catalytic currents were observed at 

potentials associated with Com/CoIl couple. The observation of the catalytic currents 

for NO reduction in Fig. 4.6, at potentials associated with the reduction of the 

porphyrazine ring, suggests that ring-based reductions may be involved in catalysing 

the reduction. The catalytic activities of phthalocyanine complexes are generally 

achieved through the conventional regenerative catalytic mechanism.177 

Electrocatalytic reductions using cobalt(II) phthalocyanine are lmown to involve only 

the metal-based reductions 22 This work suggests a possibility of the involvement of 

ring-based reductions in the catalytic processes, equations 4.1 to 4.3. 

[(NO)CoIlTmtppa(-2)]4+ + e-~ [(NO)CoITmtppa(-2)]3+ 

[(NO)Co7mtppa(-2)]3+ + e- ~ [(NO)CoITmtpp~(-3)]H 

(4.1) 

(4.2) 

[(NO)CoITmtppa(-3)]H + ne- ~ NH3 + NH20H + other products (4.3) 

The possible coordination of NO to the [Co IITm-3,4-tppa( -2)t+ species is based on 

the spectroscopic studies, as discussed in chapter 3. The absorption spectrum of 

[CoIlTmtppa(-2)t+ showed a single Q band at 659 nm in pH 4 buffer, and after 

addition of nitrite a splitting of the Q band was observed, Fig 3.17. Coordination was 

confirmed by equilibrium studies. Equation 4.1 is based on the fact that reduction 

occurs at the metal first before ring reduction. It is expected that the catalyst is 

regenerated by equation 4.3 . NH3 and NH20H are some of the likely products for the 
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reduction of NO in acid media. The formation of these products in basic media are 

confirmed below, Section 4.2.2.2 by bulk electrolysis. 
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Cyclic voltammograms for NO reduction, on an unmodified 
glassy carbon electrode and in pH 4 buffer for [CollTm-3,4-
tppa(_2)]4+ (a) in the presence of NOz- (0.02 mol dm-J) and (b) 
in the absence of nitrite. Scan rate = 100 mV S-I. 

4.2.2 . . Reduction and oxidation of nitrite under heterogeneous conditions 

4.2.2.1. Electrocatalytic reduction a/nitrite in neutral pH 

Experiments were performed to study the catalytic behaviour of the 

porphyrazine complex, [CollTm-3,4-tppa]4+ employing low concentrations « 10-9 mol 

dm-J
) of nitrite and near neutral conditions. The electrolyte used for these studies was 

water containing 0.01 mol dm-J NazS04 (pH - 7, unbuffered) or pH 7 buffer 

solutions. Electrodes in this section were modified by electrodeposition as described 

above. 
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The catalytic behaviour of [Co IlTm-3,4-tppa)4+ towards nitrite reduction was 

compared with the behaviour of the adsorbed [ColiTSPct and of the adsorbed 

mixture [CoIlTmtppat+.[CoIlTSPct. Linear sweep voltammetry was employed for 

[CoIlTm-3 ,4-tppat+-GCE and [CoIlTm-3,4-tppat+.[CoIlTSPct-GCE. For 

[CoIlTSPct-GCE, the current response using linear sweep voltammetry was too 

weak, hence Osteryoung square wave voltammetry was employed. Catalytic currents 

were observed in the presence of nitrite in all cases. 

The adsorbed [Co IITm-3,4-tppat+.[CoIlTSPct complex showed a peak at -

0.45 V in the absence of nitrite. On addition of nitrite, there was a considerable 

enhancement in the reduction currents with a shift of the peak to near - 0.6 V vs. 

AgIAgCl, Fig. 4.7. These reduction currents increased with increase in nitrite 

concentration, Fig. 4.8. 
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OSW voltammogram (a) in the absence of nitrite and (b) in the 
presence of 2 x 10,10 mol dm') nitrite on [Co llTm-3,4-tppat+. 
[CollTSPct-GCE in water containing 0.01 mol dm') Na2S04. 
Scan rate = 100 mY S'I. 
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Potential/mV (V5. AgIAgCI) 

OSW voltammogram of mtnte on [CollTm-3,4-
tppa]4+.[CollTSPc]4'-GCE in water containing 0.01 mol dro') 
Na2S04. [N02'] = (1) 2 x 10,10 (2) 8 x 10,10 and (3) 4 x 10'9 mol 
dm'] Scan rate = 100 mY S'l 

The voltammograms of adsorbed [ColITSPC]4' were featureless, but on 

addition of nitrite, catalytic currents were observed at - 0.37 Y vs. AgIAgCl, Fig. 4.9. 
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Potential/mV (vs. AgIAgCI) 

OSW voltammogram of nitrite (2 x 10-10 mol drn-J
) on 

[CollTSPct-GCE in water containing 0.01 mol dm-J Na2S04. 
Scan rate = 100 mV S- I . 

On [CoTm-3,4-tppat+-GCE, the catalytic currents for nitrite reduction were 

observed at - 0.50 V vs. AglAgCl. 

The stability of the electrodes: [CollTm-3,4-tppat+-GCE, [CoIITSPct-GCE 

and [CollTmtppa]4+.[CoIITSPct_GCE towards the detection of nitrite was illustrated 

by a study of the variation of current response with the scan number, Fig. 4.10. All of 

the electrodes were reletively stable towards nitrite reduction under the present 

conditions since no further decrease in current with scan number was observed after 8 

scans in each case. In addition, considering the similar concentrations of nitrite, 

higher currents were observed on [CollTm-3,4-tppat+-GCE than for the other 

electrodes, even after a hundred scans, showing that this electrode is comparatively 

more selective than the other two. However, loss of sensitivity is observed in all cases 

since the current signals are smaller when compared with first scans. 
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Scan number 

The vanatlOn of peak currents with scan number for the 
voltammetric response of 1.0 x 10- 10 mol dm-3 N02- on (a) 
GCE-[Co IlTm-3,4-tppat+, (b) GCE-[CoIiTm-3,4-
tppat+.[CoIiTSPct and (c) GCE-[CoIlTSPct. Scan rate = 100 
mV sol Electrolyte = water containing 0.01 mol dm-3Na2S04. 

Linear dependence of the catalytic currents on the concentration of nitrite (in 

the concentration range 1 x 10-10 to 7 X 10-9 mol dm-3) was observed for electrodes 

dimer, Fig. 4.11. The highest currents were obtained with the mixture, followed by 

CoIlTm-3,4-tppat+ while [Co"TSPct gave the lowest current response. Using the 

slopes of the plots in Fig. 4.11 as a measure of the relative catalytic activities, the 

mixed complex showed the highest catalytic activity when compared to the catalytic 

activity of individual complexes towards the reduction of nitrite. 
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[N021/mol dm·3 

Variation of cathodic currents (lS! scans) with N02' 

concentration for the reduction on (l) GCE-[Co IlTm-3,4-
tppat+.[CoIlTSPct, (2) GCE-[Co IlTm-3,4-tppat+, (3) GCE­
[CoIlTSPct. Electrolyte = water containing 0.01 mol dm') 
Na2S04. Scan rate = 100 mV S,I . Linear sweep voltamrnetry 
was used for (1) and (2), and Osteryoung square wave 
voltamrnetry was employed for (3). 

4.2.2.2. Electrocatalytic reduction of nitrite in basic media 

Nitrite, nitrate and hydroxide ions are the main components of low-level 

radioactive waste solutions. Electrochemical reduction of nitrite and nitrate in basic 

media is thus of environmental importance. In this work, carbon electrodes modified 

with CollTppa, [CoIlTm-2-3-tppa] 4+ and [CoIlTm-3,4-tppa]4+ were used for the 

heterogeneous catalytic reduction of nitrite. 

Studies on the catalytic behaviour of these complexes towards the reduction of 

nitrite in basic media (0.5 mol dm') NaOH), were performed by adsorbing the 

complexes onto a glassy carbon electrode. Glassy carbon electrodes were modified 

with Colltppa (Cotppa-GCE), [CollTm-2-3-tppa]4+ ([CoTm-2-3-tppat+-GCE) and 

[CoIlTm-3,4-tppat+ ([CoTm-3,4-tppat+-GCE) by drop dry method as described in 

153 



Results and Discussions 

the experimental (Section 2.3 .1.2). Under these highly basic conditions, the catalytic 

currents observed are due to the reduction of nitrite since the concentration of NO 

formed by disproprtionation of nitrite is insignificant and can be ignored. Catalytic 

reduction currents were observed on Cotppa-GCE, [CoTm-2-3-tppat+-GCE and 

[CoTm-3,4-tppa]4+-GCE, in the presence of nitrite, showing that ColItppa, [ColITm-2-

3_tppa]4+ and [CoIITm-3,4-tppat+ catalyse the reduction of nitrite. Also, [Tmtppa]4+ is 

unstable in basic media when in solution, but seem to be stable in basic media when 

adsorbed, hence catalytic activity is observed for the adsorbed species. 

For [CoTm-3,4-tppat+, two reduction peaks of the adsorbed specIes were 

observed at - 1.09 V and - 1.33 V vs. AgIAgCI, Fig. 4.12(a) in electrolyte alone. In the 

presence of nitrite, a catalytic peak was observed at - 1.40 V vs. AgIAgCI, Fig. 

4.12(b). The currents for the reduction of nitrite increased with increase in nitrite 

concentration as shown in Fig. 4.13 . 
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Cyclic yoltammograms for [ColITm-3 ,4-tppa]4+-GCE m the 
absence Ca) and presence (b) of 0.14 mol dm-) nitrite. 
Electrolyte = 0.5 mol dm-) NaOH. Scan rale = 100 mV S-I . 
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PotentiallmV (VS. AgIAgCI) 

Cyclic voltammograms for [Co IITm-3,4-tppa]4+-GCE in the 
presence of increasing concentrations of nitrite: (1) 0.02, (2) 
0.14 and (3) 0.20 mol dm-3 Electrolyte = 0.5 mol dm-l NaOH. 
Scan rate = 100 m V S-l 

For [Co IITm-2-3-tppa]4+, a reduction peak for the adsorbed species was 

observed at - 1.40 V vs. AgJAgCl, Fig. 4. l4(a), in the absence of nitrite. The 

reduction peak for [Co IlTm-2-3-tppat+ was observed at potentials more negative than 

observed for this complex in solution, although solution catalysis was performed in 

pH 4 buffer, Section 4.2.1. Because of the interaction between the adsorbed 

phthalocyanine complexes and the electrode surface, redox potentials differing from 

those in homogeneous solution are generally observed for the adsorbed species. 178 For 

[CoIITm-2-3-tppaJ4+ nitrite reduction peak was observed at - 1.44 V vs. AgJAgC1, Fig. 

4.14(b). The currents for the reduction of nitrite increased with increase in nitrite 

concentration, Fig. 4.15. 
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Cyclic voltammograms for [Co llTm-2,3-tppat+-GCE in the 
absence (a) and presence (b) of 0.14 mol dm') nitrite. 
Electrolyte = 0.5 mol dm') NaOH. Scan rate = 100 mY S·I. 
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Cyclic voltammograms for [Co IITm-2,3-tppat+-GCE in the 
presence of increasing concentrations of nitrite: (1) 0.04, (2) 
0.20 (3) 0.32 and (4) 0.44 mol dm'] Electrolyte = 0.5 mol dm') 
NaOH. Scan rate = 100 mY S·I. 
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For Co IlZ,3-tppa, the adsorbed species showed a weak reduction peak near -

1.4 V vs. AgIAgCI, Fig. 4.16(a), in the absence of nitrite. For the GCE modified with 

Co-2,3-tppa, a broad peak was observed near -1.4 V for nitrite reduction, Fig. 4.16(b). 
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Cyclic voltammograms for Co-2,3-tppa-GCE in the absence (a) 
and presence (b) of 0.14 mol dm-3 nitrite. Electrolyte = 0.5 mol 
dm-3 NaOH. Scan rate = 100 mV S-I. 

Ealier studies reported l79 that the cyclic voltarnmogram of adsorbed CoIlpc 

show a pair of reduction peaks near - 0.15 V, which has been assigned to COlli/COIl 

and COIl/COl species, in the absence of nitrite. 179 It has been shown before97 that 

catalytic currents were observed for reduction of N02- on CoIlpc-GCE, but with no 

defined peak. 

The presence of pyridinium rings (in porphyrazine complexes) instead of 

benzene rings (in CoIlpc) results in the lowering of the potential for the reduction of 

nitrite. Hence, a peak for the reduction of nitrite was observed for [Co IITm-2,3-tppa]4+ 

and [Co IITm-3,4-tppa]4+ and not observed for CoIlpc. 
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The currents for the reduction of nitrite increased linearly with increase in 

NOz- concentration, Fig. 4.17. For CoPc-GCE, the currents used in Fig. 4.17 

correspond to the currents observed at average potential for the reduction of nitrite on 

Cotppa-GCE, [CoTm-2-3-tppa]4+-GCE and [CoTm-3,4-tppat+-GCE, since no nitrite 

peaks were observed on CoPc-GCE. The slopes of the plots in Fig. 4.17 give a 

reasonable measure of the relative catalytic activities of Collpc, Co1l2,3-tppa, 

[CollTm-2-3-tppat+ and [CoilTm-3,4-tppat+. It is clear from Fig. 4.17 that the 

highest catalytic activity was observed for [CoilTm-2-3-tppat+ and that CoPc showed 

the lowest catalytic activity. The currents for the" reduction of nitrite on unmodified 

GCE were lower than observed on CoPc-GCE as has been observed before97 Some 

earlier reports 97 showed that a peak for nitrite reduction was observed on GCE 

modified with CuPc (CuPc-GCE), but no peak was observed on CoPc-GCE. Peak 

potentials for the reduction of nitrite on Cotppa-GCE, [CoTm-2-3-tppat+-GCE and 

[CoTm-3,4-tppat+-GCE were compared with the potential reported earlier for 

reduction of nitrite on CuPc-GCE.97 The main reduction peak for nitrite on CuPc-GCE 

was observed at -1.7 V vs. AglAgCI during the first scan, whereas when Coiltppa, 

[CoilTm-2-3-tppa]4+ and [CoilTm-3,4-tppa]4+ are employed as catalysts, the peak 

potential for nitrite reduction is observed at - -1.4, -1.44 and -1.40 V, respectively. 

Thus, the Co porphyrazine complexes lower the potential for N02 - reduction to a 

larger extent than CuPc. It is however important to note, that CuPc-GCE exhibited 

autocatalytic behaviour towards reduction of nitrite in that the peak currents increased 

with repetitive scanning.97 
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Plot of nitrite concentration vs. reduction catalytic currents on 
various porphyrazine and MPc complexes: (1) [CoTm-2,3-
tppat+-GCE, (2) [CoTm-3,4-tppat+-GCE, (3) [Co-2,3-tppat+­
GCE and (4) CoPc-GCE. Electrolyte = 0.5 mol dm-3 NaOH. 

Analysis of the reduction products 

Controlled potential electrolysis ofN02- at - 1.6 V vs. AglAgCI on carbon rod 

electrodes (represented as CE) modified with CoIltppa, [CoIlTm-2-3-tppa]4+ and 

[CoIlTm-3,4-tppa]4+ (Cotppa-CE, [CoTm-2-3-tppaj4+-CE or [CoTm-3,4-tppat+-CE, 

respectively), produced ammonia and hydroxylamine as some of the products. 

Hydroxylamine has been reported before as one of the products of the reduction of 

nitrite. 176 The results of the constant potential electrolysis of nitrite on Cotppa-CE, 

[CoTm-2-3-tppat+-CE and [CoTm-3,4-tppat+-CE are listed in Table 4.1 and 

compared with results of reduction of nitrite on CoPc modified carbon electrodes. 

Ammonia was the prominent product of the reduction. Coulometric studies showed 

that an overall 6-electron transfer was involved during the catalytic reduction of 

nitrite. Anunonia production is highly dependent on the pH of the solution,176,179 with 

higher ammonia yields being produced at low pH. The relatively low yields of 
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ammonia production observed in Table 4.1 are a result of the high pH employed for 

the electrolysis. The amount of hydroxylamine produced was less than the amount of 

ammonia formed under the same conditions and on the same electrode, Table 4.1. 

More ammonia was formed on electrodes modified with [CoIITm-2-3-tppat+, and 

[CoIlTm-3,4-tppat+, than for CoIItppa or CoIIpc, showing that the presence of electron 

withdrawing methyl groups in [Co IlTm-2-3-tppat+ and [CoIITm-3,4-tppaj4+ enhances 

the catalytic activity of these complexes. As Table 4.1 shows, relatively high current 

efficiencies for ammonia production were obtained for the reduction of NOz- on 

carbon electrodes modified with [CoIlTm-2-3-tppat+, than with CoIITppa or [CoIITm-

3,4-tppat+, or with Collpc, showing that the position of the methylpyridinium group 

plays an important part in the catalytic activities of the complexes. 

Table 4.1 

Electrode 

CE-CoPc 

CE-Cotppa 

Results of controlled potential electrolysis (after 17 minutes) of 
10 ml NOz- (2.8 mM) on carbon electrodes (CE) modified with 
CoII2,3-tppa, [CoIlTm-2-3-tppaj4+, [CoIITm-3,4-tppat+ and 
CoIIpc. (Applied potential, E,pp = - 1.6 V vs. AgIAgCI; 
electrolyte = 0.5 mol dm-) NaOH). 

T] /%' [NH3]/mM [NH2OH]/mM 
NH) 

63 0.11 0.013 

70 0.12 0.011 

CE-[CoTm-2,3-tppaj4+ 97 0.21 0.012 

CE-[CoTm-3,4-tppat+ 72 0.21 0.013 

'T] = current efficiency: charge used to generate product over total charge. 

The nature of the macrocycle is known to affect the catalytic activity of the 

phthalocyanine and porphyrin complexes towards the reduction of nitrite. loo It has 

also been shown that the close proximity of the N-methylpyridinium group to the 
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porphyrin ring in metal(ll) tetrakis(N-methyl-2-pyridyl)porphine complex has strong 

effects on the properties ofthe metalloporphyrin complexes. 180 It is thus expected that 

the position of the methylpyridinium groups in [CollTm-2-3-tppat+ and [CollTm-3,4-

tppat+ will affect the catalytic behaviour of these complexes. [Co IITm-2-3-tppa]4+ 

shows a larger current efficiency for NH) production from nitrite than CoII2,3-tppa or 

[CollTm-3,4-tppat+. Higher yields of ammonia production are also observed for 

[CollTm-2-3-tppa]4+ and [CollTm-3,4-tppat+, which have methyl groups, than for 

Collpc and Co II2,3-tppa. 

4.2.2.3. Electrocatalytic oxidation o/nitrite in neutral media 

Nitrites find use mostly as preservatives and colour-enhancing agents in the 

food industry. The maximum allowable level of nitrite in potable water is 4.0 x 10-6 

mol dm-)_49 Some of the meat products often treated with sodium nitrite are 

frankfurters, bologna, spiced ham and vienna sausage84
,85 Regulations allow as much 

as 200 ppm of nitrite in meat. 85 

Nitrite is readily oxidised, most likely to NO) - and N02 on electrodes such as 

carbon, platinum and gold94
,18l Nitrate is the most common interfering ion in the 

analysis of nitrite, but has been found not to interfere with nitrite determination when 

electrochemical oxidation, rather than reduction, of nitrite is employed for its 

analysis94
,18l Oxidation of nitrite is thus used in this work for its analysis. Even 

though the oxidation peak of nitrite is well defined, the use of electrocatalysts in 

modifying electrodes for detection of nitrite is essential for the analysis of low 

concentrations. Such modified electrodes may also show improved stability towards 

analysis of nitrite. pH 7 buffer was employed for the oxidation of nitrite. At this pH 

value, disproportion of nitrite to nitric oxide is negligible. 
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The use of a glassy carbon electrode modified with [CollTSPct for nitrite 

analysis, based on its catalytic oxidation is reported. Despide the poor performance of 

[CollTSPct when used as a catalyst in reduction reactions discussed above, 

[CollTSPct is a good catalyst when its oxidation is employed. Osteryoung square 

wave (OSW) voltammetry was employed for electrocatalytic oxidation. 

Electrodeposition of [CoIiTSPct was performed in DMF,122 as described in 

Section 4.1.2. As already described, the first oxidation in [CoIiTSPct occurs at the 

central metal with the formation of the [CollITSPct species. It is the later species 

which oxidise the species to be~atalysed such as N02-. On unmodified GCE, no peak 

for nitrite oxidation was observed, for I x 10-6 mol dm-) nitrite solution. Large 

background currents were observed on unmodified GCE in the presence of nitrite. 

Fig. 4.l8(a) shows the cyclic voJtarnrnogram of [CoIiTSPc t adsorbed onto GCE, in 

the blank (PH 7 buffer) solution. A broad anodic peak corresponding to the 

[CollITSPct/[CoIiTSPct couple was observed near I V vs. AgIAgCI, as has been 

reported before.l2J On addition of nitrite (1 x 10-6 mol dm-l
) an enhancement of 

currents of oxidation peak at 0.93 V vs. AglAgCI was observed, Fig. 4.18(b). The 

enhancement in the oxidation currents indicate catalytic activity of the GCE when 

modified with [CoIiTSPct. Further studies may be to detect nitrite in real 

environmental samples such as some meat products, water and many more. 
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Voltammogram of [CoiITSPct modified GCE in the absence 
(a) and presence (b) of 1 x 10- mol dm-) N02- on [CoiITSPct 
-GCE in pH 7 buffer. Scan rate = 100 mV S-I. 

Electrocatalytic oxidation reactions involving CoPc complexes have been 

described as a two-step process involving the oxidation of CoiIpc to CO([[pC,44 

followed by electron transfer from the species to be catalysed to Co([[Pc species. Thus, 

the proposed mechanism for electrocatalytic oxidation of nitrite on GCE modified 

with [CollTSPc t is shown by equations 4.4 and 4.5. 

(4.4) 

The enhancement in the anodic currents for the oxidation of nitrite in the 

presence of [CollTSPct is a consequence of electron transfer reactions through 
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equations 4.4 and 4.5. The enhancement in currents show that electrode kinetics is 

improved when [CoIITSPct is used as a catalyst adsorbed on a GCE. 

The catalytic currents for the oxidation of nitrite on GCE modified with 

[CoilTSPct increased linearly with nitrite concentrations as shown in Fig. 4.19. A 

correlation coefficient of 0.993 was obtained. Modification of the electrode improved 

the detection limit of nitrite by an order of magnitude to 2 x 10-7 mol dm-3 Addition 

of nitrate had no significant effect on Fig. 4.19, showing that nitrate does not interfere 

with the determination of nitrite on GCE modified with [CoIITSPct employing 

oxidation. Plots of the square root of scan rate vs. peak current were linear indicating 

a diffusion-controlled process. Fig. 4.20 shows that the electrodes modified with 

[CoilTSPct had more sensitivity for NOz- oxidation than the unmodified GCE, in 

that repetitive scanning of the solution containing NOz- did not result in a fast loss in 

current response observed on unmodified GCE. Higher peak currents were observed 

on [CoIITSPct modified GCE for all scan numbers. The currents were 5 IlA after 10 

scans on [CoIITSPct modified GCE when compared to < 0.8 IlA for the same 

concentration ofNOz- (I x 10-6 mol dm-3
) on unmodified GCE. For catalytic studies a 

newly coated GCE surface was employed as a way of obtaining reproducible results. 

It will be important to do studies on nitrite detection on environmental samples (e.g. 

meat products and water) in the future. 
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Variation of peak currents with NOz' concentration for NOz' 
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Fig. 4.20 Variation of oxidation peak currents with scan number on (a) 
unmodified GCE and (b) [CoIiTSPct-GCE. [N02'] = 4 x 10-5 

mol dm·]. Electrolyte = pH 7 buffer. Scan rate = 100 mV S·I. 

In summary, it has been shown in this work that the nature of the ring plays an 

important role in the catalytic reduction of nitrite. Nitrite concentrations as low as 1 x 

10.10 mol dm'] could be determined in water containing Na2S04, using electrodes 

[CoIiTSPct. However, the anionic complex, [CoIiTSPct, showed lower catalytic 

activity than both the cationic species, [Co llTm-3,4-tppat+ and the mixture of the 

cationic and anionic species. 

It has also been shown in this work that the use of[ColiTSPc t to modify the 

GCE results in the enhancement of the oxidation currents for N0 2 '. Addition of NO]', 

a common interferent for N02' determination had no effect on the cyclic 
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voltarnmogram of nitrite when oxidation is employed. [CollTSPct improved the 

sensitivity of the GCE towards the detection of nitrite when compared to unmodified 

GCE. The detection limit of 2 x 10.7 mol dm-) was obtained for nitrite analysis on 

GCE modified with [CollTSPct. 

4.3. Electrocatalytic studies of sulphur dioxide and sulphite 

S02 is a major atmospheric pollutant in industrial areas. S02 is a component of 

acid rain, which has a serious impact on buildings and vegetation. Monitoring of S02 

js of importance in relation to .environmentalpollution, occupational health and 

control of industrial emission. 

Dependent on the pH of the solution, sulphur dioxide transforms into 

bisulphite andlor sUlphite according to equations 4.6 and 4.7. 182 

kl 
SOz.xHzO ........ HSO)- + H+ + (x-I)HzO 

k_l 

kz 
HS03- .,.... SO/- + H+ 

k_z 

(4.6) 

(4.7) 

with kJ, k2, k_1 and k_2, the rate constants and KI = 1.54 X 10-2 mol dm-) and 

K2 = 1.02 X 10-7 mol dm-), the equilibrium constants. 18) 

Despite many electrochemical methods that describe the detection of sulphur 

dioxide, there remains a problem of instability of this compound in the presence of 

other sulphur containing compounds which are present in S02 solutions.184.185 At 

some electrode materials the kinetics of sulphur dioxide oxidation andlor reduction 

are slow.186.187,188 This fact limits the amount of suitable electrode materials. 

The use of a glassy carbon electrode modified with (a) [FelITSPct for the 

determination of sulphur dioxide in acidic to basic media, based on its catalytic 
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oxidation and reduction and (b) [CoIlTSPct for the determination of sulphur dioxide 

in basic media, based on its catalytic oxidation is reported in this section. 

4.3.1. [FeIITSPcj4- as a catalyst 

In this work the detection of sulphur dioxide is studied as a function of pH at a 

glassy carbon electrode modified using iron(II) tetrasulfophthalocyanine as a catalyst. 

The electrode was modified by electrodeposition. 

4.3.1.1. Studies in 1.0 mol dm-3 H2S04 

Fig. 4.21 shows current-potential curves recorded at a glassy carbon electrode 

modified with [FeIlTSPct, with increasing concentrations of sulphur dioxide in a 1.0 

mol dm-l H2S04 solution. Similar curves were obtained for sodium sulphite, which 

means that in strongly acidic solutions, sulphite is almost completely transformed to 

S02.xH20 (Table 4.2). This also means that k_l and k.2 in equations 4.6 and 4.7 are 

high. Indeed, the typical smell of S02 was detected by dissolving sodium sUlphite in 

1.0 mol dm·l H2S04 . However, if a bare glassy carbon electrode is used, ill-defined 

and poorly visible waves were obtained, hence the need for electrode modification. 

This is a first indication that [FellTSPct electro catalyses the observed reactions. 
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Current-potential curves recorded in 1.0 mol dm-3 HzS04 

solution for increasing SOz concentrations at a glassy carbon 
electrode modified with [FeIITSPct. S02 concentrations are 
(1) 0, (2) 3.37 x 10-4, (3) 6.42 x 10-4, (4) 1.21 x 10-3 and (5) 
2.20 x 10.3 mol dm-] Scan rate = 100 m V S-I. 

Two main waves IV and V can be observed, attributed respectively to oxidation 

(equation 4.8) and reduction of sulphur dioxide. The latter reaction will be discussed 

further below. 
SOz + 2HzO ...... 50/- + 4H+ + 2e- (4.8) 

Besides these main waves, three other waves are observed. Wave I and II are 

attributed to oxidation of reaction products formed in wave V. This was proved by 

cycling the potential between - 0.3 and 0.6 V vs. AgIAgCI, where waves II and I were 

absent, and by addition of sodium dithionite to the solution (in the same potential 

range), waves I and II again appeared. This indicates that the reaction product formed 

in wave V is dithionite. Waves II and I were also observed at a bare glassy carbon 

electrode after addition of sodium dithionite. Therefore it is not clear if these reactions 
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are electrocatalysed by [FeIITSPc{. However, when cycling between - 0.3 and 0.6 V 

vs. AglAgCI wave III still occurred under these conditions, indicating that this wave is 

attributed to a species in solution . 

Table 4.2 Actual fraction • of SOz, HSO) - and SO/- in solution as a function of 
pH 

KI Kz CH+ (mol pH Fraction Fraction Fraction 
dm-') SOz HS03- SO/-

l.54x10-' 1.02x10-7 1 0 9.85x10-1 l.52x10-' l.55xlO-9 

l.54x10-2 1.02x1O-7 10-1 1 8.67xI0-1 1.33xlO-1 l.36x 1 0-7 

l.54xlO-z 1.02x10-7 lO-z 2 3.94xlO-1 6.06xI0-1 6.18xlO-6 

l.54x10-z 1.02x10-7 10-) 3 6.10x10-2 9.39xlO-1 9.58x10-5 

l.54x 10-2 1.02x10-7 10-4 4 6.45xlO-) 9.93xlO-1 1.01xI0-) 
l.54xlO-z 1.02x10-7 10-5 5 6.42xlO-4 9.89xlO-1 1.01x10-2 

l.54xlO-2 1.02x10-7 10-6 6 5.89x10-5 9.07x10-1 9.26xlO-z 

l.54xlO-z 1.02x10-7 10-7 7 3.21x10-6 4.95xlO-1 5.05x10-1 

1.54xlO-z 1.02x10-7 10-8 8 5.80x10-8 8.93x10-2 9.11x10-1 

l.54x10-2 1.02x10-7 10-9 9 6.30x10-1O 9.7Ix10-) 9.90x10-1 

l.54x10-2 1.02x10-7 10-10 10 6.36xlO- IZ 9.79xlO-4 9.99xlO-1 

'These values were determined using known [SOz] and equations 4.6 and 4.7. 

Both, waves IV and V in Fig. 4.21, correspond to diffusion-controlled 

reactions, because a linear relationship is obtained between the peak current and the 

square · root of the scan rate. Also, waves IV and V do not overlap with water 

oxidation and reduction of dissolved oxygen, respectively, since two peaks were not 

observed in either case, even at the lowest concentrations of S02. However, the slope 

of the relationship between the peak current and S02.xH20 concentration is slightly 

higher for the reduction than for the oxidation (Fig. 4.22, curves 1 and 2, 

respectively). A different number of electrons exchanged in both reactions cannot 

explain the small peak current differences of these waves. As described above, wave 

III corresponding to curve 3 in Fig. 4.22 was attributed to a species present in 

solution. Moreover, it can be seen that the sum of the peak currents of waves III 
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(curve 3) and IV (curve 2) is equal to the peak current of wave V (curve I in Fig. 

4.22). Therefore, it is supposed that wave III corresponds to the oxidation of 

bisulphite (equation 4.9), which is present at about 1.5 % of the analytical sulphur 

dioxide concentration (Table 4.2). This wave is observed at similar potentials as those 

for the oxidation of the Fe-metal ion in [FellTSPc t. Therefore, it is supposed that the 

bisulphite oxidation is electrocatalysed by the central metal ion of [FellTSPct. Wave 

III was not observed on bare GCE. 

(4.9) 

However, an additional condition, that kJ in equation 4.6 is relatively small, needs to 

be fulfilled. This is indeed the case and is confirmed by two additional experiments. 

In the first experiment the pH was varied from 0 to 2 in 5 steps. The peak height of 

wave III in Fig. 4.21 increased while that of wave IV decreased with increasing pH 

value, due to formation of HSO)- with increasing pH. In a second experiment a 

preconditioning of the electrode at a potential of + 0.6 V vs. AglAgCl was applied 

prior to cycling from + 0.6 V to + 1.3 V vs. AglAgCI. With increasing 

preconditioning time, the peak height of wave IV decreased, indicating that during the 

preconditioning S02.xH20 is transformed (however slowly) to HSO) -, which is in turn 

oxidised at the preconditioning potential. Despite the fact that kJ in equation 4.6 is 

relatively small, the reaction of S02.xH20 to HSO)- still occurs. Indeed, a much 

higher ratio of ip.m/ip.rv is obtained than was found for the actual concentration ratio of 

[HSO)-]l[S02.xH20] in solution (Table 4.2). This shows that during the oxidation of 

HSO)-, fresh HSO)- is produced by reaction 4.6. This result also suggests that the peak 

current of waves III and IV in Fig. 4.21 cannot be attributed to the actual 

concentrations of bisulphite and sulphur dioxide in solution. However, the sum of 
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these peak currents is proportional to the analytical concentration of sulphur dioxide 

and can therefore be used for analytical purposes. 
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Calibration plots of the oxidation and reduction of S02 and its 
related compounds at a glassy carbon electrode modified with 
[FeIITSPct. (1) S02 reduction in 1.0 mol drn·3 H2S04, (2) S02 
oxidation in 1.0 mol dm'3 H2S04, (3) HS03' oxidation in 1.0 
mol dm'l H2S04, (4) HSOl' oxidation in pH 4 buffer, (5) HSOl' 
reduction in pH 4 buffer (6) S032

• oxidation in pH 8 buffer and 
(7) sol oxidation in pH 10 buffer. 

Another possibility is making use of the reduction wave V. No reduction 

prewave of HS03' was observed and since k'l in reaction 4.6 is high, it can be 

concluded that HS03' is transformed fast into S02.xH20, during sulphur dioxide 

reduction. As was pointed out earlier, dithionite is supposed to be the reaction 

product, therefore wave V is attributed to equation 4.10. 

(4.10) 
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Based on the reduction of S02.xH20 a detection limit of 8.5 ± 0.1 x 10-5 mol dm-3 is 

obtained, which is lower than that obtained by using waves III and IV (1.2 ± 0.1 x 10-4 

mol dm-\ The determination of the detection limit was based on the criterion that the 

detection limit corresponds to an electrode signal of twice the background current. 

However, an advantage of using the oxidation for detection limit is that sulphate is 

formed as a reaction product instead of dithionite. The latter species itself is 

electro active and relatively unstable. Decomposition occurs easily into sulphite and 

related products. Therefore dithionite can become an influencing speCIes m 

continuous measurement or for measurements in small volume cells. 

4.3.1.2. Studies in pH 4 buffer 

Fig. 4.23 shows current-potential curves for different sulphur dioxide 

concentrations, recorded in pH 4 buffer at a [FeIiTSPct modified glassy carbon 

electrode. Two waves can be detected: an oxidation wave centered around 0.05 V vs. 

AglAgCI (a) and a reduction wave with a peak potential of - 0.65 V vs. AglAgCI (b). 

Based on the results obtained above in 1.0 mol dm·3 H2S04, the oxidation wave 

. corresponds to electrocatalytic oxidation ofHS03- catalysed by [FelITSPct, which is 

oxidised to [FellTSPct at the same potentials. No wave for S02.xH20 is observed 

because S02 is transformed almost totally into HS03 - (Table 4.2) at this pH. A similar 

voltammogram to that shown in Fig. 4.23 was obtained using sodium sulphite as a 

starting species. The oxidation wave corresponds to reaction 4.9 with exchange of two 

electrons and is proportional to the analytical concentration of sulphur dioxide and 

sulphite (Fig. 4.22, curve 4). 
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Current-potential curves recorded in pH 4 buffer solution for 
increasing S02 concentrations at a glassy carbon electrode 
modified with [FeIITSPct. S02 concentrations are (1) 0, (2) 
8.79 x 10.5, (3) 1.51 x 10-4, (4) 2.71 x 10-4 and (5) 4.71 x 10-4 

mol dm-3 Scan rate = 100 mY sol. 

The reduction wave cannot be attributed to reduction of S02.xH20 or HSO)-

with exchange of two electrons. Its slope is twice as high as that for the oxidation 

(Fig. 4.22, curve 5). Therefore this wave is assumed to be the reduction of HSO)-

(because this is the only compound in solution) to S20/ (equation 4.11) with 

exchange of four electrons, because S20/ does not show electroactive properties 

over the entire potential region and is a relatively stable species. 

(4.11) 

Because of the higher slope obtained for the reduction, a lower detection limit 

can be obtained. Detection limits of 3.8 ± 0.1 x 10-5 and 7.4 ± 0.1 x 10-5 mol dm-) 

were obtained respectively for the reduction and oxidation of S02.xH20, with HSO)-

as electroactive species. 
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4.3.1.3. Studies at pH 8 and pH 10 buffer 

In pH 8 buffer completely different results were obtained for sulphur dioxide 

and sodium sulphite as starting species. Starting from sulphite, only one oxidation 

wave was obtained around 0.7 V vs . AglAgCl. From Table 4.2 it can be seen that 

sulphite itself is the main compound in solution, therefore this wave can be attributed 

to equation 4.12 . Its slope (Fig. 4.22, curve 6), obtained by plotting the peak current 

vs. concentration, is situated in the range that allows exchange of 2 electrons. 

SO/- + H 20 ...... soi- + 2H+ + 2e- (4.12) 

Starting from sulphur dioxide, only one wave around 0.7 V vs. AglAgCI was observed 

at small concentrations, Fig. 4.24. At higher concentrations this wave disappears and 

two new waves with Ep = - 0.2 and - l.l V vs. AglAgCI are observed, Fig. 4.25. It is 

well known that sot reacts to form HSzOs- in an excess of SOZ.18Z This excess is 

temporarily present during dissolution of SOZ. It is expected that this indeed occurs, 

but HSzOs - itself decomposes further. However, the new waves occurring are not 

proportional to the SOz concentration. Similar results were obtained in buffer 

solutions from pH 7.5 - 9.0. Therefore, it is clear that S02 cannot be detected in the 

pH range from 7.5 - 9.0 due to the instability of SOz.xH20 or its related compounds 

HSO)· and SO/·. However, sulphite can be detected in the absence of SOz in pH 8 

buffer. 
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(ii) 

500 ·500 ·1500 

Potential/mV (vs. AgIAgCI) 

Current-potential curves recorded in pH 8 buffer solution in the 
absence (i) and presence (ii) of 1.45 x 10-4 mol dm-) S02 at a 
glassy carbon electrode modified with [FeIlTSPct. Scan rate = 
100mVs-l

. 

500 ·500 ·1500 

Potential/mV (vs. AgIAgCI) 

Current-potential curves recorded in pH 8 buffer solution in the 
absence (i) and presence (ii) of 4.8 x 10-4 mol dm-). S02 at a 
glassy carbon electrode modified with [FeIlTSPct. Scan rate = 
100 mV S-I . 
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Fig. 4.26 shows current-potential curves of increasing S02 concentrations, 

recorded in pH 10 buffer at a glassy carbon electrode modified with [FeIlTSPct. It 

can be seen that in this highly alkaline solution only one wave is obtained at 0.75 V 

vs. AgIAgCl, which is identical to the one obtained for sodium sulphite. Therefore, it 

can be proposed that SO/- is the main (Table 4.2) electroactive compound in solution, 

at pH 10. As expected, the slope of peak current vs. S02 or Na2S03 concentrations 

corresponds to exchange of2 electrons (Fig. 4.22, curve 7) and a detection limit of7.3 

± 0.1 x 10-5 mol dm-3 was obtained. 

Fig. 4.26 
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::J 
() 

1000 500 0 ·500 ·1000 ·1500 

Potential/mV (V5. AgIAgCI) 

Current-potential curves recorded in pH 10 buffer solution for 
increasing S02 concentrations at a glassy carbon electrode 
modified with [FeIlTSPcj'". S02 concentrations are (I) 0, (2) 
3.92 x 10-\ (3) 6.95 x 10-4, (4) 1.51 x 10-3 and (5) 2.70 x 10-3 

mol dm-3 Scan rate = 100 mV sol 

It has thus been shown in this work that the electrocatalytic detection of S02 is 

not simple and is strongly dependent on pH. From this study it can also be concluded 
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that strongly acidic or alkaline solutions should be used as electrolyte in SOrgas 

sensing applications. For an optimal detection limit a buffer of pH 4 should be used in 

combination with the reduction reaction of HSO) -, the main compound in solution 

related to S02. In acidic or basic pH, the oxidation of S02 (and related compounds) to 

sulphate should be explored for analysis, since reduction of S02 causes formation of 

possible interfering and poisoning products. Except for the pH range from 7.5 - 9, a 

detection limit of about 4.0 ± 0.1 x 10-5 mol dm-3 in pH 4 buffer (reduction) and 7.5 ± 

0.1 x 10-5 mol dm-3 for other pH values are possible for S02 and its related 

compounds, HSO]- and S032-. 

4.3_2_ [CollTSPct as a catalyst 

S02 studies in the pH range 7.4 to 10.8 were also investigated on [CollTSPct. 

Only the results for pH 10.8 are discussed and compared when [FellTSPct is used as 

a catalyst. The GCE was modified by electrodeposition from pH 10.2 buffer as 

described in Section 4.1.2.122 

Voltarnmograms for S02 oxidation are similar to those observed on 

[FellTSPct-GCE in pH 10 buffer. Under these conditions S02 exists as sot as 

explained above. Cyclic voltammogram of [CollTSPct adsorbed onto GCE, in the 

blank (PH 10.8 buffer) did not show the broad anodic peak corresponding to 

[CoIIlTSPctl[CollTSPct couple near 0.9 V vs. AgIAgCI, Fig 4.27(a), as observed in 

this work in organic media, or as observed in pH 9 buffer. On addition of S02 a strong 

catalytic peak was observed at 0.85 V vs. AgIAgCI, Fig. 4.27(b). The large 

enhancement of the S02 oxidation peak is observed on GCE modified with 

[CollTSPct. The enhancement in the oxidation currents indicate improved catalytic 
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activity of the GCE when modified with [ColiTSPct. On unmodified GCE, no peak 

for S02 oxidation was observed for the same concentration of S02 solution. 

Fig. 4.27 

o 

1000 800 600 400 200 a 
Potential/mV (vs. AglAgCI) 

Current-potential curves recorded in pH 10.8 buffer solution for 
S02 at a glassy carbon electrode modified with [CoiITSPctin 
the absence (a) and presence (b) of 1.300 x 10-4 mol dm-J S02. 
Scan rate = 100 mV S-l 

As discussed above, Section 4.2.2.3, electrocatalytic oxidation reactions 

involving CoPc complexes have been described as a two-step process involving first 

the oxidation of ColIpc to ColIIpc, followed by electron transfer from the species to be 

catalysed to the ColIIpc species. Thus, the proposed mechanism for electrocatalytic 

oxidation of S02 on GCE modified with [ColiTSPct is shown by equations 4.13 to 

4.15. 

A similar mechanism may be proposed for [FeIlTSPct. 
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The enhancement in the anodic currents for the oxidation of S02 in the 

presence of [ColiTSPct are a consequence of electron transfer reactions through 

equations 4.13 to 4.15. The enhancement in currents show that electrode kinetics is 

improved when [ColiTSPct is used as a catalyst adsorbed on a GCE compared to 

unmodified GCE. Equation 4.14 is proposed based on the fact that electron transfer 

reactions are generally mediated by axial ligation of the analyte. 

The possible coordination of S012- to [ColiTSPct prior to electron transfer 

was examined using electron absorption spectroscopy in Section 3.3.3. 

The catalytic currents for the oxidation of S02 (as SO/oJ on GCE modified 

with [ColiTSPc t increased linearly with S02 concentrations in pH 10.8 buffer, Fig. 

4.28. Plots of square root of scan rate vs. peak current were linear indicating a 

diffusion-controlled process. The detection limit of S02 was found to be 1.2 x 10-5 

mol dm-l (or 0.76 ppm). In determining the detection limit it is assumed that the 

detection limit corresponds to twice the background current. The detection limits of 

500 ppb82 and Ippb81 S02 have been reported. The detection limit of 1.2 x 10-5 mol 

dm-l is an improvement over that obtained on [FellTSPct-GCE (7.3 x 10-5 mol dm-l
) 

above. Despite the fact that the detection limits of S02 reported in this work are higher 

than literature reports, this work is an improvement economically, since the cheaper 

glassy carbon electrode (modified with cheaper and easy to synthesise MPcs) IS 

employed as opposed to more expensive platinum and gold electrodes. 
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1.0 2.0 3.0 4.0 5.0 6.0 

Plot of [S02] VS. current on [CoIiTSPct-GCE In pH 10.8 
buffer. 

In summary, it has been shown in this work that the use of [CoIiTSPct to 

modify the GCE results in the enhancement of the oxidation currents for S02. 

Concentration of S02 of the order of 10.5 mol dm') could be determined using the 

[CoIiTSPct modified GCE in pH 10.8 buffer. 

4.4. Electrocatalytic studies of cyanide 

Cyanide detection is of importance due to its great toxicity. Electrode 

modification was performed by electrodeposition from [CoIlTm-3,4-tppat+, I I as 

described before in Section 4.1.1. Fig 4.29 (curve 1) shows the cyclic voltammogram 

of [Co IlTm-3,4-tppat+-GCE in the buffer (PH 10.8) alone. In Fig. 4.29, (curve 1) two 

broad peaks are observed, one peak near + 0.20 V and a broader feature near + 1.2 V 
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vs. Ag[AgCI. The peak near + 0.20 V vs. Ag[AgCI is assigned to metal reduction, 

[CoIITm-3,4-lppat+/[CoITm-3,4-tppa]1+,1 1 see also Section 3.2.1. The broad feature 

near 1.2 V vs. Ag[AgCI may be due to COlli/COlI It is very difficult to oxidise these 

positively charged molecules, but the first oxidation is expected to occur at the central 

metal. On addition of cyanide, the peak near + 0.20 V vs. Ag[AgCI disappeared, and 

an enhanced more-defmed peak, which can be attributed to cyanide catalysis was 

observed at + 1.27 V vs. Ag[AgCI, Fig. 4.29 (curve 2). The peak increased with an 

increase in cyanide concentration, Fig. 4.29 (curves 2 to 4). 

1600 

Fig. 4.29 

o 

1200 800 400 o 

Potential/mV (V5. AgIAgCI) 

Current-potential curves recorded in pH 10.8 borate buffer 
solution for increasing concentrations of cyanide on [CoTm-
3,4-lppa]4+-GCE. Cyanide concentrations are (1) 0, (2) 1.69 x 
W-", (3) 1.07 x 10,10, and (4) 1.67 x 10,10 mol dm'] 

A negligible peak for cyanide oxidation was observed on unmodified glassy 

carbon electrode (for the same concentration range employed in Fig. 4.29), Fig. 4.30. 

Fig 4.31 shows a linear plot of cyanide concentration vs. peak current. The lowest 
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cyanide concentration that could be determined was 1 x 10-11 mol dm- l
. A plot of 

cyanide concentration vs. scan rate was linear indicating a diffusion-controlled 

process. Interestingly, a new peak at + 1.4 V vs. AglAgCI appeared as the oxidation in 

cyanide progressed. Similar behaviour has been observed before,61 and it has been 

explained as follows : the first oxidation corresponds to cyanide oxidation, but as 

oxidation progresses the anodic potential rises to the characteristic value of the onset 

of oxidation of oxygen. Sodium cyanide oxidation has been observed at + 0.58 V vs. 

standard hydrogen electrode on titanium/cobalt oxide anodes.61 The product of 

cyanide oxidation has been reported to be cyanate,55,56 equation 4.166 1 

(4.16) 

A similar mechanism is proposed in this work, that is, cyanide is oxidised to cyanate 

on [Co IlTm-3,4-tppat+-GCE in pH 10.8 buffer. 
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1200 800 400 0 

Potential/mV (V5. AgIAgCI) 

Current-potential curve recorded in pH 10.8 borate buffer 
solution for 1.67 x 10,10 mol dm'3cyanide on unmodified GCE. 
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o 0.4 0.8 1.2 1.6 2 

1 01°[KCN]/mol dm'3 

A plot of variation of catalytic currents against cyanide 
concentration for cyanide oxidation on [CoIlTm-3,4-tppat+­
GCE in pH 10.8 buffer. Scan rate = 100 mV S'I. 

184 



Results and Discussions 

Table 4.3 compares detection limits for cyanide available in the literature with 

that obtained in this work. Lowest detection limits are observed in this work, although 

the oxidation potential is a highly positive value. This calls for future research, which 

will involve investigation of catalysts that will give both very low detection limits and 

less positive cyanide oxidation potential. 

Table 4.3 Ep and detection limits for cyanide oxidation 

Ep (vs. AgIAgCl) Method Detection limit Reference 
(mol dm'3) 

+ 0.226 Y Normal pulse 1.2 x 10.7 67 
voitammetry 

- 0.26 Y' Polarography 1.25 x 10,3" 68 

+ 1.27 Y Cyclic voltammetry 1 x 10,11 This work 

* = Reference electrode is SCE, •• = Detection limit in g dm'3 

To determine the mechanism of the reaction, spectroelectrochemistry 

experiments could be undertaken in aqueous solution of [CoIlTm-3,4-tppat+ in the 

presence of cyanide, under experimental conditions (e.g. temperature and 

environment) similar to those used for electrocatalysis and in pH 10.8 buffer. As has 

already been discussed,4 [CoIlTm-3,4-tppat+ is stable in acid solutions, but readily 

decomposes in alkaline media. It was not therefore possible to perform homogenous 

electrocatalytic oxidation of cyanide using [CoIlTm-3,4-tppat+ While brown 

solutions of [Co IlTm-3,4-tppat+were obtained in basic media, the adsorbed [CoIITm-

3,4-tppat+ complex is stable for the catalytic studies in basic media discussed above. 

Cyanide oxidation on ion-selective electrodes based on polyacrylamide modified with 

cobalt phthalocyanine has been reported. ISg Two peaks were observed at + 0.6 and + 
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1.55 V (vs. Ag10.01 mol dm-) Ag+, usmg 0.1 mol dm-) tetraethylammonium 

perchlorate in acetonitrile) in non-aqueous media, which were assigned to oxidation 

of cyanide trapped (merely retained) in polyacrylamide matrix and cyanide 

chemically bonded to CoPc.189 The bond was confirmed by visible spectroscopy and 

the mechanism, based on ESR spectroscopy was proposed to be a one-electron 

oxidation from 2CN- to (CN)z. 

Homogeneous catalysis of cyanide could not be performed at low pH values, 

as under these conditions cyanide exits mainly as HCN.55 In pH 7 buffer, cyanide 

exists as 100% HCN while at pH 10.2 more than 90% of total cyanide is free cyanide. 

HCN has a relatively high vapour pressure, volatilising under ambient conditions, 

resulting in loss of cyanide from the solution. 

It has been shown in this work that cyanide can be detected down to 1 x 10-11 

mol dm-3 using [CoIlTm-3,4-tppa]4+-GCE in pH 10.8 buffer. It is suggested that the 

[C0 111Tm-3,4-tppa]5+ species are involved in the catalytic process. 

4.5. Electrocatalytic studies of histidine and cysteine 

Histidine and cysteine detection is of importance since the molecules are 

components of biological systems. Electrode modification was performed by 

electrodeposition of [Co IITm-3,4-tppat+,11 as described in Section 4.1.1 above. Fig. 

4.32 (curve 1) shows the cyclic voltammogram of [Co IITm-3,4-tppat+-GCE in the 

buffer (PH 10.8) alone. Basic pH was chosen since histidine showed no 

electrocatalytic peaks in acidic to neutral pH values. At a pH of 10.8, the 

unprotonated form of histidine is determined. In Fig. 4.32, (curve I) a broad peak 

observed near + 0.20 V AgIAgCI, is assigned to metal reduction, [CoIITm-3 ,4-

tppa]4+/[CoITm-3,4-tppa]3+, see Section 4.411 On addition of histidine, a new peak at 
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0.37 V vs. AglAgCl was fonned, which decreased with histidine concentration, while 

an enhanced well-defined peak, which can be attributed to histidine electrocatalytic 

oxidation was observed at + 0.88 V vs. AgIAgCl, Fig. 4.32 (curve 2). The peak 

increased with an increase in histidine concentration, Fig. 4.32 (curves 2 to 4). 

Fig. 4.32 

900 600 300 o 

Potential/mV (vs. AgIAgCI) 

Current-potential curves recorded in pH 10.8 Tris buffer 
solution for increasing concentrations of histidine on [CoIlTm-
3,4-tppat+-GCE. Histidine concentrations are (1) 0, (2) 2.91 x 
10.7, (3) 3.85 x 10.7 and (4) 4.76 x 10.7 mol dm'3. 

Fig. 4.32 may be explained by spectroscopic studies or by literature reports. liB 

In neutral media, addition of histidine to [CoIlTm-3,4-tppa]4+ resulted in spectral 

changes that indicated fonnation of [Co ITm-3,4-tppa]3+ species, as discussed in 

Section 3.3.2. The interaction of histidine with [Co IlTm-3,4-tppa]4+ under neutral pH 

results in the reduction of this complex to [Co ITm-3 ,4-tppa]3+ in solution, thus in the 

presence of histidine, [Co ITm-3,4-tppa]3+ is present, and the observed peak at 0.37 V 

vs. AglAgCl is due to oxidation of these species to [CoIlTm-3,4-tppa]4+ However, the 

peak at 0.37 V vs. AglAgCl corresponding to COIl/COl species decreased with increase 
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in histidine concentration. Reports have shown that the oxidation of histidine on Pt 

disc consisted of a peak at + 0.6 V vs. AglAgCI which was attributed to the secondary 

amine group in histidine.1l8 The decrease of the peak at 0.37 V vs. AglAgCI with 

histidine concentration may suggest that the oxidation of the secondary amine group 

of histidine is producing a poisoning effect on the electrode. The poisoning effect 

could also be a result of the negligible amounts of cyanide (from byproducts of 

histidine oxidation) present in solution. Very small amounts of cyanide have been 

detected l18 from histidine oxidation. Also, the poisoning effect of cyanide to the 

COil/COl species is clearly demonstrated in Section 4.4 above, where the COil/COl peak 

completely disappears on addition of cyanide, Fig. 4.29. 

The peak due to histidine oxidation, at + 0.88 V vs. AglAgCI may be assigned 

to oxidative decomposition of histidine to CO2. A similar peak has been observed 

before, 118 on Pt discs at l.l V vs. AglAgCl. 

No peak for histidine oxidation was observed on an unmodified glassy carbon 

electrode. Fig. 4.33 shows a linear plot of histidine concentration vs. peak current. 

The lowest histidine concentration that could be determined was 2.24 x 10'7 mol dm') . 

. A plot of histidine concentration vs. scan rate was linear indicating a diffusion-

controlled process. 
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A plot of variation of catalytic currents against histidine concentration 
for histidine oxidation on [CoIlTm.3,4.tppat+·GCE in pH 10. 8 buffer. 
Scan rate = 100 mV S·l 

It is tentatively proposed that Colli in [CoTm.3,4-tppat+ catalyses histidine 

oxidation, as is typical for CoPe catalysed oxidation: some of the products of histidine 

oxidation are CO2 and NH3. IIS It has thus been shown in this work that histidine 

detennination, using its oxidation, can be performed on [Co IlTm-3,4-tppat+-GCE in 

pH 10.8 buffer, with a detection limit of2.24 x 10') mol dm'] 

A peak for cysteine oxidation occurs at highly positive potentials on an 

unmodified glassy carbon electrode. Metallophthalocyanines lower the oxidation 

potential of cysteine when adsorbed on carbon electrodes44
,45.123 Fig. 4.34 shows that 

in the presence of cysteine, the peak near 0.20 V vs . AgIAgCl, which has been 

assigned to metal oxidation, [Co IlTm-3,4-tppat+/[Co ITm-3,4-tppa]3+ increased. This 

peak also shifted to 0.22 V vs. AglAgCI. The increase in currents in the presence of 

cysteine indicates a catalytic process. The peak due to cysteine oxidation increased 
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with an increase in cysteine concentration, Fig. 4.35 (curves I to 3). The dip in the 

peak upon the return scan is typical44 of catalytic oxidation of cysteine. The 

observation of the catalytic peak in the region of COli/COl thus confirms that this 

couple catalyses cysteine oxidation in neutral media. See mechanism later. 

Fig. 4.34 
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Current-potential curves recorded in pH 7 Tris buffer solution 
for [Co IlTm-3,4-tppa]4+-GCE in the (a) absence and presence 
(b) of 1.0 x 10-4 and mol dm-} cysteine. 
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o 

600 400 200 o 
Potential/mV (vs. AgIAgCI) 

Current-potential curves recorded in pH 7 Tris buffer solution 
for increasing concentrations of cysteine on [CoIlTm-3,4-
tppat+-GCE. Cysteine concentrations are (1) 1.67 x 10-5

, (2) 
8.35 x 10-5 and (3) 1.00 x 10-4 mol dm-3 

Fig. 4.36 shows a linear plot of cysteine concentration vs. peak current. The 

lowest cysteine concentration that could be determined was 1.0 x 10-5 mol dm-J
. This 

result is listed in Table 4.4 and compared with previous studies. A plot of cysteine 

concentration vs. square root of scan rate was linear indicating a diffusion-controlled 

process, Fig. 4.37. The linearity was observed at lower scan rates only (up to 250 mY 

S-I). At higher scan rates, deviation from linearity was observed and could be 

explained by the fact that the overall reaction is no longer diffusion-controlled, if the 

saturation current is exceeded. Similar results have been observed before. 125 
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A plot of variation of catalytic currents against cysteine 
concentration for cysteine oxidation on [CoTm-3,4-tppat+­
GCE in pH 7 buffer. Scan rate = 100 mV S' l 

Table 4.4 shows that the catalytic peak for cysteine oxidation was observed at 

a lower potential of 0.22 V Vs. AglAgCl on [Co llTm-3,4-tppat+-GCE in pH 7 buffer, 

compared to other catalysts. However, the detection limit of 1 x 10'5 mol dm'3 is not 

low enough when compared with 1 x 10'8 mol dm'3 reported on [CoTSPct-GCE, 

Table 4.4. 122 In general, Table 4.4 shows that the phthalocyanines that greatly lower 

the potential for cysteine oxidation, do not generally show a low detection limit. For 

example, a detection limit of - 10'3 mol dm'3 was observed on OMo v(OH)Pc, with a 

peak potential at 0.26 V vs. AgIAgCl 190 while a detection limit of - 10'7 mol dm') was 

observed on CoPc with a peak potential at 0.77 V vs. AgIAgCl.44 Therefore, more 

research is needed to develop a catalyst that could show both low detection limit and 

low oxidation potential for cysteine. 
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Table 4.4 

MPc 

OMov(OH)Pc 

[OMovTSPc{ 

[CoIITSPc{ 

CoIIpc 

[CoIITSPc{ 

[CoIITSPc{ 

CoOBTPc 

[CoIITmtppat+ 

8.0 10.0 12.0 14.0 16.0 18.0 

A plot of square root of scan rate vs. peak current for 1.8 x 10-) 
mol dm-) cysteine on [CoIITm-3,4-tppat +-GCE in pH 7 buffer. 
Scan rate = 100 mV s- . 

Ep and detection limits for the MPc catalysed oxidation of cysteine. 

Conditions EpN Detection Reference 
(vs. AgIAgCI) limit/mol dm-3 

Carbon paste 0.26 -10-) 190 

Solution 0.28 _10-2 124 

Glassy carbon 0.90 20* 123 

Carbon paste 0.77 _10-7 44 

Solution 0.77 _10-7 44 

Glassy carbon 0.82 I x 10-8 122 

SAM -0.4 3.1 x 10-7 191 

Glassy carbon 0.22 1.0 x 10-5 This work 

* = Detection limit in f.lg mL-1 
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To determine the number of electrons involved in the reaction, pH studies 

were performed. Fig. 4.38 shows a plot of potential as a function of pH. The plot is 

linear with a slope of 50.8 mV per pH, implying n = I (n = number of electrons) at pH 

7, in agreement with the literature. l22
·
125 Peak current decreased with scan number, 

Fig. 4.39. This can be attributed to poisoning of the electrode by cysteine oxidation 

product, cystine. Similar observations have been evidenced before,126 on cysteine 

oxidation. It has been shown before l2l that the poisoning is not observed in acidic pH, 

since cystine dissolves and does not poison the electrode through adsorption. 
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A plot of peak potential against pH values in the presence of 
1.8 x 10-3 mol dm-J cysteine on [Co"Tm-3,4-lppaj4+ -GCE. Scan 
rate = 100 mV S-I, 
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Plot of peak current as a function of scan number in the 
presence of 1.8 x 10-) mol dm-) cysteine on ~CoIlTm-3,4-
tppaj4+-GCE in pH 7 buffer. Scan rate = 100 mY s- . 

Ligation of cysteine to metallophthalocyanine prior to electron transfer has 

been proposed above, Section 3.3.1. Following this evidence, the mechanism 

proposed for this catalytic oxidation of cysteine at pH 7 may be represented by 

equations 4.17 to 4.20, 

(4.17) 

(4.18) 

(4.19) 

RS' + RS' ~ RSSR (4.20) 

where RSH represents cysteine and RSSR is the cystine. The enhancement of the 

anodic currents observed in Fig. 4.34(a) is a consequence of electron transfer by 
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equations 4.18 and 4.19. COli/COl couple for [Co lITm-3,4-tppat+ has been employed 

in electro catalysis ofa variety ofmolecules.41
,42 

Homogeneous catalysis was also performed in pH 7 buffer. The peak potential 

was observed at 0.42 V vs. AglAgCI. 

Experiments were also performed In pH 4 buffer under homogeneous 

conditions. Fig. 4.40(a) and (b) shows [Co lITm-3,4-tppa]4+ in pH 4 buffer in the 

absence and presence of cysteine, respectively. The anodic peak for cysteine 

oxidation was observed at 0.52 V vs. AglAgCl and is assumed to be catalysed by 

Coli/COl species in [Co lITm-3,4-tppa]4+ at this pH. The potential shifts positively with 

decrease in pH as in Fig. 4.38. 

196 



450 

-s:::: e ... 
:J 
U 

800 

Fig. 4.40 

Results and Discussions 

(a) 

300 150 o 
Potential/mv (vs. AgIAgCI) 

(b) 

_--:=::::===\-0 

600 400 200 o 

Potential/mV (vs. AgIAgCI) 

Current-Eotential curves recorded in pH 4 Tris buffer solution 
for [COl Tm-3,4-tppar4 in the absence (a) and presence (b) of 
7.2 x 10-1 mol dm-J cysteine. 

197 



Results and Discussions 

Therefore, it has been shown in this work that cysteine determination through 

its oxidation can be performed on [Co lITm-3,4-tppa]4+-GCE in pH 7 (biological pH) 

Tris buffer. The detection limit of 1.0 x 10-5 mol dm-) can be obtained. 
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Conclusion 

It has been shown in this work that the nature of the ring affects the catalytic 

activity ofphthalocyanine complexes towards the reduction of nitrite. The presence of 

pyridinium rings (in porphyrazine complexes) instead of benzene rings (in CoPc) 

results in the lowering of the potential for the reduction of nitrite. Hence, a peak for 

the reduction of nitrite was observed for [Coiltppa], [CoilTm-2,3-tppat+ and [CoilTm-

3,4-tppa]4+ and was not observed for Coilpc. The position of the methyl groups on the 

pyridinium ring also plays an important role in the catalytic reduction of nitrite. 

[CouTm-2,3-tppat+ shows a larger current efficiency for NH) production from nitrite 

than [Coil2,3-tppa] or [Co IITm-3,4-tppat+. Higher yields of ammonia production are 

also observed for [CoilTm-2,3-tppat+ and [CoilTm-3,4-tppat+, which have methyl 

groups, than for CoPc and [Cotppa]. Nitrite concentrations as low as 1 x 10-10 mol dm­

) could be determined in water containing Na2S04, using electrodes modified with 

[Co ilTm-3,4-Tppat+, [CoilTSPct and a mixture of [CollTSPctand [Co IITm-3,4-

tppat+. The anionic complex, [CoilTSPct, however showed lower catalytic activity 

than both the cationic species, CoilTm-3,4-tppa]4+ and the mixture of the cationic and 

anionic species. The nitrite reduction process was found to be ring-based. 

In this work the use of [CoilTSPct to modify GCE resulted III the 

enhancement of the oxidation currents for N02-. Addition of NO)-, a common 

interferent for N02- determination had no effect on the cyclic voltammogram of 

nitrite. [CoilTSPct improved the stability of the GCE towards the detection of nitrite 

when compared to unmodified GCE. Concentrations of nitrite of the order of 2 x 10-7 

mol dm-) could be detected using the [CoIlTSPct modified GCE. This is a lower 

detection limit than reported in the literature for nitrite determination using its 

oxidation, on modified and unmodified electrodes. 
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Conclusion 

It has been shown that the electrocatalytic detection of S02 is pH dependent. Except 

for the pH range from 7.5 - 9, Sal or its related compounds HSOl - and SO/ -, can be 

detected on [FellTSPct -GCE with a detection limit of the order of 10-5 mol dm-l
. 

It has also been shown in this work that cysteine and histidine determinations 

may be performed on [CollTm-3,4-tppat+-GCE in pH 7 and 10.? Tris buffer, 

respectively. The detection limits are 1.0 x 10-5 and 2.24 x 10-7 mol dm-l for cysteine 

and histidine, respectively. 

Cyanide can be detected down to 1 x 10-11 mol dm-l usmg [CollTm-3,4-

tppat+-GCE in pH 10.8 buffer. 

Interaction of [CollTSPct with cyanide is accompanied by oxidation of 

[CollTSPct to [ColllTSPcl l
- by oxygen. The [ColllTSPct species are also formed on 

interaction of [CollTSPct with Sal. 

Interactions between cysteine and histidine with [CollTm-3,4-tppalt+ results 

m the formation of [Co ITm-3,4-tppal l +. Interactions of amino acids with 

porphyrazines are an important step towards modelling of biological systems, due to 

the similarity between porphyrazines and porphyrins. 
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