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ABSTRACT

Syntheses, spectral, electrochemical and sp#ettrochemical studies of new thiol-
derivatised MPc complexes were satisfactorily earriout. For the first time,
spectroelectrochemistry gave evidence for the ftiomaof Ni#*/Ni* process in a NiPc
complex. Significant insights as to the nature &F€ and NiPc spectra were obtained.

Transformations of chlorophenols using chemigatl photochemical methods are
presented. For cobalt tetrasulphophthalocyaninalyssd oxidation of chlorophenols
using hydrogen peroxide as the oxidant, types afaon products formed depended on
the solvent conditions. Photolysis of aqueous gmistof chlorophenols in the presence
of immobilised non-transition metal phthalocyaniplkotosensitisers onto Amberfite
was carried out. For the first time, MRgScomplexes were immobilised on Ambeffite
for use in heterogeneous photocatalysis. Photobfsise chlorophenols resulted mainly
in the formation of chlorobenzoquinone derivativébe generation of singlet oxygen
(*0,) by these immobilised MPc photosensitisers wasidow play a major role in their

photoactivities.

Modifications of gold electrodes with the newdynthesised thiol-derivatised MPc
complexes via electropolymerisation and SAM tecbeigare presented. Cyclic
voltammetry, impedance spectroscopy (NiPcs only)d aspectroelectrochemical
techniques (NiPcs only) confirmed that the compdefa@med films on gold electrodes.
Stable and well packed SAM films as evidenced kg thitammetric characterisation
were obtained. For the first time, optimisationtioé time for SAM formation based on

CV technigue was studied. First example of a foromadf MnPc-SAM was achieved.



Catalytic activities of the NiPc towards chloreplol depended on the nature of the
NiPc in the polymer films and also anti-fouling Iglgiof the films depended on polymer
film thickness. The FeTBMPc polymer modified goldarode showed the best catalytic
activity in terms of peak potential,, Evhen compared to reported work in literature for
nitrite electrooxidation. Cyclic voltammetry andesproscopy studies showed that the
CoPcs, FePcs and NiPcs catalysed nitrite oxidatieolve 2 electrons in total while that
of MnPcs involve 1 electron. Better catalytic penfiance towards sulphite
electrooxidation were obtained for the CoPcs, FelrcsMnPcs which have metal based
redox processes within the range of the sulphigetedoxidation peak while the NiPcs

which did not show metal based oxidation reactieriggmed less.
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1.1 Introduction to Metallophthalocyanines (MPcs)

Phthalocyanine (Pc) complexes are a special classompounds that have similar
structure to tetraazoporphyrin with additional fdused benzo ringsl( Figure 1.1)'?
Pcs were discovered in the 19G0sTraditionally, they have been used as dyes and
pigments due to their intense blue-green cololihese class of molecules have high
extinction coefficients which are of order of> 1™ cm™ and they are thermally and
chemically stabl&’ Phthalocyanines consists of 16 carbon and 8 rtrcgtoms and
have a two-dimensional z&lectron conjugated system, in which more thanii#@rdnt
metals and non-metals can be incorporated. Incatioor of different ring substituents in
the peripheral and non peripheral positions is alsssible. Many of Pc properties, for
example, solubility can be varied by changing teatal metal ions, axial ligands and
ring substituent&?

As stated above, metallophthalocyanines (MPcs)uaique in terms of physical and
chemical properties, which have resulted to a wadeye of applications. Over the years
phthalocyanine complexes have attracted many agtjglits in areas such as catal}f%t§
sensors™*’ and photodynamic therapy (PD)** New applications of MPcs are
emerging, these include ink jet printifitglectrophotograph$??*photocopying and laser
printing?*° electrochromic display devicé%?® optical computer re-writable discs and
information storage systeri$>'liquid crystal display devices*?photovoltaic cells®3*
fuel cells>® molecular electronic¥ semi-conductor devic&d’>° and electrochemical

sensorg®17:40
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MPcs especially the FePcs and MnPcs have been siwolaave the ability to mimic the
certain enzymes catalytic behavidtif® this enzyme-like catalytic behaviour will be
further discussed later in this chapter.

Non-transition metal MPc complexes are widely useghotocatalysts for degradation of
pollutants such as chlorophendis® For use as photosensitisdérs photodynamic
therapy:®>#****" MPc complexes containing non-transition centratahéns such as
Zn** and AP* are preferred.

MPcs containing redox active transition metal imueh as C9, F€" and Mi* are
known to be effective electrocatalysts and eletteotical sensors under homogenous
and heterogeneous conditiotig’

This work focuses on the use of MPcs as photocttalgnd chemical/enzyme-like
catalysts for the degradation of phenolic pollugaanhd electrocatalysts for detections of

pollutants such as chlorophenols, nitrite and Stéph

N N
N
\ ! [~
Ne=—— M =N
{ : \=
IN
N 7 N

(1)

Figure 1.1: The structure of metallophthalocyanine (MPc)
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111 General synthetic methods

Synthesis of phthalocyanines can be achieved udifigrent routes depending on the
type of phthalocyanines to be synthesised; metd, fsymmetrical and asymmetrical
metallophthalocyanines. Various precursors sugbhésalonitrile, phthalic acid, phthalic

acid anhydride, phthalimide, diiminoisoindoline amdcyanobenzamide have been
developed for this synthes®s'! Phthalonitrile(2), phthalic anhydrid€3), phthalic acid

(4) and phthalimidg5) Figure 1.2, are the most used precursors for yim¢hesis of

O

CN
(X O
CN O

Phthalonitrile (2)  Phthalic anhydride  (3)

o)
CO,H
NH
CO,H
o)

Phthalic acid (4) Phthalimide (5)

MPcs.

Figure 1.2: The structure of some MPcs precursors

In terms of choice of precursors for phthalocyasisgnthesis, the use of phthalonitrile
provides a mild and clean proc&ssiith high yields of very pure MPcs suitable for
research purposes while the use of phthalic antgdsi relatively a cheap method but the

MPcs obtained are usually not as pure as the for8arthesis using phthalic anhydride

4
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(3) also require the presence of nitrogen source sschr@a and a catalyst such as
ammonium molybdate or boric acidhe latter is widely used for commercial purposes.
Scheme 1.1 shows the synthetic route for unsubstitmetal free phthalocyaninés)
from phthalonitrile(2). The synthesis occurs by simple heating of phthtltn with
either (a) a base such as ammonia {Not 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU),
(b) labile metal or metal salt such as,lNa or K in alcohol followed by addition of
acid to yield the metal-free phthalocyanines or geyanic reducing agents such as
hydroquinone or 1,2,3,6-tetrahydropyridine whicloypde the two electrons and two

protons required for cyclotetramerisation of théhalonitrile®"*

(@) a base
e.g.
NH,/DBU
N
CN : : '}l NT TN
(b) Li/Na/K or their salts/ ~
an acid
- NH HN
CN \
) N Pz

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

Scheme 1.1: Synthesis of MPcs from o-cyanobenzamide and phtitsle’® "



I ntroduction

For the synthesis of metallated phthalocyaninescuysors such as phthalonitri{2),
phthalic anhydrid€3), phthalic acid4), and phthalimid€5) are often used, Scheme 1.2.
Basically, the reactions involve cyclotetramerisatof the precursor by heating it at high
temperature with a suitable metal or metal salhenpresence of a base such as DBU and
in a suitable solvent such as dimethyl formamidMA), dimethyl sulphoxide (DMSO),
hydroquinone and quinoline. Also unmetallated pluityanine(6) can be metallated by
heating in the presence of metal or metal salthgusiromatic solvents such as 1-

chloronaphthalene and quinolifte.

CN
X
N Metal salt Metal or
2 metal salt,
(2) A A
|>j \N N (@]
CO,H Metal ion, urea I S5 Urea, metal ion
- N—N—nN - NH
CO,H A 4 ||\| = a
N Z \=N o
(4) ©))
(1)
A
urea
Metal a
ion urea, A
0O
O
3 °

Schemel.2Synthesis of symmetrical MPcs from some precursors
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By using mono (for tetrasubstituted MPcs) and dr @fctasubstituted MPcs) substituted
phthalonitrile (7) or substituted form of other precursors such ashagliat acid (8),
symmetrically substituted MP@®) can be synthesised, some of the synthetic routes a

shown in Scheme 1.3.

R, CN R, Ry
)@[ 1. Li-pentanol
Ro CN \

—~

~

~
4

2. metal salt N N
R, [
~
N—/M——N
' —
R, \ :
NI\ =N
metal ion,
urea
R, COOH /
X :
R, COOH R, R,

8) (9)

R,=H, R,= not H, tetrasubstituted MPc

R,=R,= not H, octasubstituted MPc

Schemel.3Synthesis of symmetrically substituted MPcs froome@recursors

Introduction of ring substituents such as sulph@nand carboxylic acid'’® to MPc
complexes enable the complexes to be water soli&her and Bush methBdis a

popular and effective way of synthesizing metatitra@sulphophthalocyanine (MP2S

(10); the method involves refluxing at a high tempemit@bout 18%C) a mixture of the
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monosodium salt of the 4-sulphonic aqill), urea and appropriate metal salt in
nitrobenzene in the presence of ammonium molybastEatalyst, Scheme 1.4.
A mixture of sulphonated MPc complexes (MRgb can be obtained by direct

sulphonation of unsubstituted MPc with oledin.

-z

COOH
metal salt, urea,solvent ==
= NaO,S N=——\] =N SO Na
NaO,S COOH catalyst, reflux ; =
/r\'n
(11) N
SO;Na
(10)

Scheme 1.4: General synthetic route for tetra sodium salt of taihe
tetrasulphophthalocyanine (MPp@

Metallated octacarboxy phthalocyanine (MOCPc) caxg$(12) can be obtained using
the reaction shown in Scheme 1.5. Basically, theyadabtained from benzene-1,2,4,5-
tetracarboxylic dianhydridé13) in the presence of urea using DBU as a catéfyét.
Tetra-amido metallophthalocyanir{@4) is obtained as the intermediate and is easily
converted by acid hydrolysis to metallated octagayb phthalocyanine (MOCPCc)

complexeg12) by reacting it with aqueous sulphuric acigS&;.
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Q 0O
o urea, DBU, metal salt
@) O
(13)
(@) N O
H,SO, H
(14)

COOH
COOH

HOOC COOH

(12)

NH

Scheme 1.5: Synthetic route for water-soluble octacarboxy-mepdithalocyanine,
(MOCPc)""®

In this work, water soluble metallo-sulphonatedhalocyanine (MPcSx, where S =
SO;) complexes, (AT, C&*, zn**, G, Si** and Sf") will be employed as catalysts for
degradation of chlorophenols. The complexes wihesi be tetrasulphonated, MRBcS
(where S = S@) or will contain a mixture of sulphonated groupslPcShix.

Octasubstituted MPcs with carboxylic groups wi@abe employed.




I ntroduction

Thiol substituted MPcs will also be used in thisrkvdience their general synthesis
follows. The synthesis of thiol derivatised MPcs llieeen reported by some researchers.
88093 cook and co-workef§*° and Lieberman and co-worket€® have been actively
involved in the synthesis of thiol-derivatised pdlticyanines for the fabrication of self
assembled monolayer (SAMs.). Thiol-derivatised MRagh long chain alkyl ring
substituents have been synthesised for the usigud trystal$® There are also thiol
derivatised MPcs complexes which are used as IRrbess° since the substituents are
known to cause high red shift of the Q band.

The synthetic route adopted for the thiol derivedisMPcs synthesised in this work is
shown in Scheme.1%.Basically, it is the cyclotetramerisation of moubstituted thiol
phthalonitrile(15) in the presence of the desired metal ion saltive g tetrasubstituted

thiol-derivatised MP¢16).

SR
N
CN anhydrous N
metal(ll)acetate '
/(:( - RS N M
SR cN  ethylene glycol or quinoline / H =
15 200°C, 6hrs, N, atm N
SR
(16)

Scheme 1.6Synthesis of symmetrical thiol derivatised MPc.

10
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Mechanismsin the formation MPcs

Since the preparation of phthalocyanines can beewett via many routes, several
mechanisms have been proposed. The mechanism &drthation of MPcs is basically
the cyclotetramerisation of the precursor such iasimbisoindoline (17) as shown in
Scheme 1.7°The first major step in the mechanism is the cosdon reaction between
the Pc precursors leading to formation of reaciintermediates with two isoindole unit.
This is then followedby combination of the reactive species and centratal ion
coordination which leads to MPc complex formati®ome intermediates isolated from
these reactions have given some insights into Hmset complexes are formed even
though the mechanism is not fully understood. Tdetion leading to the formation of

MPc complexes are generally thermodynamically féadi

NH _ N~
RCH,O
RCH,OH NH
NH OCH,R OCH,R
(17) OCH,R +
| RCH,0 ]

Scheme 1.7Mechanistic scheme for MPcs forming reactions.

11
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Aim of Thesis

The synthesis of thiol-derivatised benzyl mercaptd dodecyl-mercapto tetra substituted
Co®*, F&¢*, Mn**, Ni** and Z* MPc complexes will be carried out in this thedige
choice of the first row transition central metahsois because their macro complexes are
known to be excellent electrocatalysts. Table hdws the list of some thiol-derivatised
MPcs reported in literature. Sulphur containingug® as ring substituents will make the
complexes to be suitable for gold electrode modifon as SAMs. To date, there has
been no reported work on the synthesis of a theoivdtised MPc containing Mn ion as
the central metal despite the very rich and intergdvin redox chemistry. In this work,
benzyl mercapto ring substituents was chosen becdaus a possible precursor for the
synthesis of MPcs with —SH group (which are thaldéPcs for SAM) and will be good
for comparative studies with MPcs with long chalkykhgroup. MPcs with dodecyl
mercapto group were synthesised because long cfieane thiols are known to form
highly stable SAMs on gold. The influence of MPrgisubstituents on the stability of
SAMs should be of great interest and will be inggged in this thesis.
Electropolymerisation of these complexes on goéttebdes will also be carried out and

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

Thiol-derivatised MPc Metal free/ Central metal | References

ion

Octakis (hexylthio)-
metallophthalocyanines

H* zr™*, Cu”

94

Octakis (phenylthio)-
metallophthalocyanines

Co*’, Fe*

95

Tetrakis (alkylthio)-
metallophthalocyanines

H* Ni¢*

96

Octakis (hydroxyethylthiol)-
metallophthalocyanines

H*, Cd*, zn™, Ni**

97

Octakis (butylthiol and
hydroxylthiol)-
metallophthalocyanines

Zn“*, Co*, Fet

58, 67

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

H+

98

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

H+

98

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

H+

98

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

H+

98

Octakis or tetrakis (Octylthio
or octylsulphonyl)-
phthalocyanines

CU, Ni**

99

‘Umbrella SiPc’

SI"(CH3)[O(CH,)-SH]

91

‘Octopus SiPc’

Si(OCHs)2

91

1,(4)- and 2,(3)-
(tetraphenylthio
phthalocyaninato)-
titanium(lV)oxide

Ti**=0

100

1,(4)- and 2,(3)-
(tetrabenzylthio
phthalocyaninato)-

titanium(lV)oxide

Ti**=0

100
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1.1.2 Spectral properties

1121 Electronic spectra

Figure 1.3shows typical electronic absorption spectrum of MRc complex. The
spectrum consists of distinct band in the visilgecsrum called the Q band which is the
most intense band and the B or Soret BHrd? lying just to the blue of the visible region

near 340 nm.

Q band

Absorbance

B band

300 350 400 450 500 550 600 650 700 750 800
Wavelength/nm

Figure 1.3: Typical electronic absorption spectrum of MPc

The origin of the UV-Visible spectrum is well explad by Gouterman’s 4-orbital linear
combination of atomic orbital mod&IScheme 1.8. According to the theory, the highest
occupied molecular orbitals (HOMOSs) of the MPc riage the a(r) and ay(n), the

lowest unoccupied orbital (LUMO) of the MPc ringtie g(r). The Q and B bands arise

14
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from transitions from the gx) (Q band), and_a(x) and B (B bands), respectively to the
&, orbital. There are other bands exhibited by MPe@sds such as N, L and C bands

which occur at high-energy (below 300 nm) in theuyrd state electronic absorption
spectra of some diamagnetic MPcs such as ZnPcklgRds'®

There are also possibilities of charge transfatsitions (CTTs}® which usually appear
as weak absorption bands between Q and B banie tentral metal has d-orbital lying

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

can be metal to ligand (MLCT) or ligand to metaMCT), Scheme 1.8.

Pc ring orbitals metal orbitals Pc ring orbitals metal orbitals
b2u bzu ——
blu blu ——
eg eg
—— blg S bl
B Q B Q
alg
a,, XX a,, XX
m—X X eg —— XX — o
a,, XX — (Y E— a,, XX — ) E—
b2u ——X X — b t X X
XX — X — 2u —— XX —
Ay 2 ay, XX 2
eg — X — eg — (Y E—
metal to ligand (MLCT) ligand to metal (LMCT)

Scheme 1.8Gouterman’s 4-orbital linear combination of atomibital modef
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Metal oxidation or reduction is characterised kshdt in Q band without much lowering
in intensity while ring oxidation will result in dapse of the Q band and formation of a

broad peak at around 500 nm. This results in ae'hial the g, (r) level which allows
transition from the low-lying, geén) level to the HOMO. Ring reduction also results in

collapse of Q band followed by formation of new tarbetween 550 nm and 650 nm.
Scheme 1.9 shows the energy level diagram for tewren ring reduced or ring

oxidised MPc complex.

E—— —— — blu(n*)
X
—FI eg(ﬂ*)
Q B Q B Q B
XX XX X
s 31(7T)
— . XX eym)
neutral MPc(-2) ring reduced MPc(-3) ring oxidised MPc(-1)

Scheme 1.9: Energy level diagram for one-electron ring reducedring oxidised MPc
complex.

Aggregation in MPcs can be described as the agsmtiaf molecules leading to dimers,
oligomers or mixtures of both. Aggregation can he do the following processé$:

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

interaction)!®* covalent bonding between the metals pasxo-links (especially MPc

complexes of Fe and S1)'°° sandwich-type complex formation in which two MPogs
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share one central metdf™*% or by weak association whereby the peripheral sulsits
hold two rings in spact’ The degree of aggregation in the latter type of M&umplexes

in solutions depends on ther interaction, Van der Waal forces and hydrogen band
between MPc molecules and/or with solvents. Thec#ffeness of these interactions
depend on factors such as the closeness of thethiagverlap position, the tilt angle the
Pc ring adopt, the bulkiness of the peripheral gso@nd the extinction coefficiéfit of
the electronic bands involved. High concentrationh MPc complexes encourages
aggregation, since this will bring closeness ofrtbghboring MPc rings. The bulkier the
peripheral groups, the less the aggregation, ditaer groups reduces the closeness of
the rings. Also, symmetrical MPcs tend to have naggregation than the unsymmetrical
ones; this can be attributed to the more effectiverlap of the rings in symmetrical
MPcs than in the unsymmetrical ones. The naturesalents also plays a role in
aggregation formation; aggregation tends to be moyaounced in polar solvents than in
non polar solvents. In polar solvents, strongegranttions occurs, for example, hydrogen
bonding occurs between water molecules and ringstgubnts such as sulphonated
group. The effect of aggregation on the electr@pectra of MPcs can be seen by the
blue shift in the Q band, splitting and broaderofthe Q band.

The solid state spectra of MPc complexes can bdiestumainly as thin films by
electrodeposition on transparent electrodes suchindism tin oxide (ITOJ° and
immobilised on materials such as silica'gfehnd Amberlit& 2 Solid state spectra of
MPc complexes are usually broader but not necdgssiiowing more aggregation

behaviour than their respective solution spectra.
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1122 Infra red spectroscopy

The infra red (IR) spectra of MPc complexes areclty complex but similar. The main
bands are the C-H stretching vibration at aroun803@hi’, C-C ring skeletal stretching
vibrations at around 1600 and 1475 %@-H out of plane bending vibrations at around
750-790 crit,*** all these bands are from the aromatic ring ofMiRe. The unmetallated
phthalocyanines can be distinguished from the nhat¢¢al ones by the presence of N-H
stretching vibration at near 3298 ¢i® in theformer but absence of the band in the
latter. For thiol derivatised MPcs, the promineand is the aryl C-S stretching vibration

which can be found at around 715-670%cm

1.1.23  'H NMR spectroscopy

Proton nuclear magnetic resonarftid-NMR) signal for symmetrical MPcs generally
appears at lower field because of the deshieldifegteof the induced secondary field in
the phthalocyanine ring. The peripheral and norpperal H atoms resonances are of
equal intensity for unsubstituted MPcs. The signaie generally broad for tetra-
substituted MPcs because they exist as mixturasoofers while the octa substituted
MPcs in all cases exhibit well defined spectra heeahey exist as just one isomer. The
'H-NMR signal for MPcs with transition metal ionschuas C6, Mn*" and Fé" are
usually broad because of the paramagnetism of #talnons.

The incorporation of axial ligands or ring subsgitts can lead to more complicafét:
NMR spectra for MPc complexes and can also shétdignals to lower or higher field
depending on the nature and positions of the dubstis. Ideally, electron donating

groups are expected to shift thé-NMR signals to lower field while the reverse wik
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the case for the electron withdrawing groups. Ao same electron-donating ring
substituents'H-NMR signals usually shift to a lower field foretMPc complexes with
substituents in non-peripheral positions than thesth substituents in peripheral

positionst%°

1.1.3 Photochemistry

Non-transition metal MPcs complexes are well knaed light photosensitisers. Non-
transition metals such as Znand APF* are diamagnetic and have long triplet lifetimes
and a relatively high triplet quantum vyield suiglibr photocatalytic purpose®**’
Non-transition MPcs produce singlet molecular oxyg®,, (*Ag)) on exposure to red
light,*****"through Type Il mechanism, Scheme 1.10. The eneamgfer starts with the
excitation of the sensitizer by irradiation withsiale light, which yields the excited
singlet state’MPc) and then by intersystem crossing (isc) givesetkgted triplet state
(*MPc), equation 1.1, Scheme 1.10. This is followed bgrgy transfer froniMPc to
ground state (triplet) oxygeri@, (°Z4)) resulting in generation of singlet oxygey,
(*Ay), equation 1.2. Although the excited singlet esabf MPc tMPc) have a higher
energy (1.8-1.9 eV) than the triplet statésRc) (1.1 — 1.3 eV), the former has
relatively lower lifetimes making the latter moreportant in photochemical process. The
processes in Scheme 1.10 are feasible since tplettstates of MPcs are readily
quenched by molecular oxygeBinglet oxygen'Q;, (‘Ay)) is the reactive speciés®*%°
during the photocatalytic applications of MPcs mneas such as photodynamic therapy
and photodegradation of pollutants. The other jpesgirocess is the Type | mechanism,

in this case, the triplet state of the MEMPC) either reacts directly with a substrate
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(equation 1.3) or molecular oxygen by electron dfanto generate the oxidised MPc
and superoxide radical (0, equation 1.4 in Scheme 1.I0ype Il mechanism is known
to be the predominating process in PDT and in plegoadation of pollutants such as
chlorophenols. Equations 1.5 and 1.6 of Scheme rkedfectively show the reactions of

'0,, and Q" with substrates during photocatalysis processes.

MPc W_impct ¢ 3MPc* (1.1)
O, (*%;) + 3MPc* MPc + O,(*A) (1.2)
3MPc* + Sub MPc™ + Sub™ (1.3)
SMPc* + O, MPc+. +0Q, ™ (1.4)
O, (*A) +Sub — Suly,, (1.5)
O, + Sub ——= Suf, (1.6)

ISC = intersystem crossing

Sub = substra

Scheme 1.10Type | and Type Il photoreaction mechanisms in Mewasitiser
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1.2 Basics of Electrochemistry
Electrochemistry is employed in this work for claesisation of MPcs and for
electrocatalytic studies. Thus this section give$rigf overview of electrochemical

techniques employed.

1.2.1 Cyclic voltammetry

Cyclic voltammetry (CV) is the most widely used attechemical technique. The
technique can be used to study electron transfethamesms in reactions including
providing information on the reversibility, kinesic formal reduction and oxidation
potentials of a systeff!*?°

In a cyclic voltammetry experiment, the potentiho electrode is cycled from a starting
potential, Eto a final potential, E(the potential is also called the switching pateht
and then back to;EFigure 1.4. The potential at which the peak auroecurs is known
as the peak potential,,EAt this potential, the redox species has beeretisp at the
electrode surface and the current is diffusion tiahi The magnitude of the Faradaic
current, b, (anodic peak current) ogcl(cathodic peak current), is an indication of thger
at which electrons are being transferred betweemetiox species and the electrode.

Cyclic voltammetric processes could be reversitplisi-reversible and irreversible.

A reversible processobeys the Nernst reaction in which the electrongier is rapid,
allowing the assumption that the concentrationathlihe oxidised (O) and the reduced
species (R) are in a state of equilibrium (equatiaf). Figure 1.4 shows a typical CV for

a reversible process. The electroactive speciestabée and so the magnitudes gind
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lpaare equal and they are proportional to the conagatrs of the active speciesE (B
Eoc) should be independent of the scan rateut in practiceAE slightly increases witl,
this is due to the solution resistanBebetween the reference and working electrdées.

O + ne-

R (1.7)

-0.4 -0.2 0 0.2 0.4 0.6 0.8
E/V(Ag|AgCI)

Figure 1.4: Typical cyclic voltammogram for a reversible prozes

For a reversible process, the half-wave potenEab)(equals the formal potentiaE)
and are related to the standard potenE3) &s follows (Equation 1.8):

£, =E° =E° + "1l (1.8)
2F [R]

where R = gas constant, T = temperature (K), Frad&y’s constant
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[O] = concentration of oxidised species (md)L[R] = concentration of reduced species

(mol LY

The formal redox potentiaE® can be calculated from equation 1.9:

_En*Epn
2

o'

(1.9)

whereE,, = anodic peak potentidk,. = cathodic peak potential
The number of electron transferred in a reversimecess can be calculated from
equation 1.10:

_RT

AE= Epc - Epa =—, at 25°C AE = 0.05%/
nF

(1.10)

n = number of electrons transferred, other symasls equation 1.8.
At 25°C, the peak current of a reversible process isngbyethe Randles-Sevcik equation,
1.11
|, = (269x10°)n*?[O] A(DV)"? (1.11)
where | = peak current (A), A = electrode area ©mD = diffusion coefficient (cris™),
v = scan rate (VY.
Using the Randles-Sevcik equation (1.11), a lindat of Ip vs. v is obtained for a
planar diffusion®®*?®'?%to the electrode surface. Deviation from lineaiitgicates the

presence of chemical reaction involving eitherdkilised, reduced or both species.

For anirreversible process only forward oxidation or reduction peak is obser but at
times with a weak reverse peak, Figure 1.5. Thiegss is usually due to slow electron
exchange or slow chemical reactions at the eleetmdfacé>’ Nernst equation is not
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applicable in this case since the rate of eledramsfer is insufficient to maintain surface
equilibrium and thus the oxidised [O] and redude{igpecies are not at equilibrium.
The peak current, for irreversible process is given by equation 1.12
lp = (2.99 x 16) n [(1-w)n]*?A ¢ (Dv)” (1.12)

wherea is the rate of electron transfer, c is the coneiain of the active species in mol
cm®. The rest of the symbols are as in above andadhelisted in the Table of symbols.
For a totally irreversible systemFE,is calculated from equation 1.13:

AE,= E° — RThinF [0.78 — In(RID'?) In(anF/RT)"4 (1.13)
k° = heterogeneous electron transfer coefficient {9niBhe rest of the symbols are as in
above and they are listed in the Table of symbols.

At 25°C, the peak potential gEand the half-peak potential (B differ by 0.0484n.

SHA

0 0.1 0.2 0.3 04 05 0.6 0.7 0.8
E/V (vs. Ag|AgCl)

Figure 1.5: Typical Cyclic voltammogram for an irreversible pess.
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Quasi-reversible processs intermediate between reversible and irrevessiystems.
The current due to quasi-reversible processesngrated by both mass transport and
charge transfer kinetidd>*** The processoccurs when the relative rate of electron
transfer with respect to that of mass transportinsufficient to maintain Nernst
equilibrium at the electrode surface.

For quasi-reversible procesgjricreases with'? but not in a linear relationship and

> 59/n mV increases with increasing

The CV experimental set up consist of a workingtetele which can be gold, platinum,
glassy carbon etc., a reference electrode agauhsth the potential is measured against
can be standard calomel electrode (SCE) or ssixext chloride (AgJAgCl) and counter
electrodes such as platinum wire can be u$agding the CV, the solution is kept
stationary and is therefore not stirred in ordeavoid movement of ions to the electrode

surface by mechanical means.

1.2.2 Square wave voltammetry(SWV)

This is a differential technique in which potentreaveform composed of a symmetrical
square wave of constant amplitude is superimposeal lnase staircase potentidt™? It

is the plot of the difference in the current meadun forward ) and reverse cyclei
plotted against the average potential of each vearetycle. In this technique, the peak
potential occurs at the ;k of the redox couple because the current functien i
symmetrical around the potentfaf:** The main advantages of SWV are excellent peak

separation and high sensitivity.
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1.2.3 Spectroelectrochemistry
It is a technique which combines spectroscopic afettrochemical techniques. It
involves the use of a spectroscopic technique sash ultraviolet-visible light
spectroscopy (UV-Vis) to monitor electrochemicabgesses which include study of
species electrotransformation, elucidation of rieacinechanism and studies of reaction
kinetics and thermodynamics.
With this technique, optically transparent elece®dOTES) are often employ&d:}33>
144 Several types of OTEs are available, examples declfine wire mesh of metal
minigrids, (which comprises several wires of platm gold, silver) and thin fiims of
semiconductors such as doped tin oxide. Opticaiyhgparent thin layer electrode
(OTTLE) cells incorporate these types of electroddwe working volumes of OTTLE
cells are very small in the range between 3Qb@&nd thus the electrolysis time is very
short, usually seconds.
The number of electrons (n) transferred duringrét®x process can be determined using
the Faraday'’s law, given by equatibri4

n = Q/FVc (1.14)
where Q = amount of charge passed (C), V = volum@T©ILE cell (L). F = faraday

constant, ¢ = molar concentration of analyte.

This technique is useful for identification of specformed during MPcs electrochemical

transformations, and also the number of electrarssterred can be deduced.
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1.24 General electrochemistry of MPcs

MPcs have very rich and interesting electrochenpeaperties mainly due to their rich
redox properties. The CV technique can be usethdocacterize newly synthesised MPcs,
information such as the formal metal and ring basstbx potentials, the influence of
axial ligands and ring substituents on the eletieotcal properties can be obtained from
it. Figure 1.8 displays a typical cyclic voltammogram of an MPangex showing
both metal and ring based redox processes. In poslitive and negative potential
directions, metal based redox processes are in cassts (depending on the electrolyte
system) firstly observed before the ring based dae$/1Pcs with redox active central

metal ions.

-1.5 -1 -0.5 0 0.5

E/V (vs. Ag|AgCl)

Figure 1.6: A cyclic voltammogram of an MPc showing batietal and ring based
redox processed§’®
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At neutral state, the Pc ring has an oxidatiorestét2 (P&).'*> The Pc ring can undergo
oxidation by successive removal of up to two etatdrfrom the HOMO (@), leading to
MPc* and MP& species respectively and it can undergo redudtjosuccessive addition
of up to four electrons to the LUMO e leading to MP¢, MPc¢*, MP¢® and MP&
species respectively®*°* Because non-transition metal ions are not electineg their
redox chemistry is similar to that of metal freesPand the complexes show redox
activities of the Pc ring onlyFactors such as solvent, electrolyte, axial ligantsy

substituents and aggregation can have significaffuence on the redox properties of

66,151,154-157
MPcs.

1.2.5 Electrochemistry of thiol derivatised MPcs

The electrochemistry of thiol-derivatised MPcs e received much attention. The
effect of the sulphur in the thiol group is stillotnclear. As stated above, in
phthalocyanines, up to four reversible ring reduwi and two ring oxidations are
possible, however the electrochemistry of thiol sditbted MPc complexes is often
different from that of other substituted MPc conxgle. For example irreversible ring
reductions have been reporféaften coupled with chemical reactions and adsonptib
the reduction products. Overlaps of reduction cesipb form one peak, and single step
(irreversible) multi-electron oxidation accompanibyg decomposition have also been

reported™
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Aim of Thesis

The voltammetric and spectroelectrochemical progeriof thiol derivatised MPcs
complexes have not received much attention. In sk, newly synthesised thiol
derivatised MPcs will be electrochemically and s$pedectrochemically characterised,;
the formal potential positions, the influence of ttentral metal ion and ring substituents
on the formal potential positions, the nature @ #hectronic spectra in various oxidised
and reduced species of the thiol derivatised MPilsbe studied. These investigations
are important for better understanding of these pleres’ behaviour during

electrocatalysis.

1.3 Electrocatalysis

MPc complexes especially those containing transititetals are known to have good
electrocatalytic properties. The physical and clrainstability of MPcs during electron
transfer is a major factor that contributes tortiseitability as electrocatalysts and makes
them to be superior to metals and metal oxideshis tegard. MPcs have been used
extensively in both homogeneous and heterogendeutracatalysis; in heterogeneous
catalysis, they are used to modify electrodes ssclglassy carbon and gold electrodes
and thus act as electron mediators or promotelisglefectrocatalysis. In general, metal
based redox processes mediate catalytic reactibdPes®*+%81%3pyt ring based
catalyses have been report&tiThe mechanism for the electrooxidation using MBss
catalysts are shown in equations 1.15-1.17. Bdgicaktal (equation 1.15) or ring

oxidation (equation 1.17) occurs first followed dghemical process leading to oxidation
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of the analyte by the reactive oxidised catalys¢, latter is then regenerated. Equations
1.15 and 1.16 are metal based oxidation and eqsatlol7 and 1.18 are ring based

oxidation process.

M*P& —» M*'P& + € (1.15)
M3*P&E + A - MPPE + P (1.16)
M#*P& — M#P¢ + e (1.17)
M?'Pc + A > M*P& + P (1.18)

where A is the analyte and P is the product

Electrocatalysis can be observed by comparing the of an analyte on modified
electrode with that on bare electrodes; higherlyatacurrent, } and shift to a less
positive peak potential in the CV of the former gared to the latter is an indication of
electrocatalysis of oxidation of analyte. Typicabmple of catalysis is shown in Figure

1.7.

30



I ntroduction

modified electrodes

20 pA

bare electrodes

0 0.2 0.4 0.6 0.8 1
E/V (vs. Ag|AgCl)

Figure 1.7: Cyclic voltammogram showing catalytic behaviouraof MPc-modified
electrode catalyst towards the electrooxidatioarofinalyte.

Environmentally and biologically important molecsilsuch as nitrite, sulphite, nitric
oxide, sulphur dioxide, chlorophenols and many ni@ee been electrooxidised by MPc

chemically modified electrodes.

Chemically modified electrodes (CMESs) are electsodeated with conducting materials
for the purpose of improving the chemical and etmttemical properties of the

electrodes. Macro molecules such as MPcs, metaffSmses and metalloporphyrins

have been used to modify electrodes for use adretatalysts and sensors. These
macromolecules act as electron mediators, incrgabi rate of electron transfer at the
electrode-solution interface and also lowering gwentials of redox processes. The
modification introduces some chemical and electeoubal properties which the bare

electrodes do not poss¥s:*®’
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Various techniques can be used to modify electroithese techniques include covalent
bonding®®**° composite methotf**"*dip dry!"**"" drop dry®® spin coating1"%18
electropolymerisation?®*110184198 angmuir-Blodgett techniqu&, vapour depositiohi’®
and self assembled monolayer (SANIJ>2°0-292

In this work electropolymerisation and SAM techrequwill be used to modify gold

electrodes and therefore these will be discuss#uisrsection.

1.3.1 Electropolymerisation

Electropolymerisation is the most efficient methotl depositing polymer films on
electrodes. Electropolymerisation process invollesrepetitive voltammetric scanning
of the solution of the modifier monomers at thecetede surface within a specific
potential window''%**"1®This can be oxidatiV&* % or reductivé®**® voltammetric
scanning in which the monomer forms radicals whiodmbine to form polymers on
electrodes. Electropolymerisation forms multilagepolymer coatings of the complexes
forming a three-dimensional reaction zone at tleetedde surface, thus improving the
response sensitivity of the electrdd@lt is a reproducible process and also it is possibl
to control the film thickness by varying the coimlits for polymerisation process such as
time, scan rate, potential range and the type extedlytes. Various conducting surfaces
such as metals, metal oxides and carbon basedoelestcan be used as the depositing
surface. Formation of new peaks (polymer peak®xjgected and at the same time as
continuous growth of the monomer peaks. The peakease in size with film thickness

until the process is complete.
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A lot of work has been done on the study of medrasiof polymer formations from
monomers containing groups such as amino, polyenibolypyrrole and polythiophene
groups?**?®®Factors such as solubility of monomer, nature dfest, electrode size and
nature, and ability to form an insoluble polymervegm the polymer growth
mechanisnf®’ The mechanism of polymer growth of polypyrrole, ytbiophene and
polyaniline has been studied using cyclic voltanmmeglectrochemical quartz crystal
microbalance (EQCM) and spectroelectrochemical outhf”208210

Nyokong and BedioGt* have recently reviewed work done on electropolyseetithin
films of phthalocyanines as electrocatalysts fooldgically and environmentally
important molecular materials. MPc complexes withg rsubstituents such as amino,
pyrrole, sulphonate and mercaptopyrimidine grouggehbeen used to modify various
electrodes as polymer films for analytes such asimgg, chlorophenols, dopamine, L-
cysteine, hydrazine and oxygen. Table 1.2 sumnsgsene of the work carried out in

this regard. To date, thiol-derivatised MPcs hagebeen used to modify electrodes by

electropolymerisation; first attempts will be cadiout in this work.
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Table 1.2 Electrocatalysis of some analytes using poly-M@&lestrodes

MPc Electrode® | Analyte Ep/ V vs. | Medium | References
specie8 SCFE’
CoPc(NH), GCE Hydrazine ~-0.05 pH 13 212
CoPc(NH), | VCE L-Cysteine] -0.13 0.5 M 213
NaOH
CrPc(NH)4 GCE nitrite 0.76 pH 7.3 214
MnPc(NH)4 GCE glycine -0.68 pH 4 60
NiPc(NH,)4 VCE dopamine ~0.15 pH 7.4 215
MnTpPc VCE oxygen -0.65 pH 4 216
NiTpPc VCE or Pt 4-CP 0.39 0.1 M 217
NaOH
Ni(OH)TpPc| VCE or Pt 4-CP 0.33 0.1M 217
NaOH
CoTpPc GCE L-Cysteine 0.46 pH 4 218
NiPcS GCE 2CP 0.16 pH 11 219

*TpPc= tetra-4-(pyrrol-1-yl) phenoxy phthalocyaniféCE = Vitreous carbon electrode,
GCE-= glassy carbon electrod@o convert potential vs. Ag|AgCI to SCE, a corregti
factor of -0.0045 V is applied?!
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1.3.2 Electrodeposition

Electrodeposition is also done in the same waylesrepolymerisation, but unlike the

latter polymers are not formed. The process ocoacgause the oxidised or reduced form
of the modifier is less soluble in the depositingvent and is adsorbed onto the
electrodes without polymer formation. The first sc&s generally similar to the

subsequent scaf® %

1.3.3 Self Assembled Monolayer (SAM)

Self assembled monolayers (SAMs) can be definethe@gormation of highly ordered

molecular assemblies formed by the adsorption deoubes from solution directly onto
the surface of an appropriate substfaté®*?*? SAM technique has a number of
advantages which include simplicity, reproducilgibind formation of highly ordered and
stable monolayers which are chemically bound onld glectrode$?’Reported types of

23-226

SAMs include chlorosilanes on silicon or gla%s’ carboxylic acids on metal

oxideg®"**®

and organosulphur compounds such as thiols andptides compounds on
gold ##4229238G0|d has strong affinity for sulphur and the forioatof gold sulphur
bound is thermodynamically feasible with the Austate bond having bond strength of
44 kcal mott.Z%% |t has been shown that SAMs formed on Au by alkémels with
chain length of 12 or more are well-ordered andsdemonolayers. These alkanethiols
are known to form densely parked crystalline ouiligcrystalline material on gold with
attractive Van der Waal forces between the alkgimmh that enhances the stability and
order of the SAM$* Figure 1.8 shows a schematic representation afhalkhiols SAM

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

Thiol derivatised MPc complexes have been usedotm fSAMs on gold electrodes
especially for the purpose of using them as eleatadysts’®#? However, the number of
MPc complexes with thiol substituents is still lted and the electrochemistry of these
molecules has not been fully explored, this is ttuéhe fact that the synthesis of thiol-
derivatised metallophthalocyanines is tedious aequires toxic chemical reagents.
Hence, the study of thiol-derivatised MPc-SAMs hasreceived much attention.
Thiol-derivatised MPc-SAMs can adapt flat or vaatiorientation on gold electrodes as
shown schematically in Figure 1.9. Formation of M&&Ms on gold electrode gives the
advantages of both enhancement of the Faradaiertusf the adsorbed species relative
to the charging current, (these will improve th@sseg and selectivity) and creating

chemically selective sites, which is the basisroékectrochemical senst?*?%
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Figure 1.9: Schematic representation of thiol derivatised MR&Sn gold.

The preparation of SAMs is simple and straight fandv Basically, the modifier is
dissolved in a suitable solvent and purged withglls. The clean gold electrode is then
immersed in the solution, SAM is allowed to fornm &bout 24 hours or more depending
on the solution concentration usually the highee ttoncentration the lower the
deposition time; concentrations in millimolar toam@molar range are often employed.
There has been no report on determination of theinmim time needed for SAM

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

hence finding the minimum time for SAM formation.
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1.3.3.1 Characterisation of MPc-SAMs by Cyclic voltammetry (CV)

A number of non-electrochemical analytical t85f6'%' have been used for SAM
characterisation namely infra red spectroscopy,aX-photoelectron spectroscopy,
ellipsometry and scanning probe measurements. retdamical techniques especially
cyclic voltammetry (CVY>***have proven to be effective for SAM characterisatim
this work, cyclic voltammetry will be used for SAkharacterisation. A well formed
MPc-SAM with flat orientation has a surface coveragncentration of about 1®mol
cm’?, free of pinholes (a pinhole is a site at whick #hectrode surface is exposed to the
electrolyte) and also defect free (a defect ista at which molecules or ions can
approach the electrode surface at a distance shibda the normal thickness of the
SAM).2#2231232 The gurface roughness of gold electrode surfaggspla role in
determining whether or not the SAMs formed will Bapinholes and defects or not;
increase in surface roughness usually increaseshihaces of having pinholes and
defects because it leads to formation of SAMs itbr uniformity?°204242

Cyclic voltammetry has been used to characteriseM$SAn this work. For the

determination of surface concentration, variousho@$ can be used, these are explained

below.

0] For species that are surface confined, the peakemyr}l, (LA) is directly

proportional to the scan rate(V s%), equation (1.195°%%

_ Nn°F*ATv

I
P 4ART

(1.19)
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where A = surface area of the electrode¢in = total surface coverage by electroactive
species, n = number of electron transfer scan rate, F = faraday constant, R = gas
constant and T = temperature in Kelvin.
I' may be also determined from equation 1.20

I' =Q/ nFA (1.20)
where Q = quantity of charge in coulombs, the wsthe symbols have their usual

meaning.

(i) The surface concentration can be estimated by ushayge, Q from either
reductive or oxidative desorption of SAM in stroalgaline solution as illustrated by the
equations 1.21, 1.22 shown below;

Au-SGX + ne+ M"—>  Ag+ XC.SM* (1.21)

Au-SCX+40H —» Au+ XC,SO, + 3e + 2H,0 (1.22)

where M cation from the electrolyte is usually includedtie equation for desorption
because the peak is sensitive to the identity efcttion. X = the end group of the alkane

thiol chain.

(i)  The surface concentration of the MPc complexes ad glectrode can also be
estimated usinghe charge difference between the bare gokg,{Qand the MPc-SAMs
(Qsam) from the CVs obtained in basic media at bare MiR¢ modified gold electrodes.
The difference is proportional to the fraction loé tgold sites covered by the MPc-SAMs.
This fraction is then divided by three to get therge proportion of gold sites covered

with MPc-SAM, according to equation 1.23.
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AUH,0 + 2H0 ——— Au(OH)+ 3H" + 3e (1.23)

The amount of gold sites covered by the MPc-SAMhen divided by the number of
‘thiol arms’ of the MPc followed by division witthe surface area of the gold electrode to
get the charge density proportional to each MPcemdé. These values can then be
converted to the corresponding surface concentrgtiml cn?) by dividing them with
the Faraday constant (96485 C HolThe surface concentration in number of molecules
per area (in cA) can be obtained by simply multiplying thgpc (Mol cm?® by the
Avogadro’s constant (N. Finally the inverse of the concentration in nuolles per A
correspond to the approximate surface area occyygiecholecule.

Determination of ion barrier factor as shown in @&pn 1.24 is a measure of how
pinholes free the SAM is; specifically how the mtayers effectively prevent ions from
the electrolyte solution from reaching the electradirface. It is the comparison of the

total charges under the gold oxide striping peathatbare gold (Q) ) and the SAM-
modified gold electrode (Q,,)-

Fibt = 1 — Qsam/QBare (1.24)

wherel'iys = ion barrier factor

A well formed MPc-SAM should be able to block theldy surface oxidation redox
process>1?42 Blockage of this process indicates that the gdkttende surface is
effectively covered and isolated by SAM of MPc asdree from pinholes and defects.
Figure 1.10 shows typical CVs of both MPc-SAM arareb gold electrodes in basic

media.
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Other Faradaic proces$&s’*? used for verifying the integrity of MPc-SAM formen
gold include underpotential deposition (UPD) of gepand solution redox chemistry

[Fe(H0)e]*"/ [Fe(H:0)e]**of Fe(NH,)(SQw)- in perchloric acid solution.

gold oxide formation peak —,

Bare gold
MPc-SAM

gold oxide reduction peak

-0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
E/V (vs. Ag|AgCl)

Figure 1.10: Typical CVs of both MPc-SAM and bare gold elec&dzhsic media.

Work done on SAMs of phthalocyanines as electrégsts® for biologically and
environmentally important molecular materials hesently been reviewed Table 1.3
shows some selected work carried out in this regascthe Table shows, it is only €o
and F&" MPcs that have been used; in this work’Memd NF* thiol derivatised MPcs in
addition to their C6 and Fé&" counterparts will be used to form SAMs on goldsd\
from Table 1.3, the applications have been limiie@dnalysis of thiol compounds (L-

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

derivatised MPc-SAMSs to sulphite electrooxidatioifi ive carried out in this thesis.

Table 1.3:Electrocatalysis of some analytes using MPcs-SAddtebdes

MPc specied | Electrode’ Analyte Ep/ V LoD/ Medium | References
VS. mol L™
SCE
CoPc(SGHy)s Au L-Cysteine 0.38 3.1+ pH 4 58
0.8 x 10’
FePc(SGHo)s VCE L-Cysteine 0.29 3.1x10 pH 4 82
CoPc(SGHy)s Au Homocysteing 0.48 52+ pH 4 67
0.6 x 10’
CoPc(SGHy)s Au Penicillamine| 0.54 2.7 pH 4 67
0.6 x 10°
CoPc(SGHo)s Au Thiocyanate 0.74 1.1+ pH 4 67
0.8 x 10’
FePc 4-MPy-Au | Thiocyanate 0.51 8.4 x10 pH 4 243, 244
COoPC(NH), Au O, -0.31 5x 16 pH 7 245
CoPc(COOH) | 2-ME-Au H,0, 0.56 5x 10 pH 4 246

3reformed SAM,P2-ME = 2- mercaptoethanol, 4-MPy = 4-mercaptopyredi
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Aim of Thesis

A major part of the work described in this thesi®ased on fabrication of MPc-SAMs on
gold electrodes for potential applications in elecatalysis and analysis. These thiol
derivatised MPc-SAMs on gold will be characteridgd the standard CV methods to
ascertain the surface concentration of the complexegold electrodes and their integrity
in terms of being free from defects and pinholes. the first time, optimisation of the

time for SAM formation based on CV technique wi studied.

1.34 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) isveepful tool for the investigations of
the mechanisms of electrochemical reactions, tbhpgsties of porous electrodes, and for
investigating passive surfacd$:*! EIS technique has been shown to be effective for
probing the redox and structural features of aaserconfined speciéd’ Impedance
measurements include both the electrical resistanderesistance due to morphological
state of the materials. Generally, a bare electstarild exhibit an almost straight line
for the Nyquist plot (representation of impedangecsra) which is imaginary impedance
versus the real impedanceZ(w versusZ,) because electrochemical reactions at such
electrode surfaces are expected to be a mass idifalslimiting electron-transfer
processe$*** For a modified electrode, the Nyquist plot shasracteristic semi-
circle pattern due to barrier to the interfaciatatton transfer. The interfacial barrier
behaviour has been described by Randles equivaieotit (Figure 1.11F>°%%it

incorporates various contributions to the intedhdarrier behaviour, these factors are

the resistance of electrolyte JR the charge transfer resistancecRdouble-layer
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capacitance (& and Warburg impedance (¥ In the case of modified electrodesy i€
replaced by constant phase electrode (CPE). TherdRue is influenced by the film
thickness and the nature of the films on the ebelets.

Applications of EIS to modified electrodes chardstion have been reported.
246.253.254.25¢ |5 studies in Fe(CNY™* electrolyte solution have been performed for SAMs
of thiols with different alkyl chains and carboxg/lacid (COOH) terminal group® and
the charge transfer resistance; ®Ras found to increase with the length of the alkyl
chains and with pH. In the EIS study of the formatiof SAMs of cysteamine
functionalised with phosphate grouf33both R;values and the Nyquist semi-circle plots
increased as stepwise build up of the three lagkrg/steamine, glutaraldehyde and 2-
amino-ethyl dihydrogen phosphate were formed. Tibedmsor consisting of preformed
2-mercapto ethanol SAM, followed by attachment atetrcarboxyl acid
metallophthalocyanine and the enzyme (Au-ME-CoTGA&Rax SAMY“® for H,O,
analysis was characterised using EIS and the resglfound to be comparable to that of
CV characterisation. Films of electrodeposited pabkel(lD)tetrasulphophthalocyanine
(poly-NiTSPc§>* with two different film thicknesses were charaisted using EIS in pH
11 carbonate-hydrogencarbonate buffer as the elgiy it was shown that Rvalues

was about twice higher for the thicker film.
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CPE

Ry, Z,

Figure 1.11: The CPE equivalent of circuit model showing theiamas factors for
behaviour at the electrode thin film-electrolyteenface.

Aim of Thesis

In this work, EIS technique will be used to studhe tcharacteristics (nature and film
thickness) of thiol derivatised NiPcs polymer filimis gold electrode$oly-NiPcs are the
only derivatives chosen for EIS studies becausehefimportance of differentiating
between theoly-NiPc and poly-Ni(OH)Pc on Au electrode. A transhation from NiPc

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

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

and sulphite. Below is a brief survey of these yesl

1.4.1 Chlorophenols

The molecular structures of chlorophen¢l$8-22) studied in this work are shown in

Figure 1.12.
OH
o OH
N cl
cl cl
2-chlorophenol , 2-CP 4-chlorophenol , 4-CP 2,4-dichlorophenol , DCP
(18) (19) (20)
OH H
cl cl cl
cl cl cl
Cl Cl
2,4,5-trichlorophenol, TCP Pentachlorophenol, PCP
(21) (22)

Figure 1.12:Molecular structure of chlorophenols

Rapid industrial and agricultural growth worldwitlas led to more and more discharge
of toxic substances such as chlorophenols as atfu€hlorinated phenols such as 2-

chlorophenol,  4-chlorophenol,  2,4-dichlorophenol, ,4,2-trichlorophenol, and
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pentachlorophenol are classified as priority palhis by both the European Union (EU)
and the United State Environmental Protection Age(ldSEPA). According to both
USEPA and EU the current admissible level for plhenodrinking water is set at 0

L for total content and 0.fig L™ for the individual phenol content, andg L™ in
bathing watef®%?®* Their toxicity depends on degree of chlorination the positions of
chlorine atoms relative to the hydroxyl group ahdncreases as the chlorine atom is
further away from the hydroxyl grodp>?°®Chlorophenol toxicity also depends on pH
and the presence of some other compounds acconmggatingm in the environmefit:2%*
The physical and chemical properties of the chlberswls of interest in this work are
summarised in Table 1%? Chlorophenols undergo physical and chemical
transformations in the environment, these transébions depend on the values of their
dissociation constant ¢gkand the partition coefficient ¢y) in the octanol-water system.
Both K, and Ky depend on the structures of the chlorophenidie higher the number
of chlorine atoms, the higher the dissociation tamts(Ky) and partition coefficient
(Kow). TheKow values decrease as the water solubility of pheingclgeases. Chlorinated
phenols are generally recalcitrant and in particth@ polychlorinated ones exhibiting
more resistance to biotransformation in the envirent than the monochlorinated ones.
Generally their resistance to degradation increasgh the number of halogen

substituent$5°>-268
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Table 1.4: Physical-chemical properties of chloropheffls

Compound Molecular Boiling [Melting | Solubility | pKa Log Kow
weight point (°C) | point | gLtat
(°C) 20°C

2-chlorophenol 128.56 174.9 9.3 28 8.3-8.62.12-2.17

4-chlorophenol 128.56 217-219 42-44 27 9.19.42.35-2.50

2,4- 163.00 Sublimes 45 4.50 7.5-8.1 2.75-3.30
dichlorophenol

2,4,5- 197.45 Sublimes 67-70 0.948 7.0-7.73.72-4.10
trichlorophenol

Penta 266.34 300 190 0.014 4.7-4/9 5.01-5.86

chlorophenol

Chlorophenols can be physically or chemical tramséx in the environment by three
major ways namely (i) biodegradation by bacteriasoil, these processes are slow
because they are hindered by the chlorine atoroklarophenols which interfere with the
action of many oxygenase enzymes that initiatedégradation of aromatic rings of the
chlorophenols andii) photodegradation by UV light which can lead ghotochemical
processes such as photodissociation, photosulbmtitut photoreduction and
photooxidatio®*

Efficient chemical catalysts are needed to conwdrtorinated phenols to more
biodegradable molecules. Hitchmanal?*® have reviewed the various methods for the

degradation of chlorophenols, which ranges fromldgical to chemical and to
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photochemical methods. MPc complexes containingtrelactive central metals are
preferred catalysts for the enzyme-like oxidatiércldorophenols since these complexes
have a wide range of readily available oxidatioratet. Iron and manganese
tetrasulphophthalocyanine (MPgSomplexes have been extensively studied as enzyme
like catalysts for the oxidation of chlorophenafsthe presence of an environmentally
clean hydrogen peroxide §8,) as the oxidant!***

Review of the use of MPcs as electrocatalysts Fdorophenols analysis will be dealt

with in section 1.5.3.1.

1.4.2 Nitrite

Uses of nitrite are numero@¥, these include (i) color fixative and preservationrieats,
(i) manufacturing diazo dyes, (iii) in the textilendustry, (iv) photography, (v)
manufacture of rubber chemicals, (vi) fertilizensagriculture and (v) medicinal agents
(used as a vasodilatdt’ bronchodilato?’? intestinal relaxant’® and even as an antidote
for cyanide poisonirfg®. Thus, nitrite ions are of both environmental dridlogical
importance and because they are widely used, there been toxicological studies on
acute and chronic exposure to nitrite. Nitrite i@ng known to react with amines forming
nitrosamines which are known to be carcinogéfié¢’® In the blood, they can inhibit
oxygen intake of the body by oxidizing¥¢o Fé" of the hemoglobin, this condition is
known as methemoglobinemia and infants are mogtgciad by it. The United State
Food and Drug Administration (USFDA) recognize 22+2g kg' body weight as the
fatal dose of nitrité’***! Various methods have been used to determine nitits,

traditionally, nitrite is determined quantitativelyy spectroscopic metho8%, this is
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carried out by reacting nitrite with sulphanilamided N-(1-naphthyl)ethylenediamine,
the colour intensity of the complex formed can Bedufor quantitative determination of
nitrite. However, this method suffers from intedieces such as sulphide and sulphite.
Chromatographic metho have also been used for nitrite determination. Both
spectroscopic and chromatographic methods have d@advantages such as the use of
complicated sample pre-treatment process, unsliiyalfor on-site monitoring and
inability for detoxification. In order to tackle ithproblems, devices which are simple,
inexpensive, stable and having the potential ferdatoxification of these molecules are
highly in demand. Electrochemical devices fall ithis category>#*#428{yhich have
more advantages over the other methods in termsosff and time. Electrochemical
determination of nitrite is either by reduction axidation. Polarographic and
voltammetric methods for the detection of nitrib@alve the catalytic reduction of nitrite
in the presence of some polyvalent metal ions, siscmolybdate and chromiurll of
these methods suffer from poor sensitivity andsaitgect to interference from nitrate and
molecular oxygen; hence detection using nitritedakon is preferredThe use of bare
electrodes for the oxidation of nitrite requiregthpotentials and these electrodes tend to
be poisoned by the species formed during the eldoémical process resulting in
decrease in the electrode sensitivity and accurdbe use of chemically modified
electrodes for nitrite electrooxidation have be@ported®® including the use of
electrodes coated with thin films of mixed valenc@uPtCk, silicotungstic
heteropolyanions, enzymes, osmium polymers ancenitim. A good way of lowering

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

dealt with in section 1.5.3.2.

1.4.3 Sulphite

Sulphite (S@) ions have antioxidant and antimicrobial actidtiand they are used as
preservative for foods and beverages. Sulphite anesised extensively in wine industry
as inhibitor of yeasts and bacteria. In aqueousiumgdthe ions can exist in different
forms depending on pH and the acid dissociationstzant as shown in equation
1.25.289,290

_H+ _H+
HSO,-

SO, + H,0

H,SO,

S0z (1.25)

Under physiological pH condition (pH 7.4), $€Xxist as a mixture of hydrogen sulphite
(HSO;) and sulphite (S€) with the latter, predominatir§® In this work,
electrocatalysis and analysis of sulphite will lagried out at pH 7.4 where it is expected
that it exist mainly in Sg form. Sulphite ions are of great importance environméntal
and biologically, it is the form in which sulphurodide (SQ) gas exist in aqueous
alkaline solution and thus can be used for the@atlimeasurement of SCAtmospheric
SO, can be absorbed by plant in the form of sulphite chloroplagt®?**and this can
lead to increase in reactive oxygen species (R&%fwhich can be very toxic to human
beings. Methods for sulphite/SQletermination include absorption spectroscopy,
titrimetric,°° ion chromatograpHy’ and electrochemical methot§:**° Electrochemical
methods provide a simple, cost effective and akgwiy of analysing sulphite/SOMost
works on electrocatalysis of sulphite/S{@volve electrode modification with macro

complexes since these complexes are robust inenahd also provide catalytic sites for
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sulphite electrooxidation to occudse of an amperometric sensor for ;Sliased on
adsorption of (3-mercaptopropyl)-trimethoxysilan®RS) on a glassy carbon (GC)
electrode followed by complexation with silver Hzeen reported; in the study, sulphite
was used for the indirect determination of ,S8) Copper hexacyanoferrate (CuHCF)
modified with graphite electrode prepared by imnisation method has been used for
the determination of sulphif8* Review of the use of MPcs and metalloporphyrins as

electrocatalysts for sulphite analysis will be death in section 1.5.3.3.

1.5 Catalytic behavior of MPcs towards chlorophenols, itrite and
sulphite

Over the years, MPc complexes have been shownhibieinteresting catalytic activities
in various types of catalysis such as (i) chemereyme-like catalysis,(ii)
photocatalysis, and (iii) electrocatalysis. In tiuerk, these three types of catalysis are
studied using MPcs for the transformations of appbrenols, nitrite and sulphite. Hence a
review on the above catalysis types and their egptins towards these analytes

transformations are discussed below.

15.1 Enzyme-like catalytic transformation of chloropherols
Enzyme-like catalysis mimic the catalytic reactiaisiological enzymes. MPc enzyme-

like processes can be divided into four categonamely (i) catalase-like oxidation
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02309 (i) peroxidase-like oxidation reactiof¥;** (iii) oxidase-like oxidation

reactions;
reactiond'?3**3%9nd (iv) oxygenase-like oxidation reactigf 31320322

(1) Catalase-like oxidation reactions
This type of reaction mimics the naturally occugrcatalase. Catalase has an aproprotein
and four molecules of protoheme IX and it is knowncatalyse the decomposition of

hydrogen peroxide (#D.) into water and molecular oxygen as shown in equoét.26.

Catalase

2H,0, ———= 2H,0 + O, (1.26)

FePcQ, (where S = S@) complexes have been shown to be effective in thalyte

decomposition of kD, based on this type of cataly3t8

(i) Peroxidase-like oxidation reaction
Catalysis of oxidation of proton donors (Atsuch as vitamin C, phenols, aminophenol,
p-aminobenzoic acid ang-phenylenediamine with D, by naturally occurring heme
enzyme peroxidase is well known, equation 1.27 cBgRas been shown to be effective
in the mimicking of the peroxidase-like oxidatioeaction and it has been used as a
catalyst, for example, for guaiacol oxidation.

Peroxidase
AH, + 2H,0, - A + 2H0  (1.27)

Sorokin and co worket$*™** have extensively reported on peroxidases-likelytdt
degradation of chlorophenols using FePaBd MnPc% (where S = S@) as catalysts in
the presence of oxidants such as hydrogen peraxidgootassium hydrogen persulphate,

formation of products like maleic acid and formaidawere reported.
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(i)  Oxidase-like oxidation reaction
The oxidation-reduction enzymes are known to catlthe reaction of sulfhydryl-
containing substrates and hydrogen acceptors (equadt28) and reduced form of
nicotinamide adenine dinucleotide (NADH) with,@quations 1.29. Attempts have been
made to mimic these types of reactions using dntaéend trivalent MPc complexes,
several examples using MPc complexes for the cs#alpf aerobic conversion of thiols
to disulphide have been reportgd>*°

Dehydrogenase

SH, + A S + AH, (1.28)

Oxidase
SH, + O, —— = S + H,0, (1.29)

where S represents sulfhydryl containing substrate

(iv)  Oxygenase-like oxidation reaction
This is a synthetic model of cytochrome P-450 (#&gual.30). Cytochrome P-450 is an
enzyme found in mammalian tissues such as liver kidmey, it catalyses the
hydroxylation of non-polar substances such as damgispollutants thereby making them
to be water soluble and easier to remove from duy £

P-450
RCH + O, + 2H" + 2 . R,COH *+ HO (1.30)

These types of reactions are mostly carried ounguison and manganese MPc complexes
as catalysts. The active species in these reaci@generally believed to be the Fe-oxo
and Mn-oxo specie¥? Several workers have used these type of reactmrsxidise
industrially important molecules such as cycloheenstyrene, and 3,5,5-
trimethylcyclohex-3-en-1-on&°3?? These reactions usually lead to the formationrof a

epoxide and can still lead to other oxidised praslu€poxidation of styrefi€ was
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catalysed with the use of some MPc complexes; & feand that the FePc and MnPc
performed significantly better than the NiPc andP€olto et al®*? performed the
oxidation of 3,5,5-trimethylcyclohex-3-en-1-one ngsimolecular oxygen as the oxidant
and the reaction was catalysed by*MMn?*, F€"*, F&*, Ni**, CU* or CF*Pcs; Mri*Pc
showed an excellent catalytic activity with a 93y 3,5,5-trimethylcyclohex-2-en-1,4-
dione.

MPcs employed as chemical/enzyme-like catalystefdsrophenols oxidation are listed
in Table 1.5. Emphasis has been mainly on the tigaggon of catalysts/substrate ratio
effects on the rate of reaction and the type ofdpcts formed. There has been no
reported work on the effect of the influence ofveot composition on the type of
products formed; this thesis will do investigatiom that. Also FePaSand MnPc$have
been mostly used, the mechanisms involve compticateps via Fe-oxo and Mn-oxo
species formation and FeRc&d MnPcgspectra are relatively more complicated than

that of CoPcg the latter will be employed in this work.
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Table 1.5 Data for the enzyme-like catalysis of chloropHsritansformation using MPc

complexes
MPc/ Chlorophenol | Oxidant Products’ (% Yield) References
medium®
FePc3in TCP HO, | CMA, CFA, MA, FA, | 24,3,1,1, 27 323
agueous coupling products
solution
FePc3on TCP HO./ Not stated 41
Amb. IRA KHSGOs
400/ PVP
FePc3in TCP HO, Water soluble 69, 13,11, 3 42
agueous product, dimers and
solution/ trimers CQ, CO
Amb. IRA
900
FePcQin TCP HO, | CMA, CFA, MA, FA, | 24,3,1,1, 27 46
agueous coupling products
solution
FePc3on TCP HO, CMA, CFA, MA, FA, | 24,3, 1,1, 27 324
silica coupling products
MOCPcs TCP HO; Formic acid, OA, Not stated 51
(M =Fe, chloropropenic acid,
Mn, Co) coupling products
aAmb. = amberlit€, S = S@, PVP = poly (vinyl pyridine) polymer’CMA =

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

Aim of Thesis

CoPc complexes have rich redox chemistry and becaltheir high catalytic activities,
they have been more widely employed in electrogatateactions than their FePc or
MnPc counterparts. It is surprising therefore thigt,to date; there has been no detailed
literature report on the catalytic oxidation of @tihated phenols by any CoPc complex.

CoPc have been shown to mimic the oxygenase-litadyesis >>2
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This work will involve the use of CoPgScatalyst for the KD, oxidation of 2-
chlorophenol (2-CP) and 2,4,5-trichlorophenol (TCHje effect of solvent on the type of
products formed from the degradation of the chlbesmls using kD, as oxidant and
CoPcq as catalyst will explored. For a good understagdaihthe reactivities of CoPgS
in relation to the extent of aggregation, a mixtofevater and methanol as well as water

as sole solvent will be employed for the catalptioccesses.

1.5.2 Photocatalytic oxidation of chlorophenols

The need for a facile phototransformation or phetpddation of phenols and chlorinated
phenols to less harmful products has been of gesmarch intereéf>0>2°33232q )y
irradiation represents an important means of dedgiau of chlorophenol¥’
Regrettably, however, direct irradiation of chlonepols in water generates more toxic
organic compounds (like the polychlorinated dibepztioxins) than the parent
compound. Also, the semiconductor, titanium (IV)dex (TiO,) (band gap of 3.2 eV)
widely used as a photocatalyst for the minerabsatf chlorophenols absorbs in the UV
region where only approximately 4% of solar radiatis effective’*®>*° To overcome
the above disadvantages, photosensitizers, whichgly absorb in the visible region are
preferred. MPc photosensitizers are more efficianphotocatalytic reactions and also
lead to the production of less harmful and reldyiveasily oxidised photoproducts such
as chlorinated benzoquinones and hydroquindh&s?°332>32Non-transition MPc

13*

complexes, such as Zn AI** and St* exhibit excellent photosensitizing properties

towards many environmentally relevant photo-asdisteactions. Photosensitised
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transformation of organic substrates or pollutams agueous media with MPc
photosensitisers mostly occur by the well-known &yp mechanism (section 1.1.3),
which involves the generation of the highly oxigiatsinglet oxygen species responsible
for the destruction of organic pollutants. Type Echanism (section 1.1.3), which
involves the participation of superoxide radicaynalso take part in the reaction but this
is generally limited.

An essential factor for these energy or electrandfer processes is the monomolecular
distribution of the photosensitizers. Aggregated dmmeric MPc photosensitisers show
significantly reduced photochemical activity congmhto their unaggregated counterparts
in energy transfer reactions probably due to endhnradiationless excited state
dissipation** and therefore, reduce the quantum yields of thglesti oxygen generation.
Oxidative transformation of polychlorophenols by th@locyanine and porphyrin
complexes electrostatically bound onto supporth saec Amberlit€ and silica gel have
been shown to result to disaggregation of the cergd, improved catalytic activity and
higher stability>!13:324:342

Table 1.6 gives a summary of MPcs as photocataligstsvisible light oxidation of
chlorophenols. From literature, the main focus bagn on the use of MPg&%nd
MOCPcs immobilised on supports. MRgSwhich are known to exhibit less aggregation
than their MPc$ in aqueous solution have not been used as phatpst@t for
chlorophenols transformation on support. MReSand also MPcSwill be used as

photocatalysts for chlorophenols oxidation in thissis.
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Table 1.6 Photocatalytic data for the transformation of ocbphenols using MPc
complexes

MPc¥medium | Chlorophenof | Oxidant® | Products’ | References
MPcS, 4-CP 0, BQ 52
(M = Al or Zn),
MOCPc
(M =AlorZn)in
aqueous
MPcS, TCP/PCP '0, BQ 53
(M = Al, Zn, Sn or derivatives
Si) in aqueous
solution
[Pc(-2)Nd(III)Pc 4-CP 0, 4-CC 343
(-2)] solid
particles in
agueous solution
AlPcS, on Amb. 4-CP HO, Not stated 344
IRA 400
MPcS,(M = Al, | 2-CP, 3-CP, 4 o, MA and 49
Zn, Ga) in CP carbonates
aqueous solution

33 = 5@, "4-CP = 4-chlorophenol, 3-CP = 3-chlorophenol, 2<C®-chlorophenol, TCP
= trichlorophenol, PCP = pentachlorophendl,’0, = singlet oxygen,BQ =
benzoquinone, 4-CC = 4-chlorocatechol, MA = maéaiit,

Aim of Thesis

In this work, photocatalytic activities towards thkeototransformation of chlorophenols
of the following ring substituted non-transition tale MPc photosensitisers (i) tetra
sulphonated (MPcSM = AI** and zA") (i) ‘mixed sulphonated’ (MPcSy, M = Si*,
AlI** zr?*, Gé* and SfiY) and (iii) octacarboxy MOCPc, M = &l and zA") all
immobilised on Amberlit® support will be studied. Prior to this work, theixed

sulphonated’ (MPcy) types of photosensitisers have not been immelilento support
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such as Amberlif& nor investigated for the phototransformation ofamic pollutants
such as the chlorophenols. These MPc photosensitaee chosen because of their
different photochemistry characteristics and hemussible different photoactivity
towards the degradation of pollutants. By immobilisthese MPc photosensitisers on
Amberlite®, it is aimed that there will be improvement inithetabilities, ability to reuse

them and preventing them from aggregating.

1.5.3 Electrocatalysis of chlorophenols, nitrite and slphite oxidation using

MPcs
Generally, electrochemical techniques offer a blétameans of both detecting and
transforming environmentally and biologically impat molecules like chlorophenols,
nitrite and sulphite. Work done on the use gf\acrocyclic metal complexes (MPcs and
metalloporphyrins, MPPs) modified electrodes as ssen for biologically and
environmentally important molecules has been régaeviewed®*® This section will

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

sulphite oxidation since the electrocatalysis péathis thesis involves that aspect.

1531 Chlorophenol oxidation

Electrochemical techniques have the advantage ather techniques of their ability to
both determine the quantity and also to transfornforophenols into less toxic
substances. Electrooxidation of chlorophenols assyt carbon (GG platinum (PH*"

349 and on gold (Au) electrod®8 have been reported, these electrodes showedilitgtab
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due to electrode fouling as a result of the fororatf passivating polymer films derived

from electrogenerated phenoxy radicals*>?These polymers are formed by the coupling
of phenoxy radicals to form dimeric or polymeriogucts, the coupling of the phenoxy
radicals occurs through oxygen, using unpairedies, or through ortho or para-carbon
atoms. The equation for the formation of the eteynerated phenoxy radicals from

phenol(23) is shown in Scheme 1.11.

OH Oe
——
O— Q-

(23) phenoxy radical

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

Factors such as the concentration of the phentbleochlorinated derivative, the structure
of the phenolic compounds and the operational ¢mmdi also play an important role in
the extent of electrode passivation. Also for unified electrodes, the potentials for
oxidation of chlorinated phenols are very high. Footh Pt and AG?>*° the
chlorophenols oxidation potentials are at the negidere the metal oxides are formed.
The quest for electrocatalysts and sensors whielstable and prevent electrode fouling
is a major area of research and this has led tagkeof macro complexes for electrode
modifications. Chemically modified electrodes usingnsition metal macro complexes
improves the performance of solid electrodes bexatitheir robust nature and provision

of catalytic sites at the electrode/solution irdeg®>>>* Among these transition metal
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macro complexes, the nickel macro complexes haga beown to be the most effective
in this regar®> and improvements in terms of stability and eleditalytic abilities
towards chlorophenols and other analytes have bbserved when these nickel macro
complexes modified electrodes are repetitively egah strong alkaline media leading to
the formation of O-Ni-O oxo bridges between the mammplexe$*>°**%yhich plays

a key role in the improvement of their catalytii@éncy.

Table 1.7 gives a summary of MPcs used as elec¢aigses for chlorophenol oxidation.
This Table shows that there has been very few MBmptexes employed for

chlorophenol oxidation.

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

MPc® | Electrode’ | Method of | Analyte®| E,/V | Medium | References
Modification (vs.
SCE)
CoPc GCE Drop dry 2-CP 1.05 0.05 359
H,SO,
CoPc GCE Drop dry 4-CP 1.06 0.05 359
H,SO,
NiTPhPyPc| VCE Electro 4-CP ~0.43 0.1M 360
polymerisation NaOH
Ni(OH) VCE Electro 4-CP ~0.35 0.1M 360
TPhPyPc polymerisation NaOH
NiPcS GCE/ITO Electro 2-CP ~0.25 pH 11 361
polymerisation

*TPhPy = tetra (pyrro-1-yl) phenoxY%iTO = indium tin oxide, VCE = vitreous carbon
electrode, GCE = glassy carbon electr6@8®, = chlorophenol
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Aim of Thesis

This work will explore the use of gold electrodeatad films ofpoly-NiPcs containing
tetrakis benzylmercapto and tetrakis dodecylmeccaphg substituents for the
electrooxidation of 4-CP and TCP. Elimination otatode fouling by the polymer
products from electrooxidation of chlorophenols Hasen a major challenge to
researchers. Decrease in electrode fouling has a#ehbuted to the bulkiness of MPc
ring substituents group by their ability to allowadytes (chlorophenols) to catalytic sites
because of the high porosity of the films despie formation of polymer film
products®®#3%3 Benzylmercapto and tetrakis dodecylmercapto graipsie NiPcs were
chosen for this purpose since they are bulky. lditemh, the effects of the nature and
thickness of the films on the electrodes’ catalyificiency and stabilities against
electrode fouling will be exploredlhis should be a significant contribution towards

finding suitable electrocatalysts and sensors lid@rophenol electrooxidation.

1.5.3.2 Nitrite oxidation

Carbon electrodes modified with MPc complexes ar@wn to lower both the reduction
and oxidation potentials of nitrité&! The oxidation of nitrite on vitreous carbon
electrode modified (by adsorption) with differendRx has been investigated using CV
and rotating disk electrodd.An amperometric nitrite sen<8f based on a polymeric
nickel tetraaminophthalocyanine film coated GC &tae has been developed; it showed
a detection limit of 1 x TOM and linear concentration range of 5 X' 8 x 10*M for

nitrite detection.
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Table 1.8 gives a summary of MPc and metallopoiphgomplexes employed as

electrocatalysts for nitrite oxidation. Nitrite otion generally occurs at potentials

greater than 0.7 V (vs. SCE) on porphyrin and gbtly@nine modified electrodes (Table

1.8), with CoPcs being the most studied compleX®é® central metals in MnPcs and

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

former complexes may lower the overpotential faritei oxidation.

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

MPc? Electrode” | Method of Ep/V (SCE) | Medium References
Modification

CoPc VCE Drop dry +0.87 pH 7.3 63

CoTPyP- GCE Dip dry +0.91 pH 4.7, 0.25365

[Ru(bipy)Cl]4 LITFMS

CoTPyP- GCE Drop dry +0.72 0.2M 366

[Ru(bipy)Cl]4: BaClO,

ZnTSPP

CoTPyP- GCE Drop dry +0.76 pH 4.7 367

[Ru(bipy)Cl]4"/

ZnTSTPP

HoTPyP- GCE or Pt Electro +1.0 pH 4.5 368

[Ru(5- polymerisation

CIPhenCl)]4

FeTMPyP/ GCE Electro +0.81 pH 9 369

DNA deposition

CrPc(NH)4 GCE/ITO Electro +0.76 pH 7.3 214
polymerisation | (vs. Ag|AgCl)

NiPc(NH,)4 GCE Electro +0.86 pH 2 287
polymerisation

*TPyP = tetrakis(3-pyridyl)porphine, TSPP = mesotetrakisp-

sulphonatophenyl)porphine, TMPyP = tetn@so(3- and 4- pyridyl) porphyrin, DNA =

deoxyribonucleic acid, phen

electrode, GCE = glassy carbon electrode, ITO #imdin oxide.

phenyl, bipy = bipjme. "VCE = vitreous carbon
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Aim of Thesis

This work thus explores a comparative study on application of newly synthesised
thiol derivatised MPcs (C6, F€¢*, Mn** and Nf*) towards nitrite electrooxidation. The
possibility of lowering the overpotential by theeusf MPcs with different central metal
ions will be explored. The catalytic effect of thature of the NiPcs filmg90ly-NiPc or
poly-Ni(OH)Pc) will for the first time extended to etemoxidation of nitrite. Also, to
further give insight to the understanding of thechamisms behind electrooxidation of
nitrite by MPcs (with different central transitiometal ions) modified electrodes;

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

1.5.3.3 Sulphite oxidation

Electrocatalytic oxidation of sulphite in stronghcidic aqueous media by iron(ll)
tetrakis(4-sulphonatophenyl) porphine (FeTSPP) amahganese (lll) tetrameso (3-
pyridyl) porphine Mn(lll)(4-TMPyP) immobilised on zeolite molecular sieve has been
reported, the oxidation of sulphite to sulphate @snd to occur via Fe(ll))(TSPP
species and Mn(IV)(4-TMPyP) speci€8, respectively. Meso-pyridylporphyrins
coordinated to four ruthenium bipyridyl porphyrirRy(bipypCl]® complexes form
electrostatic active and stable nanomaterials yrlhy layer electrostatic assembly films
with CuPcS anion, these were shown to have distinct catabgitvities towards nitrite
and sulphite oxidatio®.* The indirect measurement of the 88ing aqueous solution of
sulphite with adsorbed FePc on ordinary pyrolytiapdite (OPG) electrode has also been

reported®’?
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Table 1.9 summarised MPc and metalloporphyrin cemgd employed as
electrocatalysts for sulphite. Reported work on tis® of MPc and MPP modified
electrodes as electrocatalysts for sulphite elegtdation is limited and has been mostly
on glassy carbon electrode. For the first time (©omparative effect of the central metal
(first row transition metal; Cd, F&*, Mn®*" and Nf* of the MPcs) on electrooxidation of

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

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

MPc? Electrode | Method of Eo/V Medium References
modification | (SCE)
Co(2-TMPyP) GCE Solution +0.58 pH 2.2 373
CoTPyP- GCE Dip dry +0.91 pH 4.7, pH 365
[Ru(bipy)Cl]4 0.25
LITFMS
CoTPyP- GCE Drop dry +0.76 pH 4.7 367
[Ru(bipy)CI]*/
ZnTSTPP
Fe(2-TMPyP) GCE Solution +0.82 pH 9.2 373
FeTSPP GCE Solution +0.94 pH 2.0 370
Mn(2-TMPyP) GCE Solution +0.30 pH 11.5 370
Zn(3-RPyP)/ Pt disk Dip-coating | ~+0.85 pH 6.8 371
CuPcq
FePc OPG Dip-dry ~+0.5 pH 5 372

®RPyP = 4-pyridyl porphine, TMPyP = tetneeso(3-pyridyl) porphine
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Aim of Thesis

A comparative study on the potential use of MPc-3AM CG*, F€*, Mn** and Nf*
MPcs complexes, ring substituted with tetrakis lygmercapto and dodecylmercapto as
potential electrocatalysts and sensors for sulpbaidation will be studied. The role of
the central metal ion on the catalytic efficiencyl Wwe explored. The effect of the nature

of the NiPcs films on the catalytic efficiency walso be explored.
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Summary of Aim of Thesis

The aims of the thesis are summarised as follows:

)

ii)

Homogenous catalysis of chlorophenol transformatibg monomeric and
aggregated forms of cobalt tetrasulphonated phtlgaline complex
(CoPc9) (24, Figure 1.13)

Photocatalytic transformations of chlorophenolsngssulphonated (MPgS
and MPc%,x) and carboxyphthalocyanine (MOCPc) complexes aiahium,
zinc, tin, germanium and silicoi25-33, Figure 1.13) immobilised on
Amberlite®.

Syntheses and investigation of the electrochenpoaperties of alkanethiol-
derivatised first row transition metal MPcs com@ex34-43, Figure 1.14)
which are capable of forming self assembled momky(SAMs) and
polymer films on gold electrodes.

Fabrication and EIS, electrochemical and spectctrelehemical
characterisations of electrodes modified by thiedhcatised MPcs complexes.
Electrodes are modified by electropolymerisatiod 8AMSs.

Investigation of the electrocatalytic properties thfe MPcs complexes
modified gold electrodes towards detection of somevironmentally

important analytes such as chlorophenols, nitnt sulphite.
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A Py,
5\ /é
z
z.--.gl.--.z
l
\
H;U

A\

R R,
Complex Central metal ion Complex
(M) number
MPcS, R=H, R = SQyNa’ Co™ 24
(OH)AI®* 25
zZn** 26
MOCPc, R = R= COOH (OH)AI®* 27
zn** 28
MPCSnix, R = H, (OH)AI®* 29
(R)n = SyNa" Zn* 30
(where n =1, 2, 3 or 4) (OH),Ge" 31
(OH),Si** 32
(OH),Sr™ 33

Figure 1.13:Structures of MPc complexes used for chlorophecatalysis in this thesis
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Metallo tetrakis (benzyl mercapto) phthalocyanines
(MTBMPcs): M = Mn 3+(0OAc) (34), Co?* (35),

Fe2* (36), Ni2* (37), Zn2* (38)

Metallo tetrakis (dodecyl mercapto) phthalocyanine
(MTDMPcs): M = Mn 3+(OAc) (39), Co?* (40),

T Fe2+ (41), Ni2* (42), Zn2* (43)
R

where R = —CH,(CH,),,CH,

Figure 1.14: Structures of thiol-derivatised MPc complexes &ddn this thesis.
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Experimental

2.1 Materials

Phenol, dichlorobenzoquinone (DCBQ), benzoquin@®@)( hydrogen peroxide @@.),

2, 4, 5-trichlorophenol (TCP), 2-chlorophenol (2)C&mberlit€ IRA-900 ion exchange
resin, 4-chlorophenol, 2,4-dichlorophenol, 1,4-bmnanone, 2-chloro-1,4-
benzoquinone, 2,5-dichloro-1,4-benzoquinone, ZXHadtrachloro-1,4-benzoquinone,
anhydrous potassium carbonate, aluminium chlogddium azide, manganese(ll)acetate
salts, zinc acetate, tetrabutylammonium tetraflborate {(TBABF,), recrystallised from
ethanol and was used as electrolyte for all eleb&mical experiments}, potassium
carbonate, cobalt(ll)chloride, zinc acetate, fesroacetate and nickel(ll)chloride
hexahydrate were obtained from Sigma-Aldrich. Sodnitrite was obtained from BDH.
Silica gel 60 (0.04-0.063 mm) were purchased fromrd¥. Dichloromethane (DCM),
DBU, maleic acid, pentachlorophenol (PCP) and fuenacid were obtained from
SAARCHEM (South Africa). Hydroquinone was obtainédm May and Baker.
(CHAIPc, ZnPc, (OH)GePc, (OH)SiPc, (OH)SnPc and copper(lh)tetrasulphonated
phthalocyanine (CuSO4) were available in our latmoya Tetrasodiunu,a-(anthracene-
9,10-diyl) dimethylmalonate (ADMA) was a gift frordr. V. Negrimovsky (from
Organic Intermediates and Dyes Institute, RussiQuinoline, ethylene glycol,
dimethylsulfoxide (DMSO), dimethylformamide (DMF)dichloromethane (DCM),
tetrahydrofuran (THF), diethyl ether, chloroformgtmanol and ethanol were distilled
prior to use. Where necessary, solutions used deserated by bubbling nitrogen prior

to the experiments. Phosphate buffers were employenle needed.
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2.2 Instrumentation

The UV/Vis absorption spectra were recorded with tise of Cary 500 UV/Vis/NIR
spectrophotometer, Fourier transform infra red HETIspectra (KBr pellets) were
recorded on a Perkin-Elmer spectrum 2000 FT-IR tsperter. 'H-nuclear magnetic
resonance't-NMR, 400 MHz) was obtained in DMSQ:dr CDCE using Bruker EMX
400 NMR spectrometer. MALDI-TOF spectra were olgdinwith Perspective
Biosystems Voyager DE-PRO Biospectrometry Workstatand Processing Delayed
Extraction at the University of Cape Town, Cape fmp®outh Africa. Mass spectra were
recorded with Finnnigan LCQ-MS coupled withBondapak C-18 (390 x 3.00 mm
diameter). Elemental analyses were performed witiado Erba NA 1500 Nitrogen
analyzer at the University of the Cape Town, Capwi, South Africa. High Pressure
Liqguid Chromatography (HPLC) analysigas performed using Quad-Gradient HPLC
system, Agilent 1100 series fitted with an anabjticolumn,p-Bondapak C-18 (390 x
3.00 mm) and connected to a variable wavelengthMiB/detector (set &t = 280 nm).
Cyclic voltammetry (CV) and square wave voltammé¢8WYV) data were obtained either
using Autolab Potentiostat PGSTAT 8Bco Chemie, Utretch, The Netherlands) driven
by the General Purpose Electrochemical Systems paieessing software (GPES,
software version 4.9, Eco Chemie) or Advanced Ebebemical System (Princeton
Applied Research) Parstat 2273 equipment. Speetvethemical data were obtained
with the use of a home made optically transparemt:-layer electrochemical (OTTLE)
cell which was connected to a Bioanalytic SysteBAS) CV 27 voltammograph. A

WTW pH meter was used for pH measurements.
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2.3 Synthesis

2.3.1 Metallotetrasulphophthalocyanines (MPcS)"®

Monosodium salt of 4-sulphophthalic acid (11

Equimolar mixture of 30% 4-sulphophthalic acid @%, 0.05 mol) and NaOH (2.0 g,
0.05 mol) was thoroughly mixed together in a flaster 24 hours, the pink product
crystallised out of the solution and was filterétiumder pressure, washed with water and

air dried. Yield: (88%). IR [(KBryv__/ cm]: 3440, 3065, 2655 and 2536 (O-H), 1745

and 1705 (C=0), 1595, 1574, 1496 and 1437 (C-(96.13375, 1280, 1242 and 1175

(C-0), 1070, 832, 794 and 720 (C—H).

Synthesis of metallotetrasulphophthalocyanines (MP),”® Scheme 3.1

Cobalt (CoPcgH (24), aluminum (AlPcy (25) and zinc (ZnPc§ (26)
tetrasulphophthalocyanine complexes were syntrebsasel purified using Weber and
Busch method® Monosodium salt of 4-sulphophthalic acid (4.32 1§ mmol),
ammonium chloride (0.47 g, 9.0 mmol), urea (5.8¢,mmol), ammonium molybdate
(0.3 g, 0.03 mmol) and the metal salt (4.8 mmolCoGL for

cobalt(lNtetrasulphophthalocyanine, CoRcS (24), AICI, for

aluminium(lihtetrasulphophthalocyanine, AlPcS (25) and ZnC} for
zinc(ll)tetrasulphophthalocyanine, ZnFc§6) were thoroughly mixed together by
grinding until a homogeneous mixture was formede Thixture was added slowly to
heated (18%C) nitrobenzene (10 chin a three-necked round-bottomed flask fittechwit
a thermometer and a condenser under stirring oveerimd of 1 hour at 180-260.

Thereafter the mixture was heated for 6 hours 82@0The crude product obtained was
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a dark solid cake. The product was washed sevarastwith methanol to remove
nitrobenzene and then treated in a Soxhlet extracipparatus with methanol for 24
hours to remove traces of nitrobenzene left. Thal fproduct was dried in an oven at ~
120°C for 24 hours after it was cooled to room tempaetand filtered. The resulting
product was then dissolved in 150%wh 1.0 mol dniHCI saturated with NaCl and then
heated to boiling. The mixture was cooled to roemperature, filtered, dissolved in 0.1
mol L NaOH (70 cn) and then heated to ¥D. The solid impurities were separated by
centrifugation and then NaCl (27.0 g) was addethéofiltrate and heated at 8D with
stirring until the evolution of ammonia gas was @bste (this was monitored using
litmus paper). The crystallised product was sepdrdiy centrifugation and this last
process was repeated twice. The product was thehaslawith 80% ethanol until it was

chloride-free (detected by testing with 1.0 mot AgNO,). Finally, the product was

heated under reflux in 20 érathanol for 4 hours. Thereafter, cooled, filtered dried in

oven at 128C for 12 hours.

CoPcS, (24): Yield: (55%). IR [(KBr)v__/ cmi’]: 1645 (C=C), 1577, 1523, 1497, 1399,
1342, 1193, 1148, 1111, 1076, 1038 (S=0), 925, 888, UV-Vis [H.0, »__/nm (log
&)]: 655 (5.12), 622 (4.98), 315 (5.02).

AIPcS, (25): Yield: (43%). IR [(KBr)v__/ cmi’]: 3462 (O-H), 1642 (C=C), 1581, 1534,
1497, 1399, 1342, 1193, 1148, 1111, 1076, 1035 S825, 830, 755, 69IV-Vis
[H,0,__/nm (loge)]: 690 (5.2),660 (5.1), 387 (4.92).

ZnPcS, (26): Yield: (58%). IR [(KBr)v__/ cm]: 3451, 1644, 1586, 1397, 1344, 1198,
1154, 1107, 1077, 1037 (S=0), 925, 834, 735, UDAVis [H,0, A__/nm (loge)]: 692
(4.54),652 (5.05), 376 (4.94).
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2.3.2 Mixed sulphonated metallophthalocyanines (MPc&yx), Scheme 3.2
(OH)AIPcShix (29), ZnPcSix (30), (OHYLGePcSix (31), (OH)LSiIPcS.x (32), and
(OH),SnPc%ix (33) complexes were synthesised from (Cl)AIPc, ZnReH)%,GePc,
(OH),SiPc and (OHSNPc, respectively, using fuming sulphuric acid %43®Q)
according to literature procedure described forsjrethesis of AIPcSy.”® The required
MPc (0.40 mmol) was placed in a round-bottomedkflasd heated to 100, thereafter,
1 cnt oleum was slowly added and the mixture stirred rdgsly with the temperature
kept at 106C. After 30 minutes, the reaction mixture was qireacby adding about 4 g
of crushed ice onto it. The resulting mixture welpiated to pH 7.0-7.5 using 1.0 mof L
NaOH solution to give a deep blue solution. Theisoh was evaporated to dryness and
the residue Soxhlet extracted using methanol forh@drs. Finally, the solvent was

removed by evaporation and the solid product ovéaddat 126C.

AIPCSnix (29): Yield: (16%). IR [(KBr)v,__/ cmi']: IR [(KBr) v__/ cm']: 3435 and 3202
(O-H), 1732, 1635 and 1502, 1400, 1335, 1234, 11167, 1036 (S=0), 918, 756, 727.
UV-Vis [H20,A__/nm (loge)]: 681 (5.01), 608 (5.02), 355 (4.97).

max

ZNnPcSnix (30): Yield: (18%). IR [(KBr)v,__/ cm]: 1737, 1626, 1548, 1394, 1226, 1212,
1154, 1086, 1045 (S=0), 984, 908. UV-Vis ¥ A__/nm (log £)]: 675 (4.98), 616
(4.99).

GePcSix (31): Yield: (12%). IR [(KBr)v__/ cm’]: 3444 and 3212 (O-H), 1728, 1627,
1550, 1396, 1223, 1215, 1148, 1091, 1041 (S=0), 908, 747, 718. UV-Vis [bD,
A_./nm (loge)]: 677 (5.18), 639 (5.05), 607 (4.96), 349 (4.78).

SiPcSnix (32): Yield: (11%). IR [(KBr)v__/ cm]: 3452 and 3215 (O-H), 1736, 1628,

1547, 1395, 1224, 1206, 1146, 1095, 1047 (S=0), 988, 745, 713. UV-Vis [bD,
%__/nm (loge)]: 685 (5.11), 618 (4.98), 351 (4.96).

max
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SnPc&iix (33): Yield: (11%). IR [(KBr)v, __/ cmi]: 3464 and 3210 (O-H), 1734, 1585,

1396, 1312, 1197, 1142, 1080, 1043 (S=0), 886, 855, 753, 722, 636, 572. UV-Vis
[H,0,%__/nm (loge)]: 697 (5.24), 647 (4.86).

2.3.3 Synthesis of octacarboxymetallophthalocyanines (MOPc),””"® Scheme 3.3
Octacarboxy phthalocyaninato aluminium(lll), (AIOQP (27) and zinc(ll)
octacarboxyphthalocyaninatozinc(ll), (ZnOCP¢28) were prepared and purified
according to the reported proced(fé®

Benzene-1,2,4,5-tetracarboxylic dianhydride3) (3.75 g, 17.25 mmol), urea (19.5 g,
0.33 mol), 1,8-diazabicyclo[5.4.0] undec-7-ene (DRO.1 g, 0.7 mmol) and metal salt

(23.5 mmol) (i.e. AIC]for octacarboxy phthalocyaninato aluminium(lll),IQFCPc) @7)

or zinc acetate for zinc(ll) octacarboxyphthaloagatozinc(ll), (ZnOCPc) 48)) were
mixed together and placed in 100 ml two-neckedkfféted with a reflux condenser and
a thermometer. The reaction mixture was heated58tC2under reflux for about 20
minutes and this resulted to formation of a fusemtipct. Thereafter, the fused product
was washed with water followed with acetone andlfjnwith 6 mol L* HCI. The tetra-
amide produc(14) formed was dried and then hydrolysed by heatindeumeflux with

20% H,SO, (3.0 cnrf) for 3 days. The product was washed with 200 jpantions of 5%
H,SO,, 100 cni portions of water and acetone. The product wasddrethe air and
purified by column chromatography on an aluminauooi using 2% aqueous NaOH as
eluent. The pure blue produ@7 or 28) was filtered and then dried at f@0for 12
hours.

AIOCPc (27): Yield: (9.1%). IR [(KBr) v__/ cm?]: 3418 (O-H), 3235 (C-H), 1705
(C=0), 1641, 1618, 1507 and 1452 (C-C), 1378, 12829 and 1191 (C-O), 1154, 1133,
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1075, 1038, 1016, 998, 912, 831 and 724 (C-H). Uy{gH 10,1 __/nm (loge)]: 694
(5.10), 622 (4.85), 357 (4.99).

ZnOCPc (28): Yield: (11.5%). IR [(KBr)v__/ cmi’]: 3421 (O-H), 3236 (C-H), 1702
(C=0), 1639, 1623, 1572 and 1451 (C-C), 1394, 12847 and 1184 (C-O), 1088, 1043,
1017, 982, 911 and 723 (C-H). UV-Vis [pH 20, /nm (loge)]: 689 (5.26), 616 (5.11),

348 (4.95).

2.3.4 Synthesis of thiol-derivatised metallophthalocyanies
2.34.1  Synthesisof 4-nitrophthalonitrile,*”> Scheme 3.4

4-nitrophthalimide (44)

Fuming HNQ (60 mL) was slowly added to 360 ml of concentrate®O, in the 1 L
round bottom flask immersed in an ice bath. Whes tbaction mixture temperature
cooled to ~ 1ZC, phthalimide(5), 100.0 g (0.6 mol) was then added quickly under
stirring and maintaining the temperature betweefCland 18C in an ice bath. The
solution was then allowed to stand overnight athraemperature. The solution was
poured on ice (~ 2 kg) while stirring to precipgatut the product which was a beige
suspension and was isolated by filtration undeuced pressure. The solid prodgét)
was washed thrice with ice water. Yield: 584.NMR CDCk: & (ppm): 8.74 (d, 1H, Ar-
H); 7.96 (s, 1H, N-H); 8.14 (d, 1H, Ar-H); 8.76 (diH, Ar-H). IR (KBr) v/ cm* 1778

(s), 1717 (s) (CO-NH-CO), 1535 (vs) (M@ssym.), 1354 (vs) (NGym.).

78



Experimental

4-nitrophthalamide (45)

4-Nitrophthalimide(44) (40 g, 0.2 mol), was added to 600 ml of 25% ama@alution
under stirring for 24 hours. Thereafter, anothed 80 25% ammonia solution was added
and the reaction mixture was left under stirring &mother 24 hours. The resulting
yellowish product was filtered off under reducedgsure and thoroughly washed several
times with distilled water. The solid product, 4raphthalamidg(45) was dried in the
oven at 106C. Yield: 83%."HNMR CDCL: § (ppm): 8.15 (d, 1H, Ar-H); 8.32 (dd, 1H,
Ar-H); 8.46(d, 1H, Ar-H). IR (KBr) v/crit: 3346 (NH str), 1685 (s) (C=0 str), 1620 (vs)

(NH, def.).

4-nitrophthalonitrile (46)

Freshly distilled thionyl chloride, 25 mL (0.035 havas added slowly to 100 mL of dry
dimethylfomamide (DMF) in a nitrogen atmosphere levtsitirring at 0°C. The reaction
mixture was further stirred for 2 hours and theb &.(0.04 mol) of compound5 was
added to the mixture. The mixture was stirred fondurs at 0°C and then at room
temperature for 12 hours. The product was poured3a0 ml of ice water, filtered under
reduced pressure and washed several times withiledisivater. The product was
recrystallised twice from methanol to yield yell@wanitrophthalonitrile(46). Yield: 74%.
'H NMR CDCE: 6 (ppm): 8.15 (d, 1H, Ar-H); 8.56 (dd, 1H, Ar-H);7& (d, 1H, Ar-H).

IR (KBr) v/ cmi*: 2230 (s) (EN) 1545 (vs) (NQ@ assym.), 1355 (vs) (NGsym.).
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2342  Synthesisof monosubstituted thiol-derivatised phthalonitriles®" Scheme 3.5

4-(benzylmercapto) phthalonitrile (47)

A procedure similar to that reporfédfor the synthesis of 1,2-di(alkylthio)-4,5
dicyanobenzene was used in this work. Briefly 4(@3 mmol) 4-nitrophthalonitrile4)
and 3.7 g (30 mmol) benzylmercapto thiol were dis= in 20 ml DMSO and stirred
strongly for 20 minutes under dry nitrogen atmospha room temperature. Thereafter,
10 g potassium carbonate was added portion wisevier 2 hours. The reaction was then
left for another 12 hours to ensure complete reaciThe crude product was precipitated
out from the reaction mixture and washed with watéce and then it was extracted with
chloroform. NaCQO; (5%) aqueous solution was added to the produchlioraform in a
separating funnel, thoroughly mixed and then theeags layer removed. Thereafter,
anhydrous Nz50, was added to remove traces of water, shaken amddécanted. The
chloroform was then evaporated off and the lightoye solid product was crystallised
from ethanol. Yield: 72%. IR (KBr) v (cth): 1478, 1578, 2231v¢y), 3026, 3060, 3069.
'H NMR (CDCH): 4.30 (s, 2H,-CH,), 7.28-7.38 (m, 5Hpheny), 7.47-7.51 (dd, 1H,

benzy), 7.65 (d, 1Hbenzy), 7.58-7.62 (d-1Hbenzyl)

4-dodecylmer captophthalonitrile (48)

The same procedure as for compodidvas also used to make compout@lwith 6.1 g
(30 mmol) of dodecyl thiol being used in place ehbylmercapto. Yield: 62%. IR (KBr)
v (cmb): 1465, 1579, 2228)6y), 2849, 2919'H NMR (CDCh): 0.85 (t, 3H,EHs), 1.25
(m, 16H,-CH,), 1.45 (m, 2H-CH,), 1.7 (m, 2H,-CH,), 3.00 (t, 2H,-CH,), 7.45-7.49

(dd, 1H,benzy), 7.53-7.55 (d, 1Hbenzy), 7.60-7.63 (d, 1Hpenzy).
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2.3.4.3  Thiol-derivatised tetrasubstituted phthalocyanine complexes,** Scheme 3.5
Manganese(l | 1)acetate tetrakis (benzyl-mercapto) phthalocyanine, Mn(OAc)TBMPc (34)
4-(Benzylmercapto) phthalonitril@7,1 g, 4 mmol) was mixed with 0.182 g (1.05 mmol)
anhydrous manganese(ll)acetate and 6 ml ethylgmm®lghnd then refluxed for 5 hours at
200°C under N atmosphere. The mixture was allowed to cool to rdemperature and
then excess methanol was added to precipitateheutrude reddish brown solid product
which was then treated in a Soxhlet extraction egipa with ethanol for 48 hours. The
product was purified using silica gel column chréogaaphy eluting twice with
chloroform and THF. The pure complex was a deesodd. Yield: 48%. IR (KBr)v (cm’

1): 696 Qc.9), 865 Pmn-0), 1743 Yc=0). Amax(nm) (loge) in DCM: 742 (5.1), 526 (4.8), 452
(4.4). Anal. Calcd. for ggH40NsSsMN: %C, 66.79; %H, 3.86; %N, 10.06. Found: %C,
66.07; %H, 4.18; %N, 10.26. MALDI-TOF:¢gH43NsS,O,Mn. Calc. 1054.9 g mdl| found

(M*) 1054.3 g mot.

Manganese(l | 1 )acetate tetrakis (dodecyl-mercapto) phthalocyanine, Mn(OAc)TDMPc

(39)

Similar procedure as for the synthesis of com@éxvas also used for comple30. 4-
Dodecylmercaptophthalonitrilé48, 1.3 g, 4 mmol) was used instead of compodiid
The pure complex was a deep red solid. Yield: 41R4KBr) v (cm™): 698 (c.9), 857
(Vmn-0), 1765 ¥c=0). Amax (nM) (loge) in DCM: 746 (4.9), 528 (4.6), 450 (4.3). Anal.
Calcd. for GoH112NsSaMNn: %C, 69.01; %H, 8.07; %N, 7.86. Found: %C, 70.2H,
7.98; %N, 6.84. MALDI-TOF: @H119NgS:O,Mn: Calc. 1370.9 g mdi found (M)

1370.5 g mot.
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Cobalt tetrakis (benzyl mercapto) phthalocyanine, CoTBMPc (35)

4-(Benzylmercapto) phthalonitril&d, 1 g, 4 mmol) was mixed with 0.14 g (1.05 mmol)
anhydrous cobalt chloride and 8 ml ethylene glyaotl then refluxed for 4 hours at
200°C under N atmosphere. The mixture was allowed to cool to réemperature and
then excess methanol was added to precipitateheutitude blue-green solid product
which was then treated in a Soxhlet extraction egdpa with ethanol for 48 hours. The
product was purified using silica gel column chréeogaaphy with chloroform as the
eluting solvent. Yield: 47%. IR (KB (cmiY): 694 @c.9). Amax(nm) (loge) in DCM: 676
(4.94), 613 (4.99), 325 (4.81). Anal. Calcd. faptuNsS:C0.3H0: C, 64.60; H, 3.59;
N, 10.80; S, 11.49. Found: C, 64.78; H, 3.68; N249.S, 11.25. MALDI-TOF:

CeoHaoNsSsCo. Calc. 1060.2 g md) found (M) 1059.1 g mot.

Cobalt tetrakis (dodecylmercapto) phthalocyanine, CoTDMPc (40)

Similar procedure as in the synthesis of com@&xvas also used for compledO. 4-
Dodecylmercaptophthalonitrilé48, 1.3 g, 4 mmol) was used instead of compodiid
The blue-green product was purified by using siljgd column chromatography with
chloroform-THF (ratio 3:1) as the eluting solveNield: 33%. IR (KBr)v (cm™): 673
(Vc.g). Amax (M) (loge) in DCM: 684 (4.93), 623 (5.00), 310 (4.92). An@lalcd. for
CgoH112NsSsCo: C, 69.98; H, 8.22; N, 8.16; S, 9.34. Found7@p55; H, 9.22; N, 8.35; S,

9.09. MALDI-TOF: GggH112NgS4Co: Calc. 1373.0 g md] found (M") 1372.6 g mot.
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Iron tetrakis (benzyl mercapto) phthalocyanine, FETBMPc (36)

4-(Benzylmercapto) phthalonitrilgt7, 1 g, 4 mmol) was mixed with anhydrous ferrous
acetate (0.174 g, 1 mmol) and 4 ml quinoline. Thetume was refluxed for 7 hours at
200°C under N atmosphere. Thereafter, the reaction mixture wasvat to cool to room
temperature and then excess methanol was addeddipifate out the crude green solid
product which was then treated in a Soxhlet extvacpparatus for 48 hours to remove
qguinoline. The product was purified by using siligal column chromatography with
chloroform as the eluting solvent. Yield: 37 %. (IRBr) v (cm™): 692 @c.9). Amax (NM)
(log €) in DCM: 705 (4.06), 675 (4.25), 638 (4.45), 3495(). Anal. Calcd. for
CeoHaoNsSsFe.3H0: C, 64.80; H, 3.60; N, 10.08; S, 11.52. Found6&:34; H, 3.78; N,
9.87; S, 9.47. MALDI-TOF: gHioNgSsFe: Calc. 1057.1 g md) found (M) 1056.4 g

mol ™.

Iron tetrakis (dodecylmercapto) phthalocyanines, FETDMPc (41)

Similar procedure as in the synthesis of com@éxvas also used for compleX. 4-
Dodecylmercaptophthalonitrilé48, 1.3 g, 4 mmol) was used instead of compodiid
The green product was purified by using silica gelumn chromatography with
chloroform-THF (ratio 3:1) as the eluting solvelteld: 26 %. IR (KBr)v (cm™): 744
(Vc-9). Amax(NM) (loge) in DCM: 712 (4.66), 586 (4.99), 422 (3.97), 3&000), 310
(5.00). Anal. Calcd. for gH11 NgS,Fe.5H0: C, 65.76; H, 7.70; N, 7.70; S, 8.77. Found:
C, 64.38; H, 7.54; N, 7.10; S, 7.94. MALDI-TOF3#811.NsS,Fe. Calc. 1369.9 g mo)

found (M") 1369.9 g mot.
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Nickel tetrakis (benzyl mercapto) phthalocyanine, NiTBMPc (37)

4-(Benzylmercapto) phthalonitril@d7,1 g, 4 mmol) was mixed with 0.136 g (1.05 mmol)
anhydrous nickel(ll)chloride and 3 ml quinoline ahén refluxed for 4 hours at 2
under N atmosphere. The mixture was allowed to cool to raemperature and then
excess methanol was added to precipitate out theecgreen solid product which was
then treated in a Soxhlet extraction apparatus etitianol for 24 hours. The product was
purified using silica gel column chromatographyhnihloroform-THF (ratio 3:1) as the
eluting solvent. Yield: 39%. IR (KB (cm™): 685 {c.9). Amax(nm) (loge) in DCM: 681
(4.82), 625 (5.05), 410 (5.00), 301 (5.00). Analdd. for GoHaoNsNi.3H,0: C, 67.99;
H, 3.80; N, 10.57, S, 12.10 Found : C, 67.43, B53N,10.72; S,13.40. MALDI-TOF;

CeoHaoNsSsNi: Cale. 1059.9 g md, found (M") 1058.0 g mot.

Nickel tetrakis (dodecyl mercapto) phthalocyanine, NiTDMPc (42)

NiTDMPc (42) has been synthesised befdtén this work the complex was synthesised
according to literatufé and gave satisfactory characterisation as folloisld: 31%. IR
(KBr) v (cm): 748 @c.9). Ama{nm) (loge) in DCM: 685 (4.99), 632 (4.99), 400 (5.00),
310 (5.00). Anal. Calcd. forggH112NgSNi.4H,0: C, 69.99; H, 8.22; N, 8.16; S, 9.34.
Found: C, 69.46; H, 8.20; N, 8.24; S, 9.58. MALDDH; GeoH112NsSsNi: Calc. 1372.8 g

mol?, found (M) 1372 g mot.

Zinc tetrakis (benzylmercapto) phthalocyanine, ZnTBMPc (38)
4-(Benzylmercapto) phthalonitril@d7, 1 g, 4 mmol) was mixed with anhydrous zinc

acetate (0.19 g, 1.05 mmol) and 4 ml quinoline. ireture was refluxed for 7 hours at
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200°C under N atmosphere. Thereafter, the reaction mixture wasvat to cool to room
temperature and then excess methanol was addeddipifate out the crude green solid
product which was then treated in a Soxhlet extvacapparatus with ethanol for 48
hours to remove quinoline. The green product wasipd by using silica gel column
chromatography with chloroform as the eluting sotveéYield: 58%. IR (KBr)v (cm™):
692 (c.9). Amax (NM) (log ) in DCM: 689 (5.22), 620 (4.99), 359 (4.84H NMR
(DMSO d): 4.80 (s, 8H;CH,), 7.30-7.60 (m, 20Hpheny), 7.95 (m-4H-Pc), 7.60-7.90
(m, 8H, -Pc). Anal. Calcd. for GH4oNsSZn: C, 67.56; H, 3.78; N, 10.51; S, 12.02.
Found: C, 66.53; H, 3.73; N, 9.69; S, 12.01. MALDD¥F: GsoH4oNgSsZn: Calc. 1066.7 g

mol?, found (M) 1066.0 g mot.

Zinc tetrakis (dodecyl mercapto) phthalocyanine, ZnTDMPc (43)

Similar procedure as in the synthesis of comm@&was also used for compledi3
synthesis except 4-dodecylmercaptophthaloni¢d& 1.3 g, 4 mmol) was used instead of
compound4?. Yield: 49 %. IR (KBr)v (cm?): 668 (c.9). Amax(NM) (loge) in DCM: 691
(5.4), 622 (4.99), 356 (4.97)}H NMR (CDCL): 0.95 (t, 12H-CHs), 1.20-1.50 (m, 80H,
-CHy), 2.20-2.90 (t, 8H,-CH,), 6.50-7.80 (m, 12H-P¢g. Anal. Calcd. for
CsoH11NsSZNn.3H,0: C, 66.99; H, 7.82; N, 7.82; S, 8.93. Found: €56; H, 7.95; N,
7.81; S, 8.53. MALDI-TOF: gH11:NgSsZn: Calc. 1379.5 g md| found (M) 1379.5 g

mol™.
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2.3.5 Immobilisation of photosensitisers

The various MPc photosensitiz&mberlite (represented as MPc-Amb.) ion exchange
resin compositions were prepared using the esteuliproceduré: Unbuffered water
was employed to deposit sulphonated MPc complemts Amberlit€ supports. In order
to ensure ionisation of the MOCPcs, pH 8 boric abidfer was employed for
immobilisation of these complexes onto Ambeflii@stead of unbuffered water. The
resin was thoroughly washed with water and dried.@L g of the resin was suspended
in 100 ml solution of MPc with an absorbance ofragpmately 1. The immobilisation of
MPc was performed on a small scale of 0.01 g ireiotd have freshly prepared ones for
each experiment. Also reproducibility was ensurgdstoictly using the same condition
such as stirring rate, time of immobilisation amdhfly ensuring that the same number of
moles of MPcs were immobilised on the amberlitgudged by the difference in the MPc
absorbance before and after immobilisation. Thetren mixtures were left under gentle
stirring with a magnetic stirrer and the reactiongress were monitored with Cary 500
UV-Vis-NIR spectrophotometer. For consistency, themobilisation was carried out
until the number of moles of MPc immobilised wag 50° mol. The change in UV-Vis
Q-band absorbance values of the various MPc in@agusolutions was used to calculate
the number of moles of the MPc photosensitizer.

Following immobilisation, the colored (light greem light blue) immobilised product
obtained was first thoroughly washed with copioosant of distilled deionised water,
then methanol and acetone, and finally dried inaben at 78C for 24 hours. Diffused
reflectance spectra of the solid MPc-resin werensed with Cary 500 UV-Vis-NIR

spectrophotometer.
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2.4 Methods

2.4.1 Chlorophenol transformations

24.1.1 Chemical/Enzyme-like catalysis studies

Millipore water containing 60% methanol (v/v) (pH4B or phosphate buffers (pH = 7
and pH = 10) were used to prepare all the solutibhe reaction mixtures containing 1.0
x 102 mol L of substrate (2-CP or TCP), 1.0 x4fhol L™ of the oxidant (hydrogen
peroxide) and the catalyst were stirred togethea sample vial for the desired time of
reaction. Various amounts of the ColPc8&talyst (0.1 to 2.5% of the total mixture) were
employed in order to determine the optimal catalyatling. Substrate conversions were
monitored by HPLC. The mobile phase comprised aB@0nethanol: water mixture,
with a flow rate of 1 ml mil. The sample injection volume was 2 pL. The sejmaraif
the substrates and the products was achieved v@thimutes for TCP and 4 minutes for
2-CP. The oxidation products were identified byksm using standards and by retention
times in HPLC traces. The nature of some of thelpets was further confirmed by mass
to charge ratios of molecular ion peaks and fragatem patterns as obtained from a
liquid chromatograph connected to a mass spectesm@tC/MS). The UV/VIS
absorption spectra of the catalyst were monitote@gular intervals during the reaction
using Cary 500 UV/Vis/NIR spectrophotometer. Fa plurpose of studying the effect of
the central metal of the catalyst, AIRcEuPcS and NiPc$ were also employed as
catalysts, using 1% catalyst loading. The degradatactions were monitored for up to

5 hours.
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24.1.2  Photochemical studies

All photochemical studies were performed using enbdenade photochemical set-up as
shown in Scheme 2.1. Photolysis was performedenvisible region to avoid the effects
of uncatalysed photodegradation of the chloroplsemolthe ultra violet region. A 1 cm
pathlength UV—-Vis spectrophotometer quartz ceteditwith a tight-fitting stopper was
employed for the photolysis studies. Briefly, tle¢-sp comprised of a light source from a
General Electric Quartz lamp (300 W); using a 660glass (Schott) and water filters to
filter off UV and far infrared radiations respedly. An interference filter (Intor, 700 nm
with a bandwidth of 40 nm) was placed in the ligath before the quartz cell containing
the sample.

Typically, for the phototransformation of the ctdphenols (4-CP, 2,4-DCP, 2,4,5-TCP
and PCP), a 2.5 ml solution of the substrate coimgi5 x 1¢° mol of immobilised
photosensitizer on Amberlitevas first saturated with oxygen and then photalyseder
gentle stirring. The light intensity was measurethva power meter (Lasemate/A) and
was found to be 5 x 1Bphotons & cm™. Kinetic studies were monitored with UV-VIS-
NIR spectrophotometer or HPLC. Products identifaraiby spiking with standards and
by comparing retention times) was carried out with use of Quad-Gradient HPLC
system, Agilent 1100 series fitted with an anabjticolumn,u-Bondapak-C18 (390 x
3.00 mm) and connected to a variable wavelength\l/detector (set a = 280 nm).
The mobile phase was made up of methanol/watel3QJOmixture. The volume of
injected samples wasj®., and the elution rate was 1 ml rifin

Investigation of the singlet oxygen generation ogficies of the immobilised

photosensitizers was carried out by photolysismoéqueous (unbuffered) solution of the
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MPc containing tetrasodium,a-(anthracene-9,10-diyl) dimethylmalonate (ADMA) as
chemical scavenger for singlet oxygen. The padiiim of ‘O, in the photolysis was
further confirmed by the addition of sodium azidehich is a'O, quencher) to the

photolysis reaction containing the chlorinated mhem@nd the MPc photosensitizer.

3 I EEm—
TT—a > || -
light source lens water filter glass cut-off filter cell with reaction

with interference filter  mixture

Scheme 2.1:Diagrammatic representation of the photochensetup.

2.4.2 Electrochemical methods
2421 Characterisation of thiol-derivatised MPcs

Voltammetry data for the characterisation of thdekvatised MPc complexes were
obtained withAutolab potentiostat PGSTAT J&co Chemie, Utretch, The Netherlands)
driven by the General Purpose Electrochemical 8ystata processing software (GPES,
software version 4.9, Eco Chemie), using a threetadde set-up. The working electrode
was glassy carbon (GCE, 3.0 mm diameter); Ag|Ag@kevand platinum wire were

pseudo reference and counter electrodes respgctBgliare wave parameters were: step
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potential 5 mV; amplitude 20 mV at a frequency & Riz. All electrochemical

experiments were carried out in nitrogen atmosphere

24.2.2  Spectroelectrochemical characterisation of thiol-derivatised MPcs
Spectroelectrochemical data were obtained with uke of a home made optically
transparent thin-layer electrochemical (OTTLE) celith the same construction as that
described by Hartl and Dend® The cell has as working and counter electrodes
platinum grits and a piece of silver wire was uasdhe reference electrode. The OTTLE
cell was connected to a BAS CV 27 voltammograpHut®ms of the complexes were
introduced into the cell and electrolysis was pented at the appropriate potentials.
Spectral changes during the electrolysis processas monitored with a Cary 500
UV/Vis/INIR spectrophotometer.

For studies involving electronic spectra on indititanium oxide (ITO), a 0.7 cm wide
and 1 cm long ITO was placed against the wall efttcm path length cell in the path of

the light beam. Spectra were recorded on a CaryBO¥is/NIR spectrophotometer.

2.4.3 Electrode modification procedures

2431  Electropolymerisation techniques

The workingelectrode was bare Au electrode, GCE or indiunokide, ITO; Ag|AgCl
wire pseudo reference and platinum wire countercteldes were employed. All
electrochemical experiments were carried out irogén atmosphere. Depositions of the

complexes on gold, glassy carbon or ITO electrodese performed by repetitive
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scanning (CV) of the complexes solutions (1 mM)DGEM/TBABF, at the potential
window from -0.5 to 1.2 V vs. Ag|AgCl at scan rafel00 mV §'. Faradaic impedance
measurements were performed using the Autolab FRApeent with a 10 mV rms
sinusoidal modulation, this was used to charaaethe poly-NiPc andpoly-Ni(OH)Pc

films.

2432  Sdf-assembling techniques

SAM studieswere carried out using Advanced Electrochemicalte&3ys (Princeton
Applied Research) Parstat 2273 or Autolab potet#ioPGSTAT 30(Eco Chemie,
Utretch, The Netherlands) driven by the GenerapBse Electrochemical Systems data
processing software (GPES, software version 4.9, Btemie) equipment with a three-
electrode set-up consisting of either bare gold (-8 mm from Bioanalytical systems,
BAS) or MPc-SAM modified gold electrodes, Ag|Ag@ M NaCl) or Ag|AgCl wire
pseudo reference electrode and platinum wire cowlectrode, the difference in the
potentials is ~ 0.02 V. The gold electrodes weréshped with slurries of 1.0 um followed
by 0.05um alumina on a SiC-emery paper (type 2400 grit) #&meh subjected to
ultrasonic vibration in ethanol to remove residakimina particles at the surface. The
gold electrodes were then treated with ‘Piranh&itsan {1:3 (v/v) 30% HO, and conc.
H,SOy} for about 1 minute, this step is necessary ineordo remove organic
contaminants and was followed by thorough rinsinth wlistilled water. The electrodes
were rinsed with ethanol and finally with dichlorethane (DCM). Following this pre-
treatment, the electrodes were then placed ingetriesaturated 1 mM solutions of the

MPcs in DCM. After allowing the SAMs to form for desired period of time, the
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modified electrodes were then thoroughly rinsechvidCM and dried gently in a weak
flowing nitrogen gas. The modified electrodes wes®red in nitrogen-saturated

phosphate buffer pH 4.0 at room temperature.

2.4.4 Electrocatalytic procedure

Experiments for electrocatalysis of chlorophencotgdation were carried out using,N

purged solutions in 0.1 M NaOH with the modified Aelectrode (on Au by

polymerisation) as the working electrode while AgA and platinum electrodes were
employed as reference and counter electrodes tesggc

For both electrocatalysis of nitrite (on Au by polgrisation) and sulphite oxidation (on
Au by SAM), the experiments were carried out usiigourged solutions of the nitrite or
sulphite in phosphate buffer (pH 7.4) solution gsiwu electrode modified with the
complexes as the working electrodes while Ag|Ag@t glatinum electrodes were

employed as reference and counter electrodes tesggc
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Publications that resulted from these work aredidtelow and they are not referenced in
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(2005) 209.

2. Comparative efficiency of immobilised non-transitianetal phthalocyanine
photosensitisers for the visible light transforraatiof chlorophenolsBolade
Agboola, Kenneth I. Ozoemena and Tebello Nyokahdviol. Catal. A: Chem.

248 (2006) 84.

3. Synthesis and electrochemical characterisation ehzyl mercapto and
dodecylmercapto tetra substituted cobalt, iron, aridc phthalocyanines
complexes. Bolade Agboola, Kenneth I. Ozoemena and Tebello Nyokong,

Electrochim. Acta, 51 (2006) 4379.

4. Electrochemical properties of benzyl mercapto armbedylmercapto tetra
substituted nickel complexes: electrocatalytic aximh of nitrite. Bolade O.
Agboola, Kenneth I. Ozoemena and Tebello Nyokdaigctrochim. Acta, 51

(2006) 6470.
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. Synthesis and electrochemical properties of benmjieapto and dodecyl-
mercapto tetrasubstituted manganese phthalocyanmelexesBolade Agboola,
Kenneth I. Ozoemena, Philippe Westbroek and Telbgltokong,Electrochim.

Acta, 52 (2007) 2520.

. Voltammetric characterisation of the self-assembiadnolayers (SAMs) of
benzyl- and dodecyl-mercapto tetra substituted lhoptathalocyanines
complexes.Bolade Agboola, Philippe Westbroek, Kenneth I. Ozoemena and

Tebello Nyokongdglectrochem. Commun., 9 (2007) 310.

. Comparative electrooxidation of nitrite by electwbpnerised Co(ll), Fe(ll) and
Mn(lll) tetrakis benzylmercapto and dodecylmercaptetallophthalocyanines on
gold electrodesBolade Agboola and Tebello Nyokonganal. Chim. Acta, 587

(2007) 116.

. Electrooxidation of chlorophenols by electropolymed nickel (Il) tetrakis
benzylmercapto and dodecylmercapto metallophthalnogs complexes on gold
electrodesBolade Agboola and Tebello Nyokongglectrochim. Acta, 52 (2007)

5039.

. Comparative electrooxidation of sulphite by seléeambled monolayers (SAMS)
of Co(ll), Fe(ll), Ni(Il) and Mn(lll) tetrakis bengmercapto and dodecylmercapto
metallophthalocyanines complexes on gold electrodsgade Agboola and

Tebello NyokongTlalanta, In press (2007).
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CHAPTER 3

SYNTHESIS AND CHARACTERISATION

95



Synthesis and Characterisation

This chapter deals with the synthesis, spectraled@ctrochemical characterisation of the
MPcs complexes used for transformation of chloropge electrooxidation of
chlorophenols, nitrite and sulphite.

Table 3.1 gives the list of the MPc complexes sgsiged and their UV-Vis bands

spectral data.

Table 3.1: List of complexes synthesised with their UV-Visbda. MPc% and MPc&ix
complexes in water, MOCPc complexes in phosphatiehpH 10, and MTBMPcs and
MTDMPcs in DCM.

MPc complexes Q band maxima®
Abbreviations and

Numbers

CoPcg(24) 655 (m) (5.12) 622 (d) (4.98)
AlPcS, (25) 690 (m) (5.2) 660 (d) (5.1)
ZnPc§ (26) 692 (m) (4.54), 652 (d) (5.05)
AIPcShix (29) 681 (5.01)

ZnPcSnix (30) 675 (m) (4.98), 616 (d) (4.99)
GePc&ix (31) 677 (5.18)

SiPcSiix (32) 685 (5.11)

SnPcQix (33) 697 (m) (5.24), 647 (d) (4.86)
AlIOCPc(27) 694 (5.10)

ZnOCPc(28) 689 (5.26)

MnTBMPc (34) 742 (5.1)

MnTDMPc (39) 746 (4.9)

CoTBMPc(35) 676 (4.94)

CoTDMPc(40) 684 (4.93)

FeTBMPc(36) 705 (m) (4.06), 675 (d) (4.25)
FeTDMPc(41) 712 (m) (4.66), 586 (d) (4.99)
NiTBMPc (37) 681(m) (4.82), 625 (m) (5.05),
NiTDMPc (42) 685 (m) (4.99), 632 (d) (4.99),
ZnTBMPc(38) 689 (5.22)

ZnTDMPc(43) 691 (5.4)

®m and d represent monomer and aggregate respggctivel
P log e values in bracket
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3.1 Synthesis and Spectral Characterisation

3.1.1 Sulphonated and Carboxyl MPc derivatives
The tetrasulphonated and octacarboxy MPc complexesd for transformation of

6-79

chlorophenols were synthesised and characterisdztfas and their spectroscopic

characterisations were consistent with literafGre.

3.1.1.1 Sulphonated MPcs

The tetra sulphonated MPc complexes (Mpe&re synthesised using Weber and Busch
method® shown in Scheme 3.1. High yields of the complexese obtained as listed in
Chapter 2, experimental section.

MPcS, complexes are generally known to exist as aggesgat equilibrium with
monomers in aqueous solutions. From Figure 3.1sfeetra of (a) CoPg324) (655,
monomer; 622, aggregates) and (b) ZnPEs) (692, monomer; 652, aggregates) are
highly aggregated but (c) AlIPg®5) showed much less aggregation in water.

The S=0 vibrations which were observed in the 103040 crit region in the IR spectra
are characteristic of MPg8omplexes. The O-H band appeared at 3462 fomAIPcS,
(25) but was absent for both CoRd34) and ZnPc$(26), this is not unusual because the

former has O-H axial ligand whereas the latter waot.
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metal salt, urea, nitrobezene

NaO,S COOH

(11)

ammmonium chloride
ammonium molybdate,
reflux , 200°C

SO,Na

SO3Na
M = Co2* (24), (OH)AI3*(25), Zn2*(26)

Scheme 3.1: Synthetic route for tetra sodium salt of o (OH)ARP" and Zif*

tetrasulphophthalocyanine (MPgS

Absorbance

300 350 400 450 500 550 600 650 700 750 800
Wavelength/nm

Figure 3.1: Electronic spectra of (a) CoP£&4), (b) ZnPc$3 (26) and (c) AlPc%(25) in

water.
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The synthesis and purification of the mixed sulpited MPcs were carried out using an

established procedure from literatifeScheme 3.2. Appreciable yields (11-16%) of the

complexes were obtained and were characterisedg usi-Vis and IR spectra.

Furthermore, HPLC analyses were carried out inra@&now the extent of sulphonation

in the complexes. The sulphonation process isembducible and therefore the fraction

composition will vary from one experiment to thehet even using the same MPc

complex and that is why HPLC analysis is essential.

ceeaZ

N—~wm —N

N

\ /

R

N
N

oleum, 100°C R H =
N—W —N R

! =
:
N

7 N
R

M = (OH)AI®*(29), Zn2* (30),
(OH),Ge** (31), (OH),Si** (32),
(OH),Sn4* (33),

R=S0j;o0rH

Scheme 3.2Synthetic route for the mixed sulphonated MPcs

Figure 3.2 showed the spectra of the MRgSIn water; with the exception of

AlPcShix(29), all other complexes showed either broadeneglitr@ band characteristic

of aggregation behaviour. It has been shown inlalboratory’’ that these observations

for GePcSix (31) and SiPc&ix (32) (Figure 3.2a) were not due to aggregation but
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probably due to the presence of unsymmetrical speaihile for ZnPcgx (30) and
SiPcSiix (32), they were due to aggregation as proven by thigiad of Triton X-100 to
the PBS 7.4 solutions of the complexes which redutid lack of change in the intensities
of the spectra of the former, AlPg3(29), GePc$ix (31), SiPcSix (32) but for the latter,
{ZnPcSyix (30) and SnPcS« (33)} considerable increase in intensities of the lemergy

side of the Q bands were observed.

@) AIPCS i, (681) —— /L SiPCS iy, (685)

GePCS i, (677)

Absorbance

300 350 400 450 500 550 600 650 700 750 800
Wavelength/nm
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\ Z0PcS ., (675)  SNPCSmix, (697)

\
/ '\\/

(b)

Absorbance

300 350 400 450 500 550 600 650 700 750 800
Wavelength/nm

Figure 3.2: Electronic spectra of the MPgg in water, (a) AlPcgix (29), GePcKix
(31), SiPcSuix (32) and (b) ZnPcSy (30), SNPcSix (33).

The characteristics bands of the S=0 vibrationseapgd for all the MPGS complexes

in the 1030-1050 crhregion. While with the exception of ZnPg$(30), the O-H and

weak M-O vibrations due to the OH axial ligands evebserved respectively in the 3100-

3300 cm' and 700-800 crhregions.

The extent of sulphonation for each of the five 8Rg¢ (where M = Al, Ge, Si, Sn and

Zn) complexes were obtained by HPLC. It is expethed the most highly sulphonated

(most soluble) would be the first to be eluted frima chromatographic column, and so

give the lowest retention time and that the monasuhated fractions give the highest

retention times. The HPLC signals with the lowestention times (~ 1 minute) are

assigned to the tetrasulphonated fractions, udmegréspective metal tetrasulphonated

phthalocyanine as references. AIRg®9). GePcKix (31) and SiPcgix (32) gave mainly

the tetrasulphonated (Figure 3.3a) and Znic&0) and SnPchx (33) (Figure 3.3b)
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showed three main HPLC peaks confirming a largetrdmrtion of less sulphonated
derivatives. The lack of aggregation behaviourhaf tormer set of complexes could be
due to the large fractions of the tetrasulphonafegties while the aggregation behaviour
of the latter maybe due to presence of large fastiof less sulphonated species. The
extent of aggregation has been shown to decreadsk imcreasing degree of
sulphonatior?’®

The same MPGs« batches for HPLC analyses were used for the pymsostudies to be

discussed in Chapter 4.

(@)

Relative Intensity

0 1 2 3 4
Retention time (min)
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(b)

Relative Intensity

_

Retention time (min)

Figure 3.3: HPLC traces for (a) GePgs (31) and (b) ZnPcS« (30)

3.1.1.2 Carboxyl MPcs
Synthesis of the MOCPcs were carried out usingolisteed methods from literatufé’®

(Scheme 3.3). Generally, very low yields of the pteres were obtained.
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Q 0
urea, DBU, metal salt
@) >
(@) @)
(13)
O N @)
H
(14)

HOOC COOCH

M = (OH)AIZ* (27), Zn2* (28)

Scheme 3.3: Synthetic route for water-soluble (OHJAl Zr?* octacarboxy-
metallophthalocyanine, (MOCPE&)®

Figure 3.4 shows the electronic spectra of AIOCR?) (and ZnOCPc 28). Both
complexes exhibited monomeric behaviour in phosplatffer pH 10 as evidenced by

the sharp Q band and no aggregated Q band.
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Figure 3.4: Electronic spectra of (a) AIOCPY) and (b) ZnOCPc2B) in

phosphate buffer pH 10.

The FTIR data of both AIOCP@T) and ZnOCPcZ8) complexes showed characteristics
bands of the complexes. Characteristic bands ssitheaO-H, C=0 and C-O appeared at
3418, 1705 and 1191 chnespectively for the former while for the latteethappeared at

3421, 1702 and 1184 ém

3.1.2 Thiol-derivatised MPcs

3.1.2.1 4-Nitro phthalonitrile (46), Scheme 3.4
The synthetic procedure is in three steps as showBicheme 3.4. High yields and
satisfactory IR and NMR data were obtained fortladl compounds. ThiH NMR data

for compounds 44), (45 and @6) gave expected number of protons (details in the
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experimental section) indicating the purity of thesompounds. The conversion of
compound %) to (44) was evidenced by the appearance of IR, K@nhds at 1535 and
1354 cmt* corresponding to assymetrical and symetricab NtBetch. For the conversion
of compound 44) to @45), the dissappearance of 1717 “trfs) (CO-NH-CO) and
appearance of 3346 ¢h(NH, str), 1685 cnt (s) (C=0 str), 1620 cth(vs) (NH, def)
confirmed the formation of compound5). The synthesis of 4-nitro phthalonitrildg)
was comfirmed by the sharp and intense IR band®a0 2m' corresponding to (€N)

and others bands such as 545'qws) (NG assym.), 1355 crh(vs) (NG sym.).

o 0
K H,SO, OzN
> NH
HNO3,RT/12hI’ NH OH
o 4
@]
o RT / 48hr
Phthalimide 4-Nitrophthalimide
(5) (44)
O.N CONH
O,N CN socl, ? ’
-
CcN 0-5°C / 5hr CONH,
RT / 24hr
4-Nitrophthalonitrile 4-Nitrophthalamide
(46) (45)

Scheme 3.4Synthetic route for 4-nitro phthalonitrife
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3.1.2.2 Monosubstituted thiol-derivatised phthalonitrile

The syntheses of 4-(benzylmercapto) phthaloni¢di® or 4-(dodecylthiol) phthalonitrile
(48) were achieved blgase (KCOs) catalysed nucleophilic substitution of nitro groups
(46) using benzylmercaptor dodecylthiol respectively, Scheme 3.5. The stligin
was performed in DMSO at room temperature in anrtimetrogen atmosphere.
Satisfactory yields were obtained for the synthesisompound€7 and48.

The CN band in the IR spectrum 47 was observed at 2231 ¢nand at 2228 crhfor
48. The protons in théH-NMR spectrum of the phenyl substituent # appeared as a
multiplet integrating for 5 between 7.28 and 7.38np benzyl protons were observed
between 7.47 and 7.65 ppm, the Obtotons at 4.30 ppm. For compld8, the CH
protons were observed at 0.85 ppm, the @idtons between 1.25 and 3.00 ppm, and the

benzyl protons between 7.45 and 7.63 ppm.
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Q RSH, KZCC)3 @CN
CN DMSO, 12 hrs N, atm RS CN
(46) (47 or 48)

anhyd. metal(ll)acetate
or metal chloride,
SR ‘
ethylene glycol or quinoline,

200°C, 6hrs, N, atm
NP
N
' =
RS N—M——N SR
LA
N
N

SR

MTBMPc= Mn3*(OAc)(34), Co 2*(35), Fe2*(36), Ni2*(37), Zn2*(38)

MTDMPc= Mn3*(OAc)(39), Co2*(40), FeZ*(41), Ni2*(42), Zn2*(43)

Benzylmercapto thiol Dodecyl thiol

Scheme 3.5Synthetic route for MTBMPc and MTDMPc complexés.
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3.1.2.3 Thiol-derivatised MPcs (Scheme 3.5)

Peripherally substituted tetrakis (benzylmercapto) (dodecylthiol) phthalocyanines
containing different central metals (Zn, Co, Fe, Wnhd Mn) were synthesised by
cyclotetramerisation of 4-(benzyl mercapto) phthéalde (47) or 4-(dodecylthiol)
phthalonitrile(48) in the presence of the required metal salts. Quiaakas used as the
solvent for Fe 36 and41), Ni (37 and42) and Zn 88 and43) phthalocyanine complexes
while ethylene glycol was used as the solvent fortlesis of CoPc36 and40) and
MnPc 34 and39) derivatives.

All the metallophthalocyanine complexes were fotmdbe soluble in less polar solvents
such as DCM and chloroform while only the benzylcapto substituted phthalocyanines
(34-38 dissolved in the more polar solvents such as DM8®DMF. The non-solubility
of the (dodecylthiol) phthalocyanines in DMSO anMPis not surprising; it is due to
the presence of the highly non-polar long dodeaylithikyl chain.

The MPc complexes were characterised by severdiadstincluding UV-VIS, IR and
'H NMR spectroscopies, and by MALDI-TOF mass speacopy and elemental
analyses. Both MALDI-TOF and elemental analysesegaxpected results as shown in
the experimental section. For the MnPcs, IR bad865 crit and 857 cnit correspond
to the bond between Mhand O atom of the acetate ion (MROCOCH) of complexes
34 and39 respectively, while both complexes showed the @afds of the acetate ion at
1743 cm® and 1765 ci respectively. Only the ZnPc derivatives were erpetbfor *H-
NMR analysis since the central metal is diamagnetiBoth complexes38 and 43
exhibited broad peaks in tHel-NMR spectra probably due to the aggregation aaoyr

at the high concentrations us€dThe signals due to the Pc ring were observed @@
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to 7.95 ppm and integrated for a total of 12 pretéor complex38, and for complex3

the Pc ring protons were observed from 6.50 to p@®. Hence the protons were more
deshielded for comple38 due to the presence of the phenyl ring. The psothre to the
phenyl substituents for comple38 integrated correctly and were observed at 7.30-7.6
ppm. For compleX3 the protons of the ring substituents integratadectly.

The UV-Vis spectral Q band peak positions banddisted in Table 3.1 in DCM. From
the values of Q bands for the complexes in DCMtr@l MTDMPc complexes with the
long alkyl chain dodecylthiol ring substituer®@9¢43 exhibited red shift in Q band
relative to their respective MTBMP84-38 counterparts. This observation may be due
to the effect of the electron donating ability leétPc ring substituent; dodecyl thiol group

may have more electron donating ability than thezgemercapto group.

MnPcs

The MnPc complexes are deep red in colour due sorgbon in the 400 to 500 nm
region and the red shift of the Q band, typicaMsf**Pc complexe$®*#3838lrigyre
3.5. The UV-Vis bands at 452 and 526 nm for MnTBMB%and at 450 and 528 nm for
MnTDMPc, 39 are charge transfer bands between metal and ligaAdDI-TOF spectra
showed the complexes without the acetate residoagth the reason could not be
ascertained but similar observation has been regpadpefore® However, elemental

analysis of both complexes gave satisfactory restresponding to the Mn(OAc)Pcs.

110



Synthesis and Characterisation

®

DEE
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Figure 3.5: The UV-Visible spectra of (a) MNTBMP&4) and (b) MNTDMPc §9) in DCM.

CoPcs

The spectra of CoPc complex@s @nd40) are typical of monomeric species, Figure 3.6.
The Q bands were observed at 676 and 684 nm fopleaes35 and40 respectively in

DCM. Both complexes obeyed Beer’'s Law behaviowoaicentrations less than 1 X210

M.
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Absorbance

300 350 400 450 500 550 600 650 700 750 800
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Figure 3.6: The UV-Visible spectra of (a) CoTBMP85) and (b) CoTDMPc40) in DCM.

FePcs

For complex36 the main absorption bands were observed at 6757@5chm in DCM,
and for complext1 the absorption band was at 712 nm in DCM, Figure Bggregation

in MPc complexes is typified by a broadened ortsplband, with the high energy band
being due to the aggregate and the low energy taado the monoméP* Complex36
showed a split Q band in DCM while compkk Q band is broadened; both complexes
can be said to be aggregated in DCM but there i® mggregation in comple36 than in
complex41l, showing that the benzyl group on the former mightease aggregation due

to possibler-n interactions between the neighboring Pcs.
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Absorbance

300 350 400 450 500 550 600 650 700 750 800
Wavelength/nm

Figure 3.7: The UV-Visible spectra of (a) FeTBMP86) and (b) FeTDMPc41) in DCM.

Figure 3.8 shows the UV-Vis spectra of compB&in DMF. The complex exhibited
spectra typical of stacked monomer in FePc compl&xwhich is normally observed
near 630 nm. This suggests that the Q band olibéwvéhe complexes at 630 nm is due
to the stacked monomer. Aggregation was evident eteconcentrations as low as 3 x
10° M. Figure 3.8 also shows the effect of decreasimgcentration on the spectra of
complexes36. As the concentration was lowered 8%, the peak due to the aggregate at
638 nm decreased at a faster rate compared to tmomer peak at 725 nm. These
observations confirm that comple&6 is aggregated at high concentrations. Beer’s law

was not obeyed at concentration greater tharnx 10° M.
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Figure 3.8: UV-VIS spectral changes observed foomplex (36) in DMF as
concentration is decreased. Starting concentratibb x 10° M.

NiPcs

UV/Vis spectra in Figure 3.9 shows considerableragation for both complexes as

judged by split Q bands. NiTBMP8Y) showed more aggregation than NiTDMRB&)(at

the same concentration as was the case for the deRm@tives, in that the band due to

the aggregated species at high energy was moreoymoad than the band due to the
monomeric species. For NiTDMP432), the band at low energy due to the monomeric
species was more pronounced than the high eneryy. Bdae difference in the extent of

aggregation maybe partly due to the influence afj rsubstituents, the former has

benzylmercapto as the substituent, which can igerethe n-n interaction of the

molecules and thereby increasing aggregation dsierp above.
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Figure 3.9: The UV-Visible spectra of (a) NITBMP&T7) and (b) NiTDMPc 42) in DCM.

Figures 3.10 and 3.11 respectively show the effédecreasing concentrations from 1.5
x 10°to 0.3 x 10° M on the UV-Vis spectra of NiTBMP&{) and NiTDMPc 42) in the

Q band region. The former has two Q bands at 626681 nm, while the latter has a
broad Q band at ~ 632 nm and a sharp Q band ah®8%s the concentrations of the
complexes are decreased, the Q bands at relatigelgr wavelengths (due to the
aggregated species) became less pronounced contpatesl lower energies (due to the

monomer species), confirming the aggregated natiuitee complexes.
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Figure 3.10: The UV-Visible spectral changes on dilution of BNMPc 37) in DCM.

1.16 - |
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Figure 3.11: The UV-Visible spectral changes on dilution of BIMIPc @2) in DCM.
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ZnPcs
The spectra of Zn38 and 43) phthalocyanine complexes are typical of monomeric
species, Figure 3.12. The Q bands for compl&8end43 were observed at 689 and 691

nm, respectively in DCM. Both complexes exhibiteceeBs Law behaviour at

concentrations less than 1 X 1H.

(@)

(b)

Absorbance

300 350 400 450 500 550 600 650 700 750 800
Wavelength/nm

Figure 3.12: The UV-Visible spectra of (a) ZnTBMP8§) and (b) ZnTDMPc43) in DCM.

The differences in the aggregation behaviour ofcthraplexes from one metal derivative to the
other can be explained in terms of the central heftacts; the aggregation behaviour of both
FePc and NiPc derivatives can be attributed tdahmer FePcs p-oxo formation which could
encourage interactions between neighboring molscutel the latter which has Ni atom in the
‘in plane of the Pc ring’ position thereby enablingighboring Pc rings to interact more

effectively. Less aggregation in ZnPc has beeribated®®**to zn atom ‘out of plane’
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position in the Pc ring; this could also be theechw the monomeric behaviour of the ZnPc
derivatives. The non-aggregation behaviour of th&PM derivatives can be attributed to the

presence of acetate axial ligand which can preaggtegation from occurring.

3.2 Electrochemical characterisation of thiol derivatied MPcs
The solution redox properties of the complexes watelied using cyclic (CV) and
square wave voltammetry (SWV) in DCM and DMF (DCMly for the MTDMPc

complexes). The potential values and assignmeatsutanmarised in Table 3.2 a-d.

Table 3.2a: Summary of redox potential€y(, vs. Ag|AgCl) of the CoPc and FePc
complexes in DCM containing TBABFValues in brackets are in DMF for complexes
35 and36 which were soluble in DMF.

Complex M¥Pc/ | M¥PET | MTPET | MPPET | MTPST 1 | MTPCYY
M¥*PcZ | MZPPE [M'PE |MTPE | MTPET | MTPC

I Il I v \% Vi

CoTBMPc(35) | 0.89, 0.42, -0.40, -0.84, - -

(0.89) (0.42) (-0.38) | (-1.41)

CoTDMPc(40) | 0.66 0.44 -0.46 - - -
FeTBMPc(36) | 0.82, 0.44, -0.24, |-062, |-0.85, |-

(0.70) (0.36) (-0.37) | (-0.78) | (-1.18)
FeTDMPc(41) | 1.01 0.62 -0.53 -0.84 -1.16 -1.40
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Table 3.2b: Summary of redox potential&i(, vs. Ag|AgCl) of the MnPc complexes in
DCM containing TBABE.

Complex | Mn*'P¢@ | Mn*Pc® | Mn*Pc” Mn**Pc
IMnZ*Pc®* | IMn?*P& | IMn*'P&” IMn* P&

MnTBMPc | -0.84 -0.08 ~0.9 1.12

(34)

MnTDMPc | -0.98 -0.26 ~0.9 1.06

(39)

Table 3.2c:Summary of redox potentialE(, vs. Ag|AgCl) of the NiPcs in DCM
containing TBABE.

Complex | NFPE/Ni**Pc | Ni“*Pc Na=ra N
INi“P& | INI"P& INI"PS® | INiI*Pc*

NiTBMPc | 0.96 0.70 -0.25 -0.94

(37)

NiTDMPc | 0.99 0.73 -0.18 -0.93 -1.15

(42)

Table 3.2d: Summary of redox potential€Ey(, vs. Ag|AgCl) of the ZnPcs in DCM
containing TBABR. Values in brackets are in DMF for comp@&which was soluble in

DMF.
Complex Zn**Pc/ Zn“ Pt/ Zn“Pc*/
Zn*'Pc” Zn*'pc* Zn*'pc”
ZnTBMPc(38) | 0.36, 11.04, “1.49,
(0.62) (-0.93) (-1.33)
ZnTDMPc(43) | 0.46 11 i
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3.2.1 CoPcs
3.2.1.1 Voltammetry

For complex35 more resolved voltammograms were observed in DM tin DCM.
Figure 3.13 shows the CV (Figure 3.13a) and SW\gufg 3.13b) of comple®5 in
DMF containing TBABR. Complex35 showed excellent voltammetric behaviour, with
four redox processes labelledE,, = 0.89 V vs. Ag|AgCl)|l (E» = 0.42 V vs. Ag|AgCl),

Il (E», =-0.38 V vs. Ag|AgCl), antvV (E, = -1.41 V vs. Ag|AgCl). Based on the well
knowrt®* electrochemical behaviour of CoPc complexes irrdioating solvents such as
DMF, coupled, II, Il andlV in Figure 3.13are assigned to G&Pc/Co*' P&, Co'P&
IC*'PE, CF'PEICo'PE and CEPE/Co'Pc respectively. The ratios of the anodic to
cathodic peak currentsy(o I) for couplesll, Il andIlV are close to unity, suggesting
reversible redox processes but for couplgvhich is expected to be ring oxidation), the
anodic peak current was more pronounced compareathodic current (couple | ratio of
lato I (13.7 pA/10.7 pA) is 1.15); this may be partly doethe decomposition upon
oxidation commonly observed for thiol-derivatised®™ complexe&® For all couples
anodic to cathodic peak separatid&xE] was> 90 mV QAE = 90 mV was obtained for
ferrocene standard), suggesting slow electron feanBlots of square root of scan rate
versus current (Figure 3.13c inset) were lineaggssting diffusion control for all
couples in Figure 3.13a. The peak currents aredlosalues for scan rate 50 mV but
the difference became more significant as the satnincreased, these may be due to
decomposition  especially oxidation reactions typiceof thiol-derivatised
metallophthalocyanines.

There was no effect on the voltammograms when tiiengial window was narrow (-1.0

to 1.0 V), or when starting at the rest potentfataro volts.
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Figure 3.13: The (a) cyclic voltammogram, (b) square wave voifteagram and (c)
cyclic voltammogram changes with scan rate andtimsdhe plot of
current against square root of scan rate of comfEXTBMPc, 35) in
DMF solution containing 0.1 M TBAB{- Glassy carbon electrode used.
Scan rate: 100 mV’s

For complex40, three couples were observed and are assignedhie B.2a, and shown
in Figure 3.14. The difference in the CV &6 from that of40 could still be due to the
difference in the ring substituent. Coupleandlll exhibited quasi-reversible behaviour
in that AE was greater than 90 mV. Couplehowever did not show a clear return peak,
hence was irreversible. The couples showed diffusiontrol behaviour in that peak
currents increased linearly with the square roosesn rate as was observed in Figure

3.14c.
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Figure 3.14: The (a) cyclic voltammogram, (b) square wave voiteagram and (c)
cyclic voltammogram changes with scan rate andtimsdhe plot of
current against square root of scan rate of comflBTDMPc, 39) in
DCM solution containing 0.1 M TBABF Glassy carbon electrode used.
Scan rate: 100 mV’s

3.2.1.2 Spectroelectrochemistry

Spectroelectrochemical studies (Figure 3.15) wempleyed to confirm the assignments
in the CV and SWV of comple85. The concentration of the complex was ~ 2 ¥ 1D

for studies in OTTLE cell, at this high concentoati the aggregated species are present
as judged by the broadening of the starting speciruFigure 3.15a, which shows the
UV-VIS spectral changes of compl&b6 during a controlled potential reduction of the
complex at potential of coupld . The slight differences in the Q band maxima in Fegu
3.15a (672 nm) compared to Figure 3.6 (676 nm)cda a result of the presence of
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electrolyte in former. Upon reduction, the Q bardfted from 672 to 710 nm and
increased in intensity. The spectral changes shaladipon reduction the Pc molecules
become disaggregated as judged by the narrowitigeadbsorption bands. A new intense
band was formed at 473 nm during reduction. Newris¢ peaks between 400 and 500
nm are characteristic of ®c species®® Also the shift in the Q band with increase or
without decrease in intensity is typical of metakéd reduction in MPc complexes. Thus
spectral changes shown in Figure 3.15a clearlyiconthat couplelll is due to the
reduction of C&6'Pc to C8Pc (n was calculated to be approximately 1 fromettpeation,

Q = nFVC). Furthermore, clear isobestic points 3,668 and 368 nm showed that the
process is a clean reduction reaction involving species. The reduction was reversible
in that applying zero volts resulted in greaterntt&% regeneration of the starting

spectrum.
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Figure 3.15: UV-Vis spectral changes for complex (CoTBMB&) observed using
controlled potential electrolysis at (a) -0.6 V) (.6 V and (c) 0.6 V in
DMF containing 0.1 M TBABE The first scan in Figure 3.15b is the
same as the last scan in Figure 3.15a.
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Further reduction of the species formed in Figutb8 at potentials more negative than
couplelV resulted in spectral changes shown in Figure 3.WBtich consisted of the
decrease in the Q band and the shifting of the la&r¥3 to 485 nm, and the formation
of new bands at 580 and 642 nm. Clear isobestiatpait 637 and 368 nm showed that
the process is a clean reduction reaction involtimg species. The decrease in the Q
band is characteristic of ring-based processesd8am the 500 to 600 nm region are
typical®®* of ring based reduction and the formation of & Bpecies. Thus reduction at
potentials of coupl®/ results in the formation of CBC® species.

Oxidation at potentials more positive than coupleesulted in spectral changes shown in
Figure 3.15c. The first spectrum shows aggregatith the monomer peak at 672 nm
and the peak due to the aggregate at 628 nm. Tleeetices in the starting spectrum in
Figure 3.15 compared to Figure 3.6 could be a te$ldoth aggregation and the presence
of electrolyte in Figure 3.15c. Also the startiqgestrum in Figure 3.15c is different from
the starting spectrum in Figure 3.15a due to dfferextents of aggregation. For the
sample employed for Figure 3.15c, the extent ofreggtion is such that the Q band is
split with the peak due to aggregated species wvbdeaat 628 nm and the monomer at 672
nm. Thus, the extent of aggregation varies fronctbab batch depending on the
concentration. The spectral changes observed doxiaation showed an increase of the
monomer peak and its shifting from 672 to 687 ninc& there was an increase in Q
band intensity, the spectral changes in Figurec3at8 due to the oxidation of €do the
Co*" species, showing that at potentials of coupleetal oxidation occurs, and that the
couple is due to CPF/Co*P& (n was calculated to be approximately 1 from the

equation, Q = nFVC). Also, clear isobestic poirtt6 AL, 491 and 342 nm showed that the
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process is a clean reduction reaction involving species. The subsequent oxidations

are expected to be on the ring in comparison wigrature®®

However, oxidation at
potentials of coupld resulted in the loss in the intensity of the Q dawithout
significant increase in the 500 nm region of thecsum which is typical for ring
oxidation. These observations suggest decompositiohas been reported befSréor
other thiol substituted MPc complexes and confin@ itreversibility nature of process

in Figure 3.13.

Controlled potential reduction for compld®in DCM at potentials of couplegl (Figure
3.16a) resulted in the formation of T as judged by the formation of a new peak at
476 nm and the shift of the Q band to a longer \emgth (711 nm) as discussed above
for complex35. Figure 3.16b shows oxidation of complXat potentials of couple the
shift in Q band from 674 to 687 nm without lossiimiensity again confirms metal
oxidation and formation of GéPc. It should be noted that compk& was electrolysed
in DCM since it does not dissolve in DMF as stadedve. For both the metal oxidation

and reduction, clear isobestic points were obsemveidating that the processes are clean

redox reactions involving two species.
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Figure 3.16: UV-Vis spectral changes of complex (CoTDMP) observed using
controlled potential electrolysis at (a) -0.7 Vdpesdll ) and (b) 0.7 V
(procesdl) in DCM containing 0.1 M TBABE
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3.2.2 FePcs

3.2.2.1 Voltammetry

Figure 3.17 shows the CV and SWV of compB$x Five couples were observed labelled
| toV in Figure 3.17. Couplds(E,, = 0.70 V),Il (E,=0.36 V),IV (E,=-0.78 V) andv
(E» = -1.18 V), showed clear return peaks but lidr (E, = -0.37 V), the anodic
component was weak. Thiol substituted MPc completen exhibit irreversible cyclic
voltammetry behaviout' Comparing the peak potentials (Table 3.2a) witbséh of
documented FePc complexes, the couples are assigtiedlll , IV andV to FE€*Pc
IFE'PE, FE'PCIFE'PE, FE'PCIFEPE, FEPEIFEPCE and FéPC/Fe'Pc”

respectively.
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Figure 3.17: The (a) cyclic and (b) square wave voltammogram cofmplex
(FeTBMPc, 36) in DMF solution containing 0.1 M TBABF Glassy
carbon electrode used. Scan rate: 100 fhV s

Complex41gave CV and SWV shown in Figure 3.18. Six proce$Eg,) were observed

at 1.01, 0.62, -0.53, -0.84, -1.16 and -1.40 V douples,I, II, 1l , IV, V and VI,
respectively. The anodic to cathodic currents wexar unity for couples, II, Il , and

IV . For the last two couple¥ (andV1) only weak return peaks were observed. However,
diffusion control was observed for all couples,hwiinear variation of scan rate square
root with peak current (not shown). The peaks asigaed in comparison with complex
36 and with literaturé®® Table 3.2a.

For both figures 3.17 and 3.18 which are for th®d-eomplexes, the difference in the
peaks may be due to the closeness, possible ovanhsometimes irreversibility of the

peaks often associated with thiol-derivatised nhgpakthalocyanines.
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Figure 3.18: The (a) cyclic and (b) square wave voltammogram cofmplex

(FeTDMPc,41) in DCM solution containing 0.1 M TBABF Glassy

carbon electrode used. Scan rate: 100 MV s

132



Synthesis and Characterisation

3.2.2.2 Spectroelectrochemistry

Spectroelectrochemistry (OTTLE) for compl86 at potentials slightly more negative
than coupldll gave spectral changes shown in Figure 3.19a. Athaircomplex shows
aggregation. Upon reduction, the peak due to agéeest 636 nm decreased and a broad
peak at 660 nm remained. Clear isobestic poin6§at 571 and 394 nm showed that the
process is a clean reduction reaction involving species. As already explained, in
phthalocyanine chemistry, the lack of disappearaoicéhe Q band on reduction or
oxidation suggests a metal-based process. Thuspbetral changes shown in Figure
3.19a are typical of metal-based reduction, sugugpsiie formation of the FEc species.
The spectrum of F€c species is not well known. It has been repditetthat the
presence of Fedisturbs ther1t* spectrum of the Pc resulting in a weak Q band and
pink solution. This work however shows that a fely strong Q band is still present
following reduction of FE&Pc to FéPc. Thus spectroelectrochemical studies here confir
that coupldll is due to FEPE/ Fe'P&. Oxidation at potentials of couple resulted in
spectral changes shown in Figure 3.19b, which stewiof the formation of a new peak
at 649 nm, and the disappearance of the peak anB86These spectral changes are
consistent with the oxidation of Fecentral metal to Fé in phthalocyanines. It has also
been reported” that the formation of P&Pc species results in a split Q band for some
complexes. The splitting is not evident in Figurga®.

Spectroelectrochemistry of complé& confirmed that first oxidation and reduction occur
at the central metal. Figure 3.20 shows spectrahgés observed on oxidation 4f at
potentials of coupldl. A new peak was observed at 671 nm with elect®lyisne

confirming central metal oxidation.
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Figure 3.19: UV-Vis spectral changes of complex (FeTBMR®) observed using
controlled potential electrolysis at (a) -0.6 V afij 0.6 V in DMF
containing 0.1 M TBABE.
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Figure 3.20:  UV-Vis spectral changes of complex (FeTDMRd) observed using
controlled potential electrolysis at 0.9 V in DCMntaining 0.1 M
TBABF,.

3.2.3 MnPcs

3.2.3.1 Voltammetry

Figure 3.21 and 3.22 show the CVs and SWVs of MnPBNB4) and MnTDMPc 89)
complexes in DCM (containing 0.1 M TBABJFrespectively. Three quasi reversible
redox processes were observed for both complexsaki ranging from 100 to 240 mV.
For MNTBMPc @4), the couples were observed a; £1.12 V (), E,=-0.08 V (I), E,
=-0.84 V (1) vs. Ag|AgClI while for complex MNTDMPc3Q), the three redox couples
were observed at:,f= 1.06 V (), E,=-0.26 V (I), E,=-0.98 V (Il ) vs. Ag|AgCI. A

weak irreversible peak was observed at ~ 0.9 \b@ith complexes. This peak has been
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observed befof8 for Mn*" tetraaminophthalocyanine and was assigned using
spectroelectrochemistry to a Kfvin®*" redox process. Introduction of electron-donating
groups to MPc ring is expected to lead to a theymanhically easier oxidation and a
more difficult reduction of the MPc complé¥>® This is because electron-donating
group should increase the average electron deofsttye conjugated I8electron system

of the phthalocyanine ring. MnTBMP84 can be said to be more difficult to oxidise than
MnTDMPc, 39 from the more positive {7 value of its redox couplel) while
MnTDMPc, 39 can be said to be more difficult to reduce thanTBMPc, 34 from the

more negative f of its redox coupledl() and (Il ).
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Figure 3.21:

The (a) cyclic and (b) square wave voltammogram complex
(MnTBMPc, 34) in DCM containing 0.1 M TBABE Glassy carbon
electrode used. Scan rate = 100 MV s
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(b) I
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Figure 3.22: The (a) cyclic and (b) square wave voltammogram cofmplex
(MNnTDMPc, 39) in DCM containing 0.1 M TBABE Glassy carbon
electrode used. Scan rate = 100 iV s

3.2.3.2 Spectroelectrochemistry

Spectroelectrochemical studies using opticallygpamnent thin layer electrode (OTTLE)

cell gave more insight into the origin of the redmuples observed during voltammetric
studies of the complexes. Figure 3.23a shows tketisgd changes observed during the
reduction of complexd4 at potentials of proceds The initial spectrum in Figure 3.23a

has more aggregated species than the one showigureR3.5; this again is because a
higher concentration of the complex was employed tfee spectroelectrochemical

studies. Upon reduction, there was a blue shithe@Q band from 742 to 701 nm and at
the same time the colour of the complex changerh fred to green, also the charge

transfer bands at 523 and 455 nm decreased insitimnwith the latter completely
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disappearing and the former decreasing and shiftomg 523 to 533 nm. A shift in the
position of the Q band without a decrease in itenasity is indicative of metal based
electro reduction reaction and a blue shift in @éand upon reduction is typical of
Mn**P& to Mr**P& reductiom:®* thus this confirmed that redox couplé)(in Figure
3.21 is due to redox couple MRE/Mn?*"P& (n was calculated to be approximately 1
from the equation, Q = nFVC). Furthermore, threzaclsobestic points at 716, 558 and
402 nm indicate that it is a clean reduction, tisatonly two species were present. As
shown in Figure 3.23b, further reduction at potastof proces#ll to -1.2 V resulted in
decrease in the intensity of the new Q band anldeasame time there was increase in the
band intensity between 400 and 600 nm typical ofng based redox proce¥¥:*®
Similar spectral changes were also observed forpt=n89 for both redox coupledl()

and (Il ) as shown in Figure 3.24a and b respectively. ©bservation confirmed that
redox couplel{l ) is a ring based reduction, thus can be assignédint P¢/Mn?"Pc*.

The first reduction in MAP& complexes has been reported to occur at the airigrn
Mn?*P¢ species as observed in this work, while otherae$ers have suggested metal
reduction to the MP& species® As discussed earlier, there was a weak and broad
anodic peak at around 0.9 V in Figures 3.21 an@,3Hs was attributed to MfiMn®*
process. To confirm the origin of this peak, col potential electrolysis was
conducted at 1.0 V; no visible change was obseimethe UV/Vis spectra of both
complexes thus the peak origin could not be co@nHowever, since the anodic peak
current intensity is relatively small compared katt of redox couplel), probably a
negligible fraction of the complex transformed be tMri"*/Mn>* species. The potential

was then increased to 1.25 V in order to confirendhigin of redox coupld ) there was
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a gradual decrease in the Q and B band peak itgemsth time indicative of
degradation. It is known that for thiol substitutstPc complexes, oxidation is often
accompanied by decompositith.

Based on the electrochemistry data above, theramsigt of processesto Ill can be

confirmed as shown in Table 3.2b.
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Figure 3.23:

UV-Vis spectral changes for complex (MnTBMP84) observed
using controlled potential electrolysis at (a) -®.5(b) -1.15 V and
(c) 1.25 V. The electrolyte solution was ~ 2 x*M\ of complex34
in DCM containing 0.1 M TBABFas the electrolyte.
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Figure 3.24: UV-Vis spectral changes for complex (MnTDMR3S) observed using
controlled potential electrolysis at (a) -0.5 V) (.15 V and (c) 1.2 V.
The electrolyte solution was ~ 2 x 4O of complex 39 in DCM
containing 0.1 M TBABFE as the electrolyte.

3.24 NiPcs

3.2.4.1 Voltammetry

Figures 3.25 and 3.26 show the cyclic voltamograrofidiTBMPc (37) and NiTDMPc
(42) complexes in DCM (containing 0.1 M TBABfFrespectively. Four redox processes
were observed for NITBMP@&{) complex while five redox processes were obsefeed
NiTDMPc. For NiTBMPc 87) these were observed at;, £0.96 V (), E, = 0.70 V (1),
E,=-025V (Il ) and E,=-0.94 V (V) (vs. Ag|AgCl) while for NiITDMPc complex

(42), the five redox couples were observed st=0.99V (), E,=0.73V (l), E =-

0.18V (ll),E,=-093V (V), and E,=-1.15V vs. Ag|AgCl. The couples were quasi-
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reversible to irreversible. The irreversible beloavis typical of thiol substituted MPc
complexes” As stated above, redox processes are known ta @ty on the ring for
NiPc complexes in solutioff> However, as is shown below, procéi§smay be assigned
to metal reduction for both complexes. The resthef redox processes are assigned to

ring reductions or oxidations.
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Figure 3.25: The (a) cyclic and (b) square wave voltammogram complex
(NITBMPc, 37) in DCM containing 0.1 M TBABE Glassy carbon
electrode used. Scan rate = 100 MV s
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(b) |
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Figure 3.26: The (a) cyclic and (b) square wave voltammogram cofmplex
(NITDMPc, 42) in DCM containing 0.1 M TBABE Glassy carbon
electrode used. Scan rate = 100 iV s

3.2.4.2 Spectroelectrochemistry

Spectroelectrochemical reduction of both complexiepotentials of proceds$l , using
optically transparent thin layer electrode (OTTLE&gIl, resulted in spectral changes
shown in Figure 3.27 and 3.28. The first spectrombbth complexes show broad peaks
due to aggregation at concentrations employed fBflE& cell studies. For NiTBMPc
(37), these changes consisted of an increase in tidsha the Q band region, with sharp
bands at 688 and 632 nm, and in the 400 to 500 egiom, two sharp bands were
observed at 463 and 411 nm. The latter are chaagsfer bands in MPc complexes. For
NiITDMPc (42), sharp bands appear in the Q band region at &@®¥,and 608 nm, and

charge transfer bands were observed at 463 anch#il2M'Pc species having bands
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between 400 and 500 nm is not usual; a very goagnple is COPc species which is
well documentetf*. The spectral changes observed on reduction ofctimeplexes
suggest reduction of the central metal and the dion of NiPc specied® Ring
reduction would result in collapse of the Q banad formation of new weak bands in the
500 to 600 nm region, due to the perturbation @f tyMO3** This is the first time

electrochemical reduction of NiPc at the metal has been reported in solution.

(a) 0.5 I

absorbance

wavelength/nm

Figure 3.27: UV-Vis spectral changes observed during the redoctf complex
(NITBMPc, 37) using controlled potential electrolysis at -0.4iwDCM
containing 0.1 M TBABE:.
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Figure 3.28: UV-Vis spectral changes observed during the redoctf complex
(NITDMPc, 42) using controlled potential electrolysis at -0.4riWvDCM
containing 0.1 M TBABE.

3.25 ZnPcs

3.25.1 Voltammetry

Figure 3.29 shows the CV and SWV for compB8& Three couples were observed all
due to the phthalocyanine ring since the centrahhie electroinactivé®® The couples
are assigned as shown in Table 3.2d. ComgpBexontaining long chain thiol substituents
showed less defined voltammograms, Figure 3.30 with broad couples both due to
ring-based processes, Table 3.2d. The differendbarCVs of the complexes could be

due to the difference in the ring substituents.
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Figure 3.29: The (a) cyclic and (b) square wave voltammogram cofmplex

(ZnTBMPc, 38) in DMF containing 0.1 M TBABE Glassy carbon
electrode used. Scan rate = 100 MV s
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Figure 3.30: The (a) cyclic and (b) square wave voltammogram cofmplex

(ZnTDMPc, 43) in DCM containing 0.1 M TBABE Glassy carbon
electrode used. Scan rate = 100 MV s
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3.2.5.2 Spectroelectrochemistry

Spectroelectrochemistry of complexg® and43 showed similar trends and as expected
the redox couples were ring based (Figures 3.313aB#). Reduction at potentials of
couplell gave similar spectral changes for both complettes; were lowering in the Q
band intensities without any shift and at the s&me there were increases in the band

intensities around 500 nm.

Absorbance

350 400 450 500 550 600 650 700 750 800
wavelength/nm

Figure 3.31: UV-VIS spectral changes of comple38] observed using OTTLE cell
controlled electrolysis at -1.45 V in DMF contaigif.1 M TBABF,.
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Figure 3.32: UV-Vis spectral changes of complex3] observed using OTTLE cell
controlled electrolysis at -1.45 V in DCM contaigi.1 M TBABF..

3.3 Conclusion

In conclusion, water soluble sulphonated and odbmcgy MPc complexes were
synthesised and satisfactorily characterised bgtspsopic methods. UV-Vis spectra of
most of the sulphonated MPc complexes showed agtioegbehaviour in agueous
medium while the octacarboxy ones exhibited mondariehaviour.

The synthesis, spectroscopic, and electrochemicatacterisation of thiol substituted
CoPc, FePc, MnPc, NiPc and ZnPc derivatives arsepted. The synthesis of all the
complexes gave high vyields, also spectroscopic abectrochemical methods

satisfactorily confirmed that the synthesis andtgwf the complexes.
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The CVs showed four, five to six redox processes tfe CoPc, FePc and NiPc
derivatives. As expected first oxidation and firetluction in CoPc, FePc and MnPc
complexes occurred at the central metal. Howeveg axidation was accompanied by
decomposition. For the MnPc derivatives, three guasersible peaks were observed,
one metal based and two ring based redox couptab. @mplexes showed a broad and
relatively small irreversible anodic peak at aro@n@l VV which maybe due to MiP&
IMn**P& redox process. The complex MnTDMPc which has a medeshifted Q band
in DCM was easier to reduce than the complex MnTBMRd the other way around for
oxidation, confirming the influence of electron @tbing ability of the ring substituents on
the positions of the redox couples. Spectroelebgoustry confirmed the first oxidation
and reduction redox couples for CoPc, FePc, NiRtMnPc to be metal based redox
processes. Spectroelectrochemistry also confirrhad the redox coupldl() for both
MnPc derivatives as a metal based reduction of'®mto Mrf'Pc thus confirming the
original state of the complexes as ¥Mc)Pc. For the first time, spectroelectrochemistry
gave evidence for the formation of ‘Ndrocess in a NiPc complex. The redox couples
assigned to ring based processes were also codfibyespectroelectrochemistry. Ring
oxidation of the complexes resulted in decompasitle Pc showed a strong Q band in
contrast to literature report.

The spectra of Nj Fe" and C8 phthalocyanine complexes are not well known, dmisl t
work further gives some insight into the spectrahaefse species which would be helpful

to other researchers.
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TRANSFORMATION OF CHLOROPHENOLS



Transformation of Chlorophenols

This chapter deals with the transformation of obpdrenols using sulphonated and
octacarboxy MPcs as catalysts. This chapter is Ignain two sections; (1)

chemical/enzyme-like and (2) photocatalysis.

4.1 Chemical /Enzyme-like catalysis of chlorophenolga@nsformation

4.1.1 CoPcpcatalyst loading and spectral characterisation

As discussed in chapter 3, MRa®mplexes are in general known to exist as agtgega
in equilibrium with monomers in aqueous solutiohiseir UV-Vis spectra thus consist of
two peaks in the Q band region. The lower energsogdtion band near 655 nm is
associated with the monomeric species while thé kigergy absorption band near 622
nm is due to the aggregates species. In the presehmrganic solvents, MPgS
complexes show monomeric behaviour. Figure 4.1 shibne spectra of CoPg&4) in
water/methanol, pH 7 and pH 10 solutions. The presef aggregates is evident under
pH 7 and pH 10 conditions, as seen by a clear splihe Q band in the former and a
broadened Q band in the latter. In water/metha@GolPcS (24) is monomeric. Thus
Figure 4.1 shows that aggregation of the CaqP¢H) increases as follows:
water/methanol < pH 10 buffer < pH 7 buffer. Thgher degree of aggregation in pH 7
than in pH 10 might be due to the nature of thddsphosphate buffer) which probably
due to more interaction of the CoRaeBolecules with water molecules (by H-bonding) in

pH 7 than in pH 10.
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Figure 4.1: UV-Vis spectra of CoP¢S(24) in (a) water/methanol, (b) pH 7 and (c)
pH 10. [CoPcg ~ 1 x 10° mol L™,

The catalytic behaviour of CoP¢f4) towards the oxidation of TCP and 2-CP was
studied in water/methanol and also under the diffepH conditions. pH 7 (for TCP) and
10 (for 2-CP) were so chosen because the pKa valud<P and TCP are 8.55 and 6.23

respectively’®®

The concentration of the oxidant (hydrogen peroxi®sen in this work (1 x F0mol

L) was found to effect the least destruction of ¢aealyst. The optimum amount of
catalyst needed for the maximum conversion of thbssates was determined in
water/methanol solvent mixture, after 5 hours reactime, Figure 4.2. The results
indicate that the catalytic conversion of the cbjdrenols, under the experimental

conditions employed here, is highly dependent @ GloPc% (24) loading. Figure 4.2
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shows that the maximum conversion of the 2-CP a@@ 1o products in water/methanol
conditions were approximately 81 and 67%, respeltivat 1% CoPcS(24) loading.
Hence, most subsequent experiments were perforinEdh £0oPc$(24) loading, except

for the pH studies described in section 4.1.2.
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= (b)
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©
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O | J | J | J | J | J | J
0 0.5 1 1.5 2 2.5 3
CoPcS, loading (%)

Figure 4.2: Effect of catalyst loading on the conversion of 2aLP and (b) TCP
water/methanol. [Hydrogen peroxide] = 1 x“@nol L™ Starting
concentration of the phenols = 1 x4mol L. Reaction time was 2.5
hours.

It is well established that chlorophenols resistatve degradation and this resistance
increases with the number of halogen substituEifs:2°"***The lower conversion rate
of the TCP, compared to the 2-CP, could therefareatiributed to the difficulty in
catalytic oxidation of polychlorinated phenols camgd to their unchlorinated and

monochlorinated derivatives.
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4.1.2 pH effect

Changes in the HPLC peak area of the substrataagdtire oxidative catalysis were
monitored at pH 7, pH 10 and in water/methanol ortfor a 5-hour period. Figure 4.3
show the variation of substrate concentrations -@fP2 (Figure 4.3b and d) and TCP
(Figure 4.3a and c) respectively with time, in #iesence and presence of the CqoPcS
(24) catalyst (0.5% catalyst loading was employedis tase), using the water/methanol
solvent mixture. In the absence of the catalystidative transformation of the
chlorophenols was observed, but much less tharmenptesence of the catalyst. The
oxidation of 2-CP and TCP without the CoRc&talyst is not surprising, the presence of
strong oxidant such as hydrogen peroxide facilisateh oxidation. The kinetic plots in
Figures 4.3 show that the ratio of the slopes (2-T€P) in the first two hours was 3:2 in
the presence of the CoRd24) catalyst. This result once again shows the difficin the

oxidation of polychlorophenols compared to the nattarophenols.
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% conversion of substrate

time/ mins

Figure 4.3: Percentage conversion vs. time for thgOFoxidised and CoPg$24)
catalysed oxidation of TCP (a) and 2-CP (b) withcatalyst, and TCP
(c) and 2-CP (d) with CoPg®4) catalyst. [CoPc$ = 0.5% loading;
H,0, = 10% mol L™*. Solvent = water/methanol. Starting concentratibn
the phenols =1 x I®mol L™.

Kinetic curves that are similar to those shown iguFes 4.3 were also observed at pH 7

for TCP and pH 10 for 2-CP. Comparative kinetictplof the conversion of the

substrates at different pH conditions (water/metih&oH 3.4), and pH 7 and 10 for TCP

and 2-CP, respectively) at 1% catalyst loading sinewn in Figures 4.4 and 4.5

respectively for 2-CP and TCP.

158



Transformation of Chlorophenols
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Figure 4.4: Effect of pH on the rate of oxidative degradatidn2eCP in pH 10
(curve i) and water/methanol (curve ii) in the mrese of CoPcS(24).
Curves (iii) (pH 10) and curve (iv) (water/methanate in the absence
of the CoPc$(24) catalyst (1% loading). Starting concentratior2etP
=1 x10%° mol L. [H20;] = 1 x 10° mol L™,

The percent conversion is lower in water/methaoobbth 2-CP and TCP. From the pKa
values of the chlorophenols, there are two spesitgsdifferent properties, which are in
equilibrium in 2-CP or TCP solutions; these are uhdissociated phenol (PhOH; below
their pK. values) and phenoxide ion (Ph@bove their pK values)*®® Since the
equilibrium between these two forms is pH dependefemical transformations
involving these compounds should be pH-dependenvels The enhanced catalytic
conversion of the substrates at pH 7 and pH 1@ylgleeflect the significant contribution
of the ionised forms of chlorophenols. It is insgneg to see an appreciable degree of
catalysis under the water/methanol (acid) condstidgfigures 4.4 and 4.5, curves (ii). For

TCP (Figure 4.5, curve i), while catalysis is coatptl within the first one hour at pH 7.0
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buffer solution, catalysis continues for severaudso(> 5 hours) in water/methanol
mixture (Figure 4.5, curve ii). This behaviour @sgibly due to the enhanced solubility of
the chlorophenols in co-organic solvent environmastwell as the less aggregated

conditions of the catalyst as shown in Figure 4.1.

100 1

% conversion of TCP

time/hr

Figure 4.5: Effect of pH on the rate of oxidative degradatidriT@€P in pH 7 (curve
i) and water/methanol (curve ii) in the presenc&€oPcQ (24). Curves
iii (pH 7) and curve iv (water/methanol) are in thbsence of the
CoPcSQ (24) catalyst (1% loading). Starting concentrationT@P =1 x
102 mol L. [H,0,] = 1 x 10 mol L™
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4.1.3 Product identification

Figures 4.6 and 4.7 respectively show the HPLGegabtained for the catalysis of 2-CP
and TCP by HO, in the presence of CoPg%$24) catalyst under water/methanol
conditions and after 5 hours reaction time. Newakgestarted to emerge after about 60
minutes of reaction for both 2-CP and TCP. The peakre clearly identified using
HPLC by spiking with pure compounds and with LC-M%r 2-CP the products are
hydroquinone (HQ), phenol (PH), benzoquinone (BAY maleic acid (MA), Figure 4.6.
The intensity of the product peaks increased wiitie twhile that of the parent 2-CP peak
decreased. The formation of maleic acid is an mttha that the catalytic oxidative

degradation of these substrates including ringvelges.
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Figure 4.6: HPLC traces obtained after 5 hours of transfornmatib2-chlorophenol
in water/methanol mixture. Starting concentratié2-<«P =1 x 1¢ mol
L% [H20,] = 1 x 10° mol L. Catalyst: CoPcS(24) (1% loading). HQ
= hydroquinone, MA = maleic acid, BQ = benzoquinddl = phenol.
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For TCP, peaks due to dichlorobenzoquinone (DCB§Jroquinone (HQ), phenol (PH)
and maleic acid (MA) were observed, Figure 4.7. THest step when
iron(ll)tetrasulphonated phthalocyanine (FeBtSand iron octacarboxyphthalocyanine
(FeOCPc)* were employed as catalysts for hydrogen peroxiddation of TCP was
reported to be the formation of dichlorobenzoquaomhich subsequently transformed to
the formic acid, oxalic acid, 3-chloro-2-propendacid, dichloroacetate, and a small
amount of oxidative coupling products.In this work, however, it was observed that for
TCP, after about 180 minutes of reaction, the phdRdl) peak was formed and
increased in intensity accompanied by a reductionthe peak intensity of the
dichlorobenzoquinone. This trend is attributed tdie t transformation of

dichlorobenzoquinone to mostly phenol and possilier oxidative products.
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Figure 4.7: HPLC traces obtained after 5 hours of transfornmataf 2,4,5-
trichlorophenol in water/methanol mixture. Startisgncentration of
TCP =1 x 1¢ mol L. [H,0,] = 1 x 10° mol L. Catalyst: CoPcS(24)
(1% loading). DCBQ = dichlorobenzoquinone. Othebraliations are
as in Figure 4.6.
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Figures 4.8 and 4.9 show the chromatograms of t#@P2and TCP degradation
respectively after 5 hours, under pH 10 and 7 oo, respectively. The products
formed under pH 7 and 10 conditions were differémtm those formed when
methanol/water solvent mixture was employed. Thennpeoducts of oxidation were
benzoquinone (for 2-CP at pH 10, Figure 4.8) afdd&;hlorobenzoquinone (for TCP at
pH 7, Figures 4.9). In both cases smaller amouhtmaleic acid were formed. The
formation of benzoquinone or dichlorobenzoquinos@esirable since these molecules
are readily degraded. Thus fewer products wereddromder pH 7 and 10 conditions in
contrast to a wider variety of products formed iatev/methanol solvent mixture. In
particular, phenol is not formed at high pH. Thisyes that the use of different solvents
and/or solution pH (hence the presence of eitharséa or unionised forms of the
phenols) is a determining factor in the type ofdakion products obtained during MPc
catalysed oxidation of chlorophenols. The aggrebatture of CoPcS24) under pH 7
and 10 conditions may also contribute to the d#iférproducts compared to when the

monomeric form in water/methanol is employed.

In general, it should be stated that the oxidagpwoducts composition can not be

accurately predicted and this could also depentthe®xperimental conditions.
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Figure 4.8: HPLC traces obtained after 5 hours of transfornmatwf 2,4,5-
trichlorophenol in pH 7.0 buffer solution. Startingncentration of TCP
=1 x 10° mol L' [H,0,] = 1 x10% mol L. Catalyst: CoPcS(24) (1%

loading).
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Figure 4.9: HPLC traces obtained after 5 hours of transfornmatib2-chlorophenol
in pH 10.0 buffer solution. Starting concentrati@fr2-CP = 1 x 18 mol
L% [H205] = 1 x 10° mol L. Catalyst: CoPcS(24) (1% loading).
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4.1.4 The fate of the catalyst

Addition of hydrogen peroxide to CoPg24) solutions in pH 7, resulted in the decrease
in the intensity of the aggregate peak and thessmsx and shifting of the monomeric peak
(Figure 4.10) showing that the aggregated form oP€3 (24) is monomerised by
hydrogen peroxide oxidant. Thus under pH 7 or pHcb@ditions, the monomer is
formed first on addition of hydrogen peroxide, éolled by a shift to longer wavelengths
(662 to 666 nm, Figure 4.10) which is an indicatadroxidation of the central metal and
the formation of the C3PcS, species. The original spectrum could partly benegated
by addition of sodium borohydride (NaB} spectrum (iii) in Figure 4.10. Spectral
studies on the fate of the CoRdq4) catalyst during the catalytic reaction were also
undertaken in water/methanol solvent mixture. Addit of hydrogen peroxide to
solutions of CoPcg24), resulted in spectral changes shown in Figuré.4There was a
shift in the Q band from 660 to 665 nm, an incraasabsorption in the 480 nm area as
well as decrease in the intensity of the Q bana JHift in the Q band is consistent with
metal oxidation of CEPcS, to C'PcS** The broad peak around 480 nm suggests ring
oxidation. Thus addition of hydrogen peroxide tdusons of CoPc%(24) resulted in
both metal and ring oxidation of CoRd24), accompanied by degradation of the ring.
Addition of reducing agents (NaBHto solution of Figure 4.11, (following oxidation
with hydrogen peroxide) resulted in the decreasé8d nm peak and a shift of the Q
band back to 660 nm. In the presence of 2-CP or, Bgéctral changes shown in Figure
4.12 were observed when using methanol/water. Aslys#s progressed there was a
gradual decrease in the intensity of the Q banth@fCoPc%(24) catalyst, Figure 4.12,

suggesting catalyst degradation as is typicabf MPc catalysts in homogeneous
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catalysis. There was an increase in backgrounddsztw00 and 500 nm, which suggests
the involvement of ring-based oxidation of the @hblcyanine ring during the catalytic

oxidation of the phenols. However the shift in @eband observed in the presence of
hydrogen peroxide alone was not observed whenlbgatrogen peroxide and the phenols
were present. This suggests that thé'BoS, species is readily reduced back to the
Co®'PcS species through oxidation of the phenols. The wotif the solution changed

from blue to green to colourless as catalysis meggd. However the reaction products
continued to form even after the catalyst had tdiroelourless, suggesting that once
reaction intermediates are formed, the reaction stdh proceed in the presence or
absence of the original form of the catalyst. Thdicates that the catalyst was still active

even when the solution was colourless.

absorbance
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Figure 4.10:  Electronic absorption spectra of 1 x%ol L'* CoPc$ (24) in pH 7 (i)
before, (ii) after addition of 0.02 M hydrogen pee. (iii) Spectrum
obtained on addition of NaBHo (ii).
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Figure 4.11:  Electronic absorption spectra of 1 x %0nol L' CoPc$ (24) in
water/methanol solvent (i) before, (ii) after aduhitof 0.02 M HO.. (iii)
Spectrum obtained on addition of NaBtd (ii).
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Figure 4.12:  Electronic absorption spectral changes observedl far 10° mol L™
CoPcg (24) in water/methanol solvent mixture as catalysiscpeds.
Starting concentration of 2-CP = 1 x4ol L™ [H,0,] = 1 x 10° mol
L. Catalyst: CoPcS(24) (1%).
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4.1.5 Effects of the nature of MPc central metal ion

It is known that the central metal ion of the MRtatyst has significant influence on the
catalytic activities. Studies were carried out dheo metallo-tetrasulphophthalocyanine
(MPcS) complexes: NiPc§ AlPcS, and CuPc§ using similar experimental conditions
as for CoPc$(24). In contrast to CoPg324), these other MPgSomplexes exhibited
no measurable oxidative catalytic conversion of ¢héorophenols investigated in this
work (Figure 4.13, 2-CP and 4.14, TCP). The cenrlabnd Cu metal ions in both
AITSPc and CuTSPc exist in only one oxidation statel hence cannot be oxidised.
Surprisingly, however, Seelan and Sithaecently reported that when CuPc and CoPc
were encapsulated in zeolite-Y, CuPc exhibited drigihenol hydroxylation activity with
H,O, than CoPc. The authors attributed this observdbahe changes in molecular and
electronic structures of the MPc complexes on eswagion. It may therefore be
concluded that the enhanced catalytic activity olesin this present work for CoP£S
(24) over CuPcp could partly be associated with the retention e tolecular and
electronic structures of the MPc complexes in hoemegus catalysis for the former.
There was no significant change in the intensitthef Q band during the B, oxidation

of phenols in the presence of NiRcSuPc$ and AlPcS, contrary to the observation for
CoPcS (24), where the Q band decreased in intensity asethetions proceeded (Figure

4.12).
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Figure 4.13: Comparative plots of percentage conversion of H@&P2vs. time using
(i) CoPcq, (i) NiPcS, (ii) CuPcS and (iv) AlPcQ. MPcS = 1%
loading; HO, = 1 x 10 mol L. Starting concentration of 2-CP =1 x 10
mol L.
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Figure 4.14: Comparative plots of percentage conversion of t8® Vs. time using
() CoPcq, (i) NiPcS (iii) CuPcS and (iv) AlPcQ. MPcS = 1%
Izoading;l HO, = 1 x 10° mol L. Starting concentration of TCP =1 x 10
mol L.
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Figure 4.15 compares the changes in absorbandeedoPc$ (24) and NiPc$ during
the reaction. The Ni central metal ion in NiRc®uld be oxidised from +2 to +3;
although this has been a subject of some contrpy&rd*3%*Recent reports have shown
that NiPc$ has electrocatalytic activity towards 2-¥Pand hydrazin&? in the solid
state, when adsorbed onto the electrode. THENNF* redox couple has however not
been observed electrochemically in solution. Thek laf catalytic activity for the
hydrogen peroxide oxidation of chlorophenols copéddue to the absence of’NMNi?*
couple in solution. As with nickel porphyrin compés>% the NF*/Ni** couple may
occur in the solid state for NiPc complexBsPc complexes, like the main group MPcs
(such as ZnPc and MgPc) whose metal ions have cessible d-orbital levels lying in
the HOMO-LUMO gap are redox-inactive with respeattheir metal center8> this

situation is probably different for adsorbed Nifenplexes.
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Figure 4.15: Changes in the Q band absorption for (a) NiPaa®l (b) CoPcSduring
catalysis for TCP oxidation by hydrogen peroxidd?d® = 1% loading
leoz =1 x 10 mol L. Starting concentration of TCP = 1 x4 6ol L
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4.2 Phototransformation of chlorophenols

4.2.1 Immobilisation of MPc complexes

It is well known that the catalytic and photocat&lyactivities of immobilised
phthalocyanine complexes depend, amongst otherr&cton the nature of the
support*3% Many literature reports on the immobilisation ofPbl complexes onto
polymer supports involved interaction between thectionalised solid polymer and a
suitably functionalised MPc leading to mainly carly bonded MPc. In this work,
Amberlite® IRA-900 was used. AmberlftdRA-900 ion exchange resin is a strongly
basic, macro-reticular resin of moderately highgsdy with benzyltrialkylammonium
functionality and chloride moieties (Scheme 4.2Bach of the sulphonated MPc
sensitizers were attached to the resin by simpkingiit with resin beads in an aqueous
solution (unbuffered). For the MOCPc complexes,&ias employed in order to allow
for ionisation. Scheme 4.2b presents schematiceseptations of the immobilised

sulphonated and carboxylated MPc complexes ontoekiitd’.
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(b)
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Scheme 4.1:

(a) Structure of AmberlifdRA 900 and (b) schematic representation of
photosensitisers immobilised on AmbeffitRA 900.
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The immobilisation of the MPc onto the solid sugpaas confirmed by the colour
change of the polymer beads (white to light greeblae) and also by reflectance spectra
measurements of the support following immobilisatiti was observed that each MPc
effectively bonded to the resin and, upon bondihgse MPc complexes cannot be easily
removed by washing with solvents such as watertoattéle, and methanol. This was
confirmed by the electronic spectral measuremetseo‘'wash’ solvents, which did not
show any detectable spectral bands (B or Q bardsgacteristic of the MPc after soaking
the MPc-resin in the respective solvents overnight.

The concentration of the MPc immobilised onto tledidssupport could be estimated
spectroscopically by measuring the decrease imliserbance of the Q band of the MPc
after treating it with a known amount of the Amitefl. Figure 4.16 is an example of
spectral changes observed for the MPc sensitigemgdimmobilisation of AIOCPc onto
Amberlite®. Thus, this could conveniently be used to vary M&ading per gram of

Amberlite®.
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Figure 4.16: Electronic spectral changes with time of AIOCRcaqueous (pH 8)
solution during its immobilisation on Amberftesupport. Starting
concentration of AIOCPc = 1.42 x 3. Mass of Amberlit& = 0.01 g.
As already stated, aggregation on MPc complexesigenced™ by a high energy band
near 620 nm, and a low energy band near 670 nrhighier) is due to the monomeric
species. The complex was mainly monomeric as eggeghen MPcs are immobilised.
Figure 4.17 shows spectra of AIRc8 different MPc loadings (mg MPc/ g Amberfije
indicating that aggregation increases with incraasglPc concentration on the support
as evidenced by the increase in the aggregategi€ad nm relative to monomer peak at
707 nm. This behaviour is due to self-associatiomt@rmolecular interactions between
phthalocyanine complexes as the concentration efitimobilised MPc increases; the
nature and processes that lead to this phenomeronedl described in the literatuf&
39 For studies shown in Figure 4.17, moles of the MfPotosensitizer were not
calculated due to aggregation of MPc at the highceatration employed (to show

aggregation effects), hence the loadings are espdess mg MPc/ g Amberlfte
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relative absorbance
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Figure 4.17:  Diffuse reflectance spectra of AlIPe8mberlite showing the effects of
aggregation. Different loading on Amberfitesupport (a) 1.25, (b) 1.00,
(c) 0.75, (d) 0.5 AlPcgmg)/ Amberlit€(g). The immobilisation of
AIPcS, on Amberlit€® was carried out in unbuffered and allowed to
proceed until the Q band of the photosensitiseapieared completely.

Figure 4.18a-c shows the diffuse reflectance speatrthe different immobilised MPc
photosensitisers Amberlite As expected and explained before, mainly the émergy
band due to the monomer is observed when the MRplexes were immobilised onto
Amberlite®. The Q bands are generally broad, this is usualsédid state electronic
spectra of MPc complexe&**3

A significant effect of immobilised MPc complexeso(mpared to solution spectra) was

the shift in the Q band due to the monomeric sgetielower energies (except for

ZnPcS (26), SiPc%ix (32) and SnPcS« (33), Table 4.1.

175



Transformation of Chlorophenols

(a)
AIPcS 4 (707)
[¢]
(&)
C
8]
g ZnPcS ,(685)
(2]
o]
<
500 550 600 650 700 750 800
Wavelength/nm
(b1)
ZnPcS i, (682)
. AIPCS i, (684)
[¢]
(&)
c
]
2
o
(2]
o]
<
500 550 600 650 700 750
Wavelength/nm

176



Transformation of Chlorophenols
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Figure 4.18:  Diffuse reflectance spectra of (a) MBe®) MPcShixand (c) MOCPc on
Amberlite.
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Table 4.1: UV-Vis spectra data obtained for the MPc complexes

Catalyst Q band in aqueous Q band on supporf
solution®
AIPcS, (25) 660 (d), 690 (m) 707
ZnPcS (26) 652 (d), 692 (m) 685
AIOCPc Q7) 694 708
ZnOCPc 29) 689 698
AlPcSix (29) 681 684
ZnPcShix (30) 615 (d), 675 (m) 682
GePc$ix (30) 677 685
SiPcSnix (32) 685 678
SnPcKix (33 647 (d), 697 (m) 695

2 Electronic absorption spectfaDiffuse reflectance spectra

Such a red shift is an indication that the energp tpetween the highest occupied
molecular orbital (HOMO) and lowest unoccupied ncalar orbital (LUMO) of the
phthalocyanine is narrower than when it is in solut The strong phthalocyanine-
polymer interaction is expected to push the HOM®#he phthalocyanine energetically
up due to enhanced electron density on iifeamework caused by the tilted anionic
sulphonato or carboxylic groups. Thus, the eledtrtransition from the low-lying filled
Ttorbital to ther** orbital (LUMO) would occur at lower energy. Intaget af® reported
similar observation for tetrasulphometalloporphyciomplexes immobilised onto solid
polystyrene support, which also was attributedhi® distortion of the porphyrins from

planarity.
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4.2.2 Efficiency of singlet oxygen generation

All photochemical studies were restricted to 5 ¥ ol photosensitiser/ Amberlite
(0.01 g) so that the photosensitisation of theoteiMPcs could be compared.
The potential applications of these immobilisedtpkensitizers for water treatment will
depend on the production rate of singlet oxygenhm agueous system. The relative
efficiencies of the generation of singlet oxygen thyese sensitizers was monitored
spectrophotometrically by following the decay ofrasodium (anthracene-9, 10-diyl)
dimethylmalonate (ADMA) (a singlet oxygen scavengatrA = 379 nm. The rate of
bleaching of ADMA is directly proportional to theqauction rate of singlet oxygen.
Figure 4.19 shows typical spectral changes obsefgedhe degradation of ADMA
during photosensitised reaction of the ZnOCRS6) (supported onto Amberlife in
aqueous solution. In Figure 4.19, the solution ghigmn spectrum of the MPc

photosensitizer is not observed since MPc is imiissnl on Amberlit&.
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Figure 4.19: Electronic absorption spectral changes of ADMA dgrvisible light
photolysis, catalysed by ZnOCPc-Amberlite. ADMA centration =
7.4 x 10°M.

Table 4.2 shows the percentage bleaching of ADMAtH®y photosensitizers, which is
directly proportional to singlet oxygen productiby the immobilised phthalocyanine
complexes. From the Table 4.2, singlet oxygen geioer by the photosensitisers follows
the following trend: SnPgs (33) > ZnOCPc 28) > GePcHix (31) = SiPc%ix (32) >
ZnPcShix (30) > ZnPc$ (26) > AlPcSnix (29) > AIOCPc @7) > AlPcS, (25). In DMF,
where aggregation is expected to be minimal, Geetle$® reported the following trend:
ZnPcS > SiPcQ > GePc% > AlPcS for singlet oxygen production which is comparable
to the singlet oxygen generation reported in thiskn(considering the same ring system
and changes in the central metal), except for ZaF2%. The participation ofO,in the

photolysis was further confirmed by the addition safdium azide, which is 30,
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quencher, to the chlorinated phenol photolysistreacPhotolysis did not occur with any
of the immobilised MPc in the presence of sodiumde&z hence confirming the

participation of the singlet oxygen in this photatgic reaction.

Table 4.2: Singlet oxygen generation and chlorophenol peegntconversion data
obtained for the MPc complexes

Catalyst % degradation of % conversion of
7.4 x 10°M ADMA 1x 10°M PCP
AlPcS, (25) 3.8 6.2
ZnPcS (26) 20.8 12.8
AIOCPc Q7) 75 10.7
ZnOCPc p8) 415 29.8
AIPCShix (29) 18.9 10.7
ZNnPcSix (30) 26.4 21.1
GePcSix (30) 30.2 16.5
SiPcSnix (32) 30.2 24.4
SnPcSix (33) 43.7 26.0
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4.2.3 Photosensitised transformation of chlorophenols

4.2.3.1 Optimisation of phototransformation conditions

It is important to note that in the absence of wbitised photosensitizer no
transformation of the chlorophenols using red Iiyas observed following the photolysis
in the Q band region of the MPc sensitiser. In ptdedetermine the optimum amount of
immobilised catalyst needed for the photosensittsaasformation of the phenols, 2.5 x
10°M PCP (as an example) was photodegraded usingefitf@umber of moles of the
immobilised ZnOCPc, Figure 4.20. It was found tpabtotransformation of PCP (for 5
minutes) showed increase in the rate (determinechbpge in absorbance) with increase
in the moles of the ZnOCPc immobilised on Ambeflitantil the mole ratio of ZnOCPc
(28) to PCP was 1 : 99. Further increase in the matie did not result in the increase in
the rate of phototransformation of PCP, suggesthmg the best mole ratio of the
immobilised MPc to PCP for a successful photodegjtad reaction is approximately 1 :

99.
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Figure 4.20: Effects of changing the concentration of ZnOCPc ohiiised on
Amberlité® on the % conversion of 2.5 x T, PCP solution, as judged
by the decrease in the absorbance spectra of tie Rhotolysis time
was 5 minutes.

4.2.3.2 Phototransformation of Chlorophenols

UV-Vis spectroscopy and HPLC were employed to nmnthe transformation of
chlorophenols. Figure 4.21 shows spectral chandeshware typical for photosensitised
transformation of the chlorophenols (4-CP is usedraexample in Figure 4.21). As with
singlet oxygen experiment, MPc loading of 5 x*1fol g* Amberlite” was maintained
for the comparative study of the photosensitisadsformation of the chlorophenols {10
M). The photosensitised transformation activityhmail MPc complexes followed a trend
(4-CP > DCP > TCP > PCP) similar to that reported these sensitisers in aqueous

52,53

solution;“> showing greater difficulty in photodegradationthe chlorine substituents

increases. To compare the photosensitised effi@genuf the various immobilised MPc
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complexes, PCP was chosen as a substrate. Theimgperwas performed at the
optimised immobilised MPc: PCP mole ratio (1 : @@)pH 10 conditions. Table 4.2
compares the percentage conversion of PCP in #mepce of the MPc sensitisers and
shows that the order of photoactivity of the MPmptexes was as follows: ZnOCP28|

> SnPcKix (33) > SiPcSiix (32) > ZnPc&ix (30) > GePc{ix (31) > ZnPcS (26) >
AlPcS,ix (29) ~ AIOCPc R7) > AlPcS;(25). One of the remarkable results in this work is
the high efficiency of ZnOCPc28) over SiPcQix (32) which is known for its high
photocatalytic efficiency® The degree of sulphonation of the MRgSlid not play a
major role in the photocatalytic activities of tiphotosensitisers, since the MRgS
complexes containing more sulphonated derivati@sPCSix (31), SiPcSix (32) and
AlPcShix (29)) show different catalytic activity from one aneth Similarity in the trend
of generation of singlet oxygen by the photocatal{§able 4.1) with the above trend for
photodegradation of PCP was observed except foc&gR31) which shows a larger
rate of singlet oxygen production than ZnRg$30), but shows a lower photocatalytic
activity than the latter. Also SnPg$(33) shows a larger singlet oxygen production rate
than ZnOCPc48) but less catalytic activity towards the transfation of chlorinated

phenols.
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Figure 4.21: Electronic absorption spectral changes »f10°M 4-CP during

its visible light photolysis in the presence of ZDRc-Amberlite.
Figure 4.22 and 4.23 present examples of HPLC chtognams obtained on photolysis
of the chlorophenols using PCP and DCP respectaglgxamples. The main products of
the chlorophenol photooxidation were found to be llenzoquinone derivatives of the
chlorophenols, confirmed by spiking with standaaichples and by retention times. Thus,
PCP gave 2,3,5,6-tetrachloro-1,4-benzoquinone(TCBIJP gave 2,5-dichloro-1,4-
benzoquinone (DCBQ), DCP gave 2-chloro-1,4-benzume (CBQ) and 4-CP gave

benzoquinone (BQ). Traces of fumaric acid (FA) wa&ined for DCP (Figure 4.23).
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Figure 4.22: HPLC chromatogram of the reaction mixture after 16¢ M PCP
photolysis (in the presence of ZNOCPc-Amberlitejveimg formation of
a new peak at t = 1 minute identified as 2,3,5,6zbguinone and the
PCP peak at t = 1.8 minutes. TCBQ = tetrachlorobguinone.
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Figure 4.23: HPLC chromatogram of the reaction mixture aftef>1d DCP

photolysis (in the presence of ZnOCPc-Amberlite)oveing
formation of new peaks at t = 1.2 minutes identifias 2-
chlorobenzoquinone and a peak at t = 1.8 minutestifted as
fumaric acid. The DCP peak is at 1.9 minutes.
chlorobenzoquinone. FA = fumaric acid.

CBQ
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One of the most important factors in the large-seglplication is the photostability of the
photosensitisers is the ability to recycle the lyata; three repetitive experiments were
performed by re-using ZnOCP28} immobilised on Amberlit®, for fresh PCP (2 x 1
M) solution each time, Figure 4.24. High stabilitiythe catalyst is observed on re-using
it. Generally, it was observed that all the immisieil MPc photosensitizers could be
repeatedly used for the photosensitised transfoomadf the chlorophenols without
significant loss of activity. Under homogeneous dibans, photodegradation of 4-CP
using ZnOCPc Z48), results in the rapid degradation of this sessiti(> 51% in 3
minutes)>? thus making it most unsuitable for use for thetpkensitised transformation
of higher chlorinated phenols such as TCP and P@Rhe MPc complexes discussed in
this work showed the similar stability on re-usefasobserved ZnOCP@8) (Figure
4.24). Compared to homogeneous conditions, thdystgareported in this work showed
superior photocatalytic properties towards the deégtion of chlorinated phenols when

immobilised onto Amberlif&
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Figure 4.24:  Kinetic plots (change in absorbance against time)tlie photolysis of
three fresh solutions of 2 x 2 PCP performed by re-using the same
ZnOCPc-Amberlite catalyst for different PCP samplda) fresh
ZnOCPc-Amberlite catalyst, (b) re-use of the catialg a fresh sample
of PCP solution, (c) further re-use of the samalgat in another fresh
sample of PCP solution.

4.2.4 Langmuir-Hinshelwood (L-H) kinetic model

The L-H Kinetic model has widely been employed teat the dependency of
heterogeneous photocatalytic reaction rates on dbecentrations of chlorinated
aromatics and other organic substrat88%* L-H model (Equation 4.1) describes the
competitive adsorption of substrates, reactionrimégliates and chlorophenol oxidant
products, and assumes that all intermediate preduwve the same binding
characteristics to the photosensitisers as thenpaubstrat&>**

1 1+ 1
rate k kK, C2

sub

(4.1)
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wherek; is the apparent reaction rate constant, i& the adsorption coefficient ar@?,

is the initial concentration of the substrate (irstcase PCP was used as an example). The
rate refers to the degradation of the chloropheaslgidged by the disappearance of the
spectra of the substrates or the reduction inrtensity of the HPLC traces.

In this work, the change in PCP UV-Vis absorbandh wme was used as an example.
Table 4.3 shows the kinetic parameters obtaineah fitte plots of inverse of rate versus
inverse of concentration (Figure 4.25). Relativeigh degree of linearity with?r=
0.9387, 0.9842 and 0.9945 for the ZnOCR8),( GePc$ix (31) and ZnPcSy (30),
respectively, indicating that the reactions ocalirreainly on the surface of these
photocatalysts. The relatively highaKvalues for ZnOCPc2g), GePc&ix (31) and
ZnPcSnix (30), imply sufficient adsorption of PCP onto the tgga The reason for the
relatively low Kyq values for the AlPcS(25) and AIOCPc 27) catalysed photolysis can
not be ascertained for now but lowgKvalues are generally attributed to competition

between the substrates and reaction intermediates.
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Figure 4.25: The Langmuir-Hinshelwood kinetic model plots fbe photolysis of PCP.

Table 4.3: The Langmuir-Hinshelwood Kinetic Model parametetails of the photolysis

of PCP.

Catalyst R’value ke Kad 10°
mol™L

AIPcS; (25) 0.8357 0.37 0.63
ZnPcS (26) 0.8815 0.37 4.87
AIOCPc Q7) 0.8409 1.02 0.16
ZnOCPc 28) 0.9387 1.01 2.15
AlPcSqix (29) 0.8912 0.45 1.21
ZnPcSnix (30) 0.9945 0.96 1.11
GePcSix (30) 0.9842 0.63 1.72
SiPcSiix (32) 0.6507 1.04 1.34
SnPc%ix (33 0.8561 1.09 1.03
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The proposed mechanism for the photodegradatiorthef chlorophenols may be
represented by Scheme 4.3. The singlet oxygen peaddrom the reaction of the
photosensitisers with molecular oxygen in type dhation discussed earlier in the
introduction section (shown by equations 4.2 ar@) 4s expected to react with the
chlorophenoxy ion to give chlorophenoxy anion ratlidn the presence of water, an
intermediate anion and hydrogen peroxide are foraretifinally elimination of chloride

ion (CI) and formation of chlorobenzoquinone derivativelss™

Mpc _NVv (4.2)

ISC
— =~ 3MPc*

MPc *

(4.3)

0, CZ9) + 3MPpc* MPc + 10,(*AQ)

o O_
1
X X 10,(Ag) X X
= + 0,
X X X X
Cl Cl
where X = Clor H H20
®) @)
X X X X
+ Cl- = * H,0,
X X X S X
o) Cl O
Scheme 4.2: Proposed reaction mechanism for the transformatifonhlorophenols

using PCP as an example.
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4.3 Conclusion

In conclusion, it has been have shown in this wibek the oxidation of 2-CP and TCP
using CoPcHcatalyst and kD, oxidant, in different solvent conditions givesfdient
products. In water/methanol mixture (pH 3.4), thheducts are phenol, benzoquinone,
hydroquinone and maleic acid for 2-CP. And for TGRe products are phenol,
dichlorobenzoquinone, hydroquinone and maleic alcidwvater (pH 7 or 10) the main
products are dichlorobenzoquinone and benzoquimesgectively for TCP and 2-CP.
There is spectroscopic evidence for the involvenoéibioth the metal and phthalocyanine
ring oxidised species in the mechanism.

Also, it has been shown in this work that variomsniobilised photosensitizers catalysed
visible light photolysis of chlorophenols. Singlexygen played a major role in the
photolysis reactions judging from the similar trendf the rate of singlet oxygen
generation by the photosensitisers {SnRe$33) > ZnOCPc 28) > GePc&ix (31) =
SiPcSiix (32) > ZnPcSix (30) > ZnPcS (26) > AIPcShix (29) > AIOCPc @7) > AlPcS,
(25} and the photoactivity of the MPc complexes{ZnGCR8) > SnPc&i (33) >
SiPCShix (32) > ZnPcSix (30) > GePc$ix (31) > ZnPcS (26) > AIPcShix (29) ~ AIOCPc
(27) > AIPcS, (25)}. HPLC traces reveal that the main products ef photolysis are the
benzoquinone derivatives. The L-H kinetic modeloalshowed that for ZnOCPc,
ZnPcShix and GePcsx catalysed photolysis, appreciable heterogeneotayses took
place. It was observed ZnOCPc which degrades sapidlaqueous solutions is very
stable when immobilised. The results reported irs thvork provide a basis for

development of MPc complexes for the transformatibchlorophenols in water.
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Electrode Modification

In this chapter, the fabrication and charactewsabtf potential electrochemical sensors
for chlorophenols, nitrite and sulphite are disedlssThe modification of gold electrodes
was carried out by two main techniques; (1) elgailgmerisation and (2) self assembly
technique. Figure 5.1 above shows the structurgbeothiol-derivatised complexes for
electrode modification.

SAM-modified gold electrodes of the complexes Wil used for the electrooxidation of
sulphite only; nitrite electrooxidation is not inded because usually peak potential for
its oxidation is around 0.7 V (vs. Ag|AgCl) which most cases is outside the stability
range of SAM though in this section the nitrite lpéas been lowered to the samgeals
sulphite. Chlorophenol electrooxidation is not ud#d because SAM desorbs in strongly

alkaline medium which is the medium for chlorophegiectrooxidation.
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MTBMPcs: M = Mn 3+(0OAc) (34), Co 2+ (35),

Fe2* (36), Ni2* (37), Zn2* (38)

S—R

MTDMPcs: M = Mn 3+(OAc) (39), Co 2+ (40),

i Fe2+ (41), Ni2* (42), Zn2* (43)
where R = — CH,(CH,),,CH,
Figure 5.1: Structures of thiol-derivatised MPc complexes uded electrode

modification in this thesis.
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5.1  Electropolymerisation

Both Au and GC electrodes were employed for elgcisonerisation but studies for
NiPcs showed that polymerisation on GCE did notegyood catalytic behaviour
compared to polymerisation on Au electrode; hengevAs employed for all studies. The
electropolymerised films on gold electrode of theltderivatised MPcs (CoPc, FePcs,
MnPcs and NiPcs) will be used for electrocatalydisitrite and chlorophenols (NiPcs
only). The thiol-derivatised MPcs (M = €o F&*, Mn**, Ni**) were successfully
deposited on gold electrodes by electropolymengatiRepetitive scanning of the
solutions of all complexes at the potential ranje0d3 to 0.6 V (for CoPcs, FePcs and
MnPcs while the range for the NiPcs was -0.5 to\).Besulted in their electrodeposition
on to the gold electrode. A wider potential rangeswhosen for the NiPcs because there
were no significant depositions of the complexesgoid electrodes when a narrower
potential range was applied. For all the compleite=e were successive increases in the
amplitude of peaks. Only a maximum of 30 scansneesrded for all complexes.

The differences in the peak potentials and CV shapepared to the ones obtained in
Chapter 3 are due to differences in electrodes @yedt GCE was used in Chapter 3 and
Au was used in this chapter. Also the differenceld¢de due to the fact that the peaks
observed after the first scan in this Chapter aeetd surface confined species unlike that
of species in solutions in Chapter 3 and in sonsegdifferent solvents (DMF or DCM)

were employed.
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5.1.1 CoPcs

There was a continuous growth in the*@8c°* redox process with an anodic peak 0.35
V (Figure 5.2a) for comple85, the peak growth became less pronounced as thberum
of scan increases, this is due to the higher esist to mass transport as the film
thickness increasé@” For complex40, there was a continuous growth of peaks at 0.06
and 0.27 V Figure 5.2b. The peak at 0.27 V is assigo C3'/Co** redox in comparison
with the solution chemistrias already stated, the difference in the potentaluld be
due to the fact that peaks observed (after thedaan) in this Chapter are due to surface
confined species and considering the fact that ®@@E used in Chapter 3 and Au was
used in this Chapter). The peak at ~0 V may betdwereduction process and possibly
polymer peak. The increase of current with scan brmior complex35 with no new
peaks formed suggests electrodeposition. Howevercdmplex 40, new peaks were
formed suggesting polymerisation. Polymerisatiol Wwe due to radicals formed on
oxidation with the formation of disulphide bonds-%% Polymerisation is most likely
also occurring for comple®5, even though new peaks are not formed, there were
continuous increases in the redox peaks with saamber which are also characteristic of
polymerisation.The M**Pc/M?*Pc couples are easier to observe in Figure 5.3aband
where the cyclic voltammograms were recorded in pH phosphate buffer for
complexes35 and40 respectively. It is obvious that the CVs of thedified complexes

(Figure 5.3) are similar to their respective lastrsCVs in Figure 5.2.
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E/V (vs. Ag|AgCl)
Figure 5.2: Repetitive cyclic voltamogrammsf 1 mM complex (a) CoTBMP@&5

and (b) CoTDMPc40 in DCM containing 0.1 M TBABFK at a gold
electrode. Scan rate = 100 mV. s
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Figure 5.3: Cyclic voltamogrammsof gold electrode modified with complex (a)

CoTBMPc,35 and (b) CoTDMPc40 in phosphate buffer pH 7.4. Scan
rate = 100 mV's.
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It is important to note that there was no formatadnfSAM during the time it took for
polymerisation. Figure 5.4 shows the*@60” peaks for SAMs of comple35 in pH 7.4
phosphate buffer. The SAM was formed in 24 hoursgared to the short CV time scale
in Figure 5.2 formed from polymerisation. The eledes following polymerisation are

represented gmoly-CoTBMPc andooly-CoTDMPCc.

(if)

10pA

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
E/V (vs. Ag|AgCl)

Figure 5.4: Cyclic voltammogram of (i) bare gold and (i) SAM complex35 in
phosphate buffer pH 7.4. Scan rate = 100 MV s

5.1.2 FePcs
Both complexes$86 and41 showed similar behaviour in their CVs evolutiorridg their
electrodeposition on gold electrodes (Figure S5TRere was a formation of broad anodic

peak at around 0.3 V due to*5&e** which exhibited a general increase in current @ th
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positive potential region for both complexes. Tleenfation of new peaks for both
complexes confirms polymerisation. The peak groisitame less pronounced as the
number of scans increased; this is due to the higdgstance to mass transport as the
film thickness increasetf?

Figure 5.6 shows the typical cyclic voltammograros dold electrodes modified with
complexes36 and41 in phosphate buffer pH 7.4. The CVs show simyawith the CV

of the last scans during electropolymerisation. €leetrodes following polymerisation

are represented asly-FeTBMPc angoly-FeTDMPc.

-0.4 -0.2 0 0.2 0.4 0.6 0.8
E/V (vs. Ag|AgCl)
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-0.4 -0.2 0 0.2 0.4 0.6 0.8
E/V (vs. Ag|AgCl)

Figure 5.5: Repetitive cyclic voltamogrammaf 1 mM complex (a) FeTBMP&6
and (b) FeTDMPc41 in DCM containing 0.1 M TBABF at a gold
electrode. Scan rate = 100 mV. s
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(b)
Fe¥'/Fe™
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Figure 5.6: Cyclic voltamogrammsof gold electrode modified with complex (a)
FeTBMPc,36 and (b) FeTDMPc41 in phosphate buffer pH 7.4. Scan
rate = 100 mV'S.

5.1.3 MnPcs

For complex34 (Figure 5.7a), film growth initially involved anadpeak increase around
0.17 V most likely due to MH/Mn?* process in comparison with solution cyclic
voltammetry data, which shifted to more positivégmdial values with scan number. The
peak at 0.55 V may thus be assigned to the oxidatfahe central metal (f#/M3**) in
comparison with solution electrochemistagain as stated before, the difference could be
due to the fact that peaks observed after the doah in this Chapter are due to surface
confined species and considering the fact that @@E used in chapter 3 and Au was
used in this chapter). The peak at 0.55 V only apgzbafter the TOscan (while the peak

at 0.17 V began to decrease in intensity) and noetl to grow up to the 30scan. For
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complex39 (Figure 5.7b), the initial voltammogram exhibitéiddiefined peaks but with
increase in scan rate, new anodic and cathodicspatk.2 and -0.1 V emerged and
continued to grow with increase in the number @nsc Formation of new peaks is an
indication of polymerisation of the complexes oectlode.

MTBMPc ring based oxidation was reported at arobdna 1.06 V (section 3.2.3) which
is far from the second oxidation reported during ¢tectropolymerisation process and so
it is logical to conclude that this is due to ¥vn®" process. The MPc/M**Pc and
M**Pc/M**Pc couples for the compl&4 modified gold electrode are easier to observe in
Figure 5.8a where the cyclic voltammogram was @edrin pH 7.4 phosphate buffer.
Figure 5.8b shows the cyclic voltammogram recorolegpH 7.4 phosphate buffer for
complex39, M**Pc/M*Pc could easily be observed, the peak due PMIM*'Pc was
not clearly observed. The electrodes following pudyisation are represented @ay-

MnTBMPc andpoly-MnTDMPc.

(@)

-04 -03 -02 -01 O 01 02 03 04 05 06 07
E/V (vs. Ag|AgCl)
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(b)

0.5pA

04 03 -02 01 0 01 02 03 04 05 06 07
E/V (vs. Ag|AgCl)

Figure 5.7: Repetitive cyclic voltamogramnms 1 mM complex (a) MnTBMPc34
and (b) MnTDMPc,39 in DCM containing 0.1 M TBABF at a gold
electrode. Scan rate = 100 mV. s

(a) Mn* /Mn>*

Mn**/Mn?

1pA

-0.4 -0.2 0 0.2 0.4 0.6 0.8
E/V (vs. Ag|AgCl)
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(b)
Mn**/Mn?*
<
3
Te)
-0.3 -0.1 0.1 0.3 0.5 0.7
E/V (vs. Ag|AgCl)

Figure 5.8: Cyclic voltamogrammsof gold electrode modified with complex (a)
MnTBMPc, 34 and (b) MnTDMPc39 in phosphate buffer pH 7.4. Scan
rate = 100 mV 3.

5.1.4 NiPcs

5.14.1 Voltammetric characterisation

As explained before, both GC and Au electrodes wemployed for the
electropolymerised of NiPc complexes in order tanpare the behavior of the two
electrodes. Only NiITBMPc3{) could be deposited onto GCE, attempts to deposit
NiTDMPc (42) on glassy carbon electrode failed. The preseficbeophenyl groups in
NITBMPc (37) could enablattinteraction with GCE. Figure 5.9a shows the evotut

of the cyclic voltamogramms during electropolymatisn of 1 mM NiTBMPc 87)

complex in DCM solution on gold electrode withiretpotential range -0.5 to 1.2 V.
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Again as with all the MPcs and as stated aboveetivas insignificant formation of self-
assembled monolayer (SAMs) of either NiTBMRY)(or NiTDMPc @2) onto gold,
SAMs of MPc complexes require hours (24 to 72 hotogorm. The general increase in
currents in Figure 5.9a accompanied by shifts enpgbaks is typical of polymerisation of
MPc complexes onto electrod®s.Figure 5.9b shows selected voltammograms from
Figure 5.9a, and clearly shows a new broad peakddrat ~1 V and the shift in the peak
between 0.1 and 0.5 V with scan number. Figure SBws that no clear peak was
observed during the first scan. On second scare thas a formation of a polymer peak
at 0.25 V and this peak shifts to more positiveeptiills with increase in the number of
scans, this is an indication of an increase inefleetrical resistance of the polymer film

404
e

and that overpotential is needed to overcome thisteace.”™ The electrode following

polymerisation is represented@sy-NiTBMPc-Au.

(@)

E/V (vs. Ag|AgCl)
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(b)

-0.5 0 0.5 1
E/V (vs. Ag|AgCl)

Figure 5.9: Repetitive cyclic voltamogramms of 1 mM complex TBMPc, 37) in
DCM containing 0.1 M TBABE at gold electrode. (b) Cyclic
voltammograms for scan numbers 1, 2, 20 and 3@n({iey). Scan rate:
100 mV §.

NiITDMPc (42) also showed polymerisation onto the electrodguifé 5.10a). Figure

5.10b shows selected voltammogram® &hd 38" scan) during the polymerisation of

NiITDMPc (42) complex in DCM onto gold electrode. New couplesr@vobserved with

cycling and after the 3Dscan at ~ -0.1, 0.2 and 0.72 V vs. Ag|AgCl. Thsulting

electrode is represented@dy-NiTDMPc-Au.
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0.5pA

15

(b)

-0.6

-0.3 0 0.3 0.6 0.9 1.2 1.5
E/V (vs. Ag|AgCl)

Figure 5.10:

Repetitive cyclic voltamogramms of 1 mM complex TRIMPc, 42) in
DCM containing 0.1 M TBABE at gold electrode. (b) Cyclic
voltammograms for scan numbers 1, 2, 20 and 3tn(ff@). Scan rate:
100 mV §.
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Glassy carbon electrode was also used for therepetymerisation of NITBMPc. Figure
5.11 shows the evolution of the cyclic voltamograsnmiuring the deposition of
NiTBMPc complex on GCE. There were formation andgpessive increase in the peaks
at -1.1, -0.25, 0.32 and 0.42 Vhis observation indicates electropolymerisatiorthaf
complex onto a glassy carbon electrode (represexgpdly-NiTBMPc-GCE). As it was

stated before NITDMPa&4Q) could not be deposited onto the GCE.

-1.2 -0.8 -0.4 0 0.4 0.8 1.2
E/V (vs. Ag|AgCl)

Figure 5.11: Repetitive cyclic voltamogramms of 1 mM complex TBMPc, 37) in
DCM containing 0.1 M TBABE at glassy carbon electrode. Scan rate:
200 mV &,

Poly-NiTDMPc-Au and polyNiTBMPc-Au electrodes were subjected to repetitive
cycling between -0.5 and 1.2 V and th&ly-NiTBMPc-GCE between -0.1 and 1.1 V in
0.1 M NaOH in order to transform the polymerisednptexes into the O-Ni-O oxo
bridged derivatives. As shown in Figure 5.12a-er¢hwas a formation and progressive
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increase of the anodic and cathodic waves betw@énand 0.5 V, for all complexes.
These waves are known to correspond t§/Ni?* redox proce<s* and are an indication
of the transformation of the NITBMP@&T) and NiTDMPc 42) into the ‘O-Ni-O oxo’
bridged forms. The shape of the final cyclic voltaogram is very similar to those
obtained with electroformed nickel macrocyclic-lihs@lms in alkaline aqueous
solutior?®®4%>4% which are also similar to those of nickel hyddeiNi(OH)) electrode.
The electrodes are representegaly-Ni(OH)TBMPc-Au, poly-Ni(OH)TDMPc-Au and
poly-Ni(OH)TBMPc-GCE. It is important to note that thé&**/Ni?* couple has not been
identified electrochemically for the NiPc complexassolution, but has been implicated
in catalysis as an adsorbed polyrfiéfThe high increases in the currents between 0.6 and
1.2 V is known to be due to the electrooxidatiorOdf ions to Q with OH radicals as
intermediates, these radicals are suggested tdkphayole in the electrotransformation of
the NiPcs to the ‘oxo bridge’ forft® with the OH radical facilitating the insertion of
oxygen atom (O) between the NiPcs via the Ni afohe NF*/Ni?* couple for bottpoly-
Ni(OH)TDMPc-Au andpoly-Ni(OH)TBMPc-Au, shows the cathodic peak to be much
higher in magnitude than the anodic peak, while goty-Ni(OH)TBMPc-GCE, the
anodic and cathodic currents have almost the samgnitbade. It is likely that the
cathodic peak for the process using gold electiede combination of both Ri/Ni**
process and gold oxide reduction peaks. This wasfirated by recording the
voltammogram of bare Au electrode under the sameitons as for Figure 5.12a-c, the
gold oxide stripping peak was observed at ~ -0(@&t shown), which is the same range

as the cathodic peak of the®NNi** process.
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©)

g‘ 0.1 0.3 0.5
E/V (vs. Ag|AgCI)

0.5 0.7
E/V (vs. Ag|AgCI)

Figure 5.12:  Repetitive cyclic voltamogramms of (aply-NiTBMPc-Au, (b) poly-
NiTDMPc-Au and (c)polyNiTBMPc-GCE in 0.1 M NaOH. Scan rate =
100 mV §' for (a) and (b), 200 mV/sfor (c).

5.1.4.2  Electrochemical | mpedance Spectroscopy (EIS) characterisation

This technique was used to charactepsdy-NiPc-modified electrodes with different
polymer thickness angoly-NiPc-modified electrodes with different forrpply-NiPc or
poly-Ni(OH)Pc. EIS was used only for the NiPc-modifietectrodes because of the
importance of differentiating between thely-NiPc andpoly-Ni(OH)Pc on Au electrode.
EIS technique can be used to check whether elextrace modified or not. Generally, a
bare electrode should exhibit an almost straighé Ifor the Nyquist plot which is
imaginary resistance versus the real resistance, (W Z.) because electrochemical

reactions at such electrode surfaces are expeotdokta mass diffusional limiting
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electron-transfer proce&s?” For a modified electrode, the Nyquist plot shows
characteristic semi-circle pattern due to baroethe interfacial electron-transf&r*®’

For each NiPc complex, three different flms ondyelectrodes were preparquhlyl0-
Ni(OH)Pc-Au, poly20-Ni(OH)Pc-Au andpoly30-Ni(OH)Pc-Au for polymerisation scan
number 10, 20 and 30 respectively and were charseteby EIS technique. Figures
5.13a and b respectively show the EIofy-Ni(OH)TBMPc andpoly-Ni(OH)TDMPc
prepared at different scan numbers. At potentigiores where Ni* electrooxidation is
just beginning, the impedance plots shows stralgi@ behaviour for all modified
electrodes; this behaviour have been observed édefor NiPcs modified gold
electrode$® Thus the potential for the impedance measurememts carried out
measured at 0.55 V, at this potential, Ni is presasnNF* only. The R values increases
with scan number as shown in Table 5.1, this isdication that the film thickness and

compactness also increases.

( a)9500 1
8500 .
7500 4 ¢ ¢
6500 . o Poly30
5500 4 . ¢

4500 4 -

-Z"lohm

3500 - . ¢ . poly20

2500 4 Wt . .

15004 & o s
A IS
4 *

500 4 f § s
V4

-500 T T T T J
-500 4500 9500 14500 19500 24500

214



Electrode Modification
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Figure 5.13: Impedance plots of (a)polyNi(OH)TBMPc-Au and (b) poly-
Ni(OH)TDMPc-Au. (i) scan number (i) 10, (i) 20 an@di) 30. The
electrolyte used was 0.1 M NaOH.

Table 5.1: Charge-transfer resistancepfRalues of thegoly-NiPcs films with different

film thickness, deposited on gold electrodes.

Electrode Rp/107Q

P0|y10- 0.23
NiTBMPc-Au

P0|y20- 1.06
NiTBMPc-Au

P0|y30- 1.96
NiTBMPc-Au

P0|y10- 0.25
NiITDMPc-Au

P0|y20- 0.84
NiITDMPc-Au

P0|y30- 1.27
NiITDMPc-Au
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Figure 5.14a shows the Nyquist plot for both baokel @nd glassy carbon electrodes. The
plots showed linearity expected from bare electsoaled this was observed at the same
potentials used to measure the impedance data dalified electrodes. As shown in
Figure 5.14b-d, all the NiPc-modified electrodesibited a semicircle plots expected
when the electrodes are modified. The potentiatstiie impedance measurements of
poly-NiTBMPc-Au, poly-NiTDMPc-Au andpoly-NiTBMPc-GCE were 0.6, 0.6 and 0.5
V respectively, (Figures 5.9-5.11). These are thespective potentials closely after the
formation of polymer anodic peaks while for thpoly-Ni(OH)TBMPc-Au, poly-
Ni(OH)TDMPc-Au andpolyNi(OH)TBMPc-GCE, the potentials for the measureraent
are 0.5, 0.5 and 0.4 V respectively (Figures 5.aP)hese potentials, Ni is present a3 Ni
only.

For eachpoly-NiPc-electrode and their correspondipgly-Ni(OH)Pc-electrode, the
charge transfer resistancep, B higher for the latter than for the former iratiog
probably a more effective modification in the latterm due to the rearrangement of the
NiPc complexes on the electrodes by the formatibnimterconnected ‘O-Ni-O oxo’
bridges. The Rvalues are shown in Table 5.2.

Comparing GCE with Au electrode (Table 5.2) for saene NiPc complex, it shows that

the former is more effectively modified judging tvia large Rvalues.
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Figure 5.14: Impedance plots of (a) bare gold (i) and bare GGE () poly-

NiTBMPc-Au (i) andpoly-Ni(OH)TBMPc-Au (ii), (c) polyNiTDMPc-

Au (i) and poly-Ni(OH)TDMPc-Au (ii) and (d)poly-NiTBMPc-GCE (i)

and poly-Ni(OH)TBMPc-GCE (ii). The electrolyte used was OM
NaOH. Polymerisation number of scans = 30.
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Table 5.2: Charge-transfer resistancepfR/alues of thepoly-NiPcs films deposited on
electrodes. Polymerisation number of scans = 30.

Electrode Rp/107"Q
Poly-NiTBMPc-Au 3.1
Poly-Ni(OH)TBMPc-Au 9.9
Poly-NiTDMPc-Au 9.8
Poly-Ni(OH)TDMPc-Au 20
Poly-NiTBMPc-GCE 4.7
Poly-Ni(OH)TBMPc-GCE 11.8

5.1.4.3  Poly-NiPc spectral characterisation on ITO

The films were further characterised using UV-Vieilspectral studies. Figure 5.15
shows the spectra of the NiITBMPc polymer films @@ lelectrodes. It can be seen from
Figure 5.15 that the higher the scan number, theenimbense the Q band indicating more
stacking as the polymerisation scan number inceed@emparing the spectrum pbly-
Ni(OH)TBMPc with that ofpoly-NiTBMPc (Figure 5.15), the former has a sharp band
around 580 nm which is associated with the oxodesdform of the comple¥X” Even
though a broad peak at around 580 nm appearetidpoty-NiTBMPc, this peak is more
likely to be due to the Q band shoulder as judgethb relatively blue shifted position of

the Q band fopoly-NiTBMPc.
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Figure 5.15: Electronic spectra of the poly-NiPc films on ITO.

5.2 Self-Assembled Monolayer
The chemosorption of thiol-derivatised MPc comp&e@4-43 on gold electrodes was
achieved by the immersion of gold electrodes in heous solutions containing the

complex in DCM.

5.2.1 Optimisation of SAM formation time

An investigation of the minimum time needed tloe formation of a stable and well
packed SAM was conducted using [Fe(gR)[Fe(CNX]* couple, the cobalt analogues
of these MPcs were used for the study becausecdi@ajyse this redox reaction. A well
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formed CoPc-SAM of the molecules with flat orierdaton the gold electrodes should be
able to catalyse this redox reaction, and the otsrshould be of same magnitude as on
bare Au electrode. The [Fe(Cdi/[Fe(CN)]* redox system occurs on cobalt (II)
octabutylthiolphthalocyanine-SAM with currents goatentials similar to those observed
on bare gold electrodé® Also in the study of the electrocatalytic activiif adsorbed
cobalt tetra-aminophthalocyanine films on vitre@asbon electrodes? it was observed
that both modified and unmodified electrode shotedsame redox potential and almost
equal peak currents intensities, for’¥ee’* and that the modified electrodes act as
electronic conductors which allow rapid electromnsfer to the solution species. It was
also observed? that among tetraamino phthalocyanines witif*C&/* and F&", only
the cobalt analog catalysed the [Fe(gfRU[Fe(CN)]* redox reaction, this indicates the
involvement of central metal, €oin the catalysis of the redox reaction. The faeit t
[Fe(CN)]*/[Fe(CN)]* activity on gold and modified electrodes is ideakican be
explained by its reversibity. Catalysis means iasheg electron transfer rate but for a
reversible process it is transport that determihesoverall reaction rate at all applied
potentials, therefore increase in electron transdég does not increase the overall rate.
Thus, identical curves were obtained. A multi layer non flat orientation of the
molecules on gold electrodes may cause partialkbpe of the central metal ion, €o
from getting exposed to the electrolyte solutioiguFes 5.16a and b show the CVs of
[Fe(CN)]*/[Fe(CN)]* redox system at different times for SAM formatamnCoTBMPc
and CoTDMPc SAM modified gold electrodes. For SAMAMs and SAMg, (where
subscripts are SAM formation time), catalysis stdturred since there was no significant

decrease in both anodic and cathodic currents cadpa that of the bare gold electrode
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and also no significant shift in the peak potestiahile for SAM, and SAMg there was
evidence of decrease in catalysis judging by bethdecrease in the anodic and cathodic
current and also the shift in the anodic and cathpdak potentials. The reason why
there was less catalysis of the [Fe(gRJ[Fe(CN)]* system by the SAM and SAMg
could be that the remaining gold sites were fillgal but not necessary in the flat
orientation but vertical orientation in which jusbe or two of the thiol “arms” were
bound to the gold sites and this can cause a phltieking of the C&" ions from getting
exposed to the electrolyte solutions. Another gmlisi is the formation of multilayers by
ring substituents interaction through Van der Waates or by C% ions coordinations,

resulting in reduced electron transfer rate betwhemultilayers.

-0.4 -0.2 (6] 0.2 0.4 0.6 0.8
E/V(vs. Ag|AgCl)
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-0.4 -0.2 0 0.2 0.4 0.6 0.8
E/V(vs. Ag|AgCl)

Figure 5.16: Typical comparative cyclic voltammograms showing thsponses of
gold electrodes at different SAM formation time iare gold, (ii) 1
hour, (iif) 6 hour, (iv) 18 hour, (v) 24 hour, (v§8 hour with (a)
CoTBMPc and (b) CoTDMPc. Electrolyte = 1 mMsAe(CN) in 0.2
M KCI. Scan rate = 50 mV's

At the same time, the integrity of the different Aormed at different times were
monitored using CVs of the gold oxidation/reductiort0 mM KOH, Figures 5.17a and
b show the CVs at different times for SAM formatidfor all the different times, the

SAMs formed blocked the Au oxide formation indiogtian effective SAM formation.
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Figure 5.17:

Typical comparative cyclic voltammograms showing thsponses of
gold electrode at different SAM formation timé Kare gold, (ii) 1
hour, (iif) 6 hour, (iv) 18 hour, (v) 24 hour, (v§8 hour with (a)
CoTBMPc @5) and (b) CoTDMPc40). Electrolyte = 10 mM KOH.
Scan rate = 50 mV'’s
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In order to estimate the surface concentrationhefdomplexes on gold electrodes, the
real surface area of the gold electrodes was fletermined using the conventional
method?®* Randles-Sevcik equation (5.1) introduced in 1rildhapter 1 was employed.
lpa= (2.69 X 10) n*?D'?v 2 AC (5.1)
where n is the number of electron transferred (b),D is the diffusion coefficient of
[Fe(CN)]* (7.6 x 10°cn? sY), v is the scan rate (0.05 V% A is the geometric surface
area (0.0201 cf, C is the bulk concentration of [Fe(G}) (1 mM). The surface
roughness of the Au electrode used in this work feamd to be 1.32 (ratio ofyd
(exptal.) /pa(theor.)), wheregk (exptal.) is the experimental current apgltheor.) is the
current calculated using equation 5.1, using thargrical area of the electrode. Using
the surface roughness, the real surface area aléictrode was found to be 0.0279%cm
(roughness factor multiply by theoretical surfaoead.
For the estimation of the surface concentrationcafiplexes on gold electrode, the
charge difference between the bare golg.{fand the Au modification with complexes
(Qsam) (Figure 5.17, 18 hours SAM time) was determin€llis is proportional to the
fraction of the gold sites covered by the SAMs omplexes and corresponds to three
times the amount of gold sites that are covered wlie MPc-SAM, following the

equation (5.2):

AUH0 +2H0 ——= Au(OH)+3H +3e (5.2)

_

This fraction is thus divided by three to get thearge proportion to gold sites covered
with CoPc-SAM. The amount of gold sites coveredisy MPc-SAM is then divided by
four (each CoPc is assumed to consume four gaid)siind then divided by 0.0279 ém

which is the geometric area of the gold electroddase to get the charge density
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proportional to each CoPc molecule, these values tten be converted to the
corresponding surface concentration in mol“dmdetermined by dividing them by the
Faraday constant (96485 C nipl The surface concentration in number of molecpks
area in crh by simply multiplying thel'ypc mol cm2) With the Avogadro’s constant g\
and finally the inverse of the concentration in ewiles per A correspond to the
approximate surface area occupied per moleculeaFoonolayer on gold electrode, the
surface concentration of phthalocyanine complexéls flat orientation is approximately
1 x 10% mol cm?2**%° Table 5.3 shows the various approximate surfaceemration
values in mol cii and the corresponding approximate gold surfaca aceupied per
molecule (&) for various CoPc-SAMs formed at different timEsr cobalt macrocycles
adsorbed as monolayers in the octopus configurdtidi'the surface concentrations are

in the range ~1 x I8 mol cni®

Table 5.3: Comparative surface concentration and approximatiel gurface area
occupiedper molecule (A) for the CoPcs-SAMs formed at different times

Time CoTBMPc (35), CoTDMPc (40),
(hour) I (10 mol cm®)? I' (10°mol cm®)?
1 0.42, (395) 0.44, (377)

6 0.67, (248) 0.72, (231)
18 0.86, (193) 0.91, (182)
24 1.18, (141) 1.37, (121)
48 1.38, (120) 1.49, (111)

2 humbersn brackets are the approximate gold surface aveaspied per molecules A

For both complexes, SAMand SAM, a significantly less surface concentration
compared to the ~1 x 0 mol cm? value for monolayers were obtained while SAM

concentration values for both complexes are withsn monolayer concentration range.
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Both complexes, SAM and SAMg surface concentration values are higher thandhat
SAMgyg, as stated before, this may probably be due tdiltimgy up of the remaining gold
sites but not necessary in the octopus orientdiignvertical orientation in which there
will be one or two of the thiol ‘arms’ involved itihe binding to the gold sites. At all
times for SAM formation, the surface concentrati@ue of the SAM formed by the
CoTDMPc 40) is larger than the CoTBMP@Y%) counterpart, also from Figures 5.16a
and b there were less catalysis of 'Hee®* by the CoTDMPc SAM compared to their
CoTBMPc counterparts for both SAM and SAMgs. The influence of the ring
substituents could be responsible for these obSeng long chain alkanethiols are
known to form closely packed SAM on gold electro@desl in addition, the £ alkyl
chain could cause more blocking of ahan the benzylmercapto groups of the
CoTBMPc @5).

The minimum time required for a closely packed SAdMbe formed based on the
characterisations above can be estimated as 18 lslwoe monolayers were formed at
this time judging by thd . calculated and further confirmed by SAdatalyses of
Fe’*/F€* reaction. This time was then used for the formatidnSAMs of the other
complexes. Table 5.4 shows the SAM parameters,oappate surface concentration
(mol cm?) and corresponding approximate gold surface aceapied per molecule (A
for all the SAM formed by the MPc complexes aft8riiburs. It is very clear that for all
the complexes, well packed SAMs were formed witihfe®ie concentrations values
within the monolayers values (0.78 — 0.92 x*4ol cm?) in which the molecules are
lying in octopus configuration on the gold eleceadirface and occupying approximately

200 A% per molecule.
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It is possible that not all of the four substitigeate attached; hence thigp. values are a
rough estimate. Thus a second method for detemgninyp: value was employed using

Equation 5.3 introduced in Chapter 1 as equatiaf:1.

- Q (5.3)

wpe = e
where Q is the background corrected electric chafglee anodic peaks in Figure 5.17, A
is the real electrode surface area, and the othmebals have their usual meaning. The
surface concentrationd \(p) were not too different from those obtained in first
method, Table 5.4. ThEyp. values were found to range from 0.83 to 1.04 %°1fol
cm? confirming monolayer formation. Generally, thefaoe concentration value of the
SAM formed by the MTDMPc is larger than the MTBMEBaunterparts, Table 5.4. This
might be due to the influence of the ring substiteses explained above.
A good way of measuring how well SAM has isolatbée gold electrode from the
electrolyte solution is the so called ion barriactbr, I,y which can be obtained by
equation 5.4 introduced in Chapter 1 as equatid#: 1.

Lipt = 1 — Qam/Qeare (5.4)

where Qae and Qan are the total charges produced under the peakadtieetreduction
at the bare and at SAM modified gold electrodegufg 5.17 (18 hours SAM time) was
used for the calculations. THe&,s values calculated for the different SAM formation
times are close to unity as shown in Table 5.4, #msl implies that the SAMs are

effective in providing barriers to ion and solveermeability.
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Table 5.4. Comparative surface concentration and approxingkl surface area
occupied per molecule @ for the various MPcs-SAMSSAM formation time = 18
hours.

MPc complex I, (10°mol cm®? | I, (10°molcm®)® | iy

CoTBMPC 85) 0.86, (194) 0.89 0.98
CoTDMPC @0) 0.91, (182) 1.02 0.96
FeTBMPCc @6) 0.74, (224) 0.83 0.99
FeTDMPC 61) 0.78, (213) 0.85 0.99
MnTBMPC (34) 0.69, (241) 0.78 0.97
MnTDMPC (39) 0.78, (213) 0.94 0.99
NiTBMPC (37) 0.87, (191) 1.02 0.96
NiTDMPC (42) 0.92, (180) 1.04 0.99
ZnTBMPC (38) 0.79, (210) - 0.97
ZnTDMPc @3) 0.82, (202) - 0.98

% method 1 using equation 5.8umbersin brackets are the approximate gold surface
areas occupied per moleculesY2method 2 using equation 5.3

5.2.2 Blocking characteristics of the faradaic reactiondy MPc-SAMs
In a separate set of experiments, the self asseémid@olayer films of the complexes on

gold electrodes were characterised using the fatigwwell established Faradaic

31,242 3+
; /

processe gold surface oxidation, solution redox chemistry [6e(H.O)e]
[Fe(H,0)e]** and underpotential deposition (UPD) of copperufégs.17 was employed
for Au oxide reaction. Figure 5.18a and b respetyivshow typical cyclic

voltammograms of (a) 1 mM Fe(NHSQy), in 1 mM HCIQ, electrolyte and (b) 1 mM

CuSQ in 0.5 M HSQ, electrolyte at (i) bare gold electrode and (o)nplex 35 (as an
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example) modified gold electrode at a scan rate06fmV §'. In Figures 5.17 and 5.18,
the modified electrodes inhibited the Faradaic gsses showing that the SAM formed
on the gold electrodes are stable, well packed defdct free, as evidenced first by
inhibition of the gold oxidation, Figure 5.17 andcdease in the corresponding reduction
peak after SAM formation. Secondly, it is cleartthi@e quasi reversible redox reaction
[Fe(H.0)e]**/[Fe(H0)s]** which occurred at the bare gold electrode is iitéib at
complex35-SAM modified Au electrodes, Figure 5.18a. In Figu.18a, the P&F&*
redox peak lost its shape and intensity on SAMtaeddes. This is a good indication that
the SAM formed isolates the gold surface from tleeteolyte solution. And finally the
copper deposition process was inhibited by the SAMSgure 5.18b, comple35 (as an
example). The UDP of Cu and the stripping peaksiwed at about -0.45 and -0.1 V
respectively at the bare gold electrode as showhigare 5.18b. These peaks did not
appear in the CVs obtained at compBxSAM gold electrodes clearly showing that the
CoPc-SAMs formed is well packed and almost freenfignholes and defects. Similar

results in both experiments were also obtainedhferother MPcs-SAM electrodes.
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@) (i)

Fe* to F&™"

03 02 01 0 01 02 03 04 05 06 07 038
E/V (vs. Ag|AgCl)

(i) CutoCu’

-06 05 -04 -03 02 01 0 01 02 03 04
E/V (vs. Ag|AgCl)

Figure 5.18: Typical cyclic voltammograms of (a) 1 mM Fe(MISQy), in 1 mM
HCIO, electrolyte and (b) 1 mM CuS@n 0.5 M HSO, electrolyte at (i)
bare gold electrode, (ii) compl&6 modified gold electrode. Scan rate
=100 mV §.
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5.2.3 Oxidation redox couples of the MPc-SAM electrodes

The positions of the oxidation redox peaks of tbenplexes on gold electrodes were
determined in phosphate buffers pH 4 and 7.4;dlterlis essential since these modified
electrodes were fabricated for the electrocatalgdisulphite oxidation in phosphate
buffers pH 7.4.

Figures 5.19a-d respectively show the typical CYshe MPc-SAMs of CoPcs, FePcs,
MnPcs and NiPcs in phosphate buffer pH 7.4. Botlahend ring based redox peaks
were observed for the CoPcs, FePcs and MnPcs whliethe ring based ones were
observed for the NiPcs. NiPc complexes are knowoften show metal based redox
inactivity and so this could be the reason forrbe appearance of NiNi** peak. The
plots of peak currents, (M**/Mn?* for CoPcs and FePcs,*M*" for MnPcs and Pc
/P& for NiPcs) versus the scan rates (Figures 5.1i@aets) were linear showing that the
complexes are surface confined onto the gold eldeg®** The peaks are generally broad
characteristics of surface confined species redmk§ this can be attributed to the fact
that the redox reactions may be kinetically hindété

The redox peaks were also observed in phosphateripuil 4, Figure 5.20 shows the
CVs of the CoPc complexes (as an example).

Table 5.5 shows the redox peaks of all complexghaosphate buffer pH 4 and 7.4.
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(c)
Pc(-1)/Pc(-2) ]
0]
(ii)
z:_ Mn(IV)/Mn(lll) —__
-0.6 -0.3 0 0.3 0.6 0.9 1.2
E/V (vs. Ag|AgCl)
(d)
(1)
Pc(-1)/Pc(-2)
< "
l £ (i)
-1 -0.5 0 0.5 1 15
E/V (vs. Ag|AgCl)

Figure 5.19:  Cyclic voltammograms of the complexes in phospbaiféer pH 7.4, (a)
CoPcs, (b) FePcs, (c) MnPcs and (d) NiRasve (i) MTBMPc and (ii)
MTDMPc. Scan rate = 100 mV's
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Scan rate (V/s)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
E/V (vs.Ag|AgCl)

Figure 5.20: Comparative cyclic voltammograms obtained at (Pebgold electrode,
(i) CoTBMPc-SAM gold electrode and (iii) CoTDMPAM gold
electrode in phosphate buffer pH 4. Inset is that pf anodic peak
currents (a) CoTBMPc and (b) CoTDMPc versus scém Bcan rate =
100 mV §.
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Table 5.5: Comparative anodic peaks (V) vs. Ag|AgCI of all 88FSAM Au electrodes
in phosphate buffers pH 4 and 7.4.

MPc E (V), Peak assignment pH 4| E (V), Peak assignmentin pH 7.4
complex
CoTBMPc|  0.40 cg'Ico” 0.23 cd'iIco”
CO'(I'3D5)MPC 0.33 cd'iIco” 0.10 cd'iIco”
Fe%olz/lpc 0.45 Fe'IFe” 0.08 Fe'/Fe’”
Fe'ﬁ?lz/ch 0.41 Fe'IFe” 0.31 Fe'/Fe’”
Mn'(l'4Bll)V|Pc 0.35 M /Mn>* 0.11 M /Mn®*
Mn'(l'3[;L|)\/IPc 0.20 M /Mn®* 0.13 M /Mn®*
Ni'I%%IPc none® none® (0.66) (POPC)
Ni'Iiggch none® noné (0.70) (POPC)
4

®no peaks observed

Lastly, the stability of the MPcs-SAM was also stuh] this was done as a function of pH
and applied potential. The immobilised films shovirgh stability from pH 2 to 9 in the
potential window -0.2 to +0.8 V. However, at potalst outside this window SAM
desorption occurred. These thiol derivatised mapaithalocyanine complexes SAM
modified gold electrodes showed stability with reiettable desorption when they were

stored for over a period of one month in both p&hd pH 7 phosphate buffers.
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5.3 Conclusion

In conclusion, newly synthesised thiol derivatisethplexes, (MTBMPc and MTDMPc,
M = Co&®, F&*, Mn®*" and Nf") were successfully deposited on gold electrodes by
electropolymerisation. The cyclic voltammogram ewioin during electropolymerisation
showed that the complexes were electropolymerisedAo electrodes. In addition,
electropolymerisation of the complexes on Au etat#is were confirmed by similarity of
the CVs of last scans of the electropolymerisatwith the corresponding CVs in
phosphate buffer pH 7.4 solution. The films of tNé’c derivatives were electro-
transformed in aqueous 0.1 M NaOH solution to @eNi-O oxo’ bridged form. For
both complexes, films with different thicknessesrev@repared and characterised by
electrochemical impedance spectroscopy and thdtsesiiowed typical behaviour for
modified electrodes with increasing charge transésistance values,,Rvith polymer
thickness. Also, electrodes wigoly-Ni(OH)Pcs films exhibited higher charge transfer
resistance values, pRthan their correspondingpoly-NiPcs films counterparts.
Spectroelectrochemical method using ITO was alsal der the characterisation of the
NiPc films and this method differentiated betweér poly-NiPc andpoly-Ni[OH]Pc
films.

The complexes (MTBMPc and MTDMPc, M = EpFé*, Mn** Ni** and Zri*) were
successfully used to modify gold electrodes by ssfembled monolayer (SAM)
technique. The self assembled films are stable simmlved blocking characteristics
towards the following Faradaic processes; gold amerf oxidation, underpotential
deposition (UPD) of copper and solution redox ctetmiof [Fe(HO)s]*"/ [Fe(H0)e]?".

As evidenced from the voltammetric study, formatainstable, well packed and defect

237



Electrode Modification

free SAMs of benzyl- and dodecyl-mercapto tetrasstuied first transition metal
phthalocyanines complexes on gold electrodes issiples Using the [Fe(CN)?®
/[Fe(CN)]™ redox system as a guide, it was shown that a lplesshange in molecules
orientation from flat to vertical or multilayer for with increase in SAM formation time
to 24 hours and above occurred. For the fist ti@\é technique was used to optimise the
time needed for SAM formation. Ring substituenfiuenced the blocking characteristics
of the CoPcs-SAM towards [Fe(Cif/[Fe(CN)]™* redox process, CoTDMPc with
dodecylmercapto ring substituents showing more Kahoc characteristic than that of

CoTDMPc with benzylmercapto ring substituents.
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This chapter deals with the electrooxidation of tbkowing pollutants: chlorophenols,
nitrite and sulphite. These molecules were elegithsed using thiol-derivatised MPc
complexes modified on gold electrodes as catalystsearlier mentioned and explained
in Chapter 5, for electropolymerisation, chloropbisnand nitrite will be studied while

for SAMs, only sulphite will be studied.

6.1 Electrocatalytic oxidation of Chlorophenols withpoly-NiPc films

Only the catalysis by theoly-NiPc-Au films are presented in this thesis, otbely-MPc-

Au films showed insignificant catalysis.

6.1.1 Nature of the poly-NiPc films

Figure 6.1 shows the CVs of 1 mM (a) 4-CP in 0.1 mM&IOH at (i) unmodified gold
electrode; (ii)poly-NiTBMPc-Au; (iii) poly-NiTDMPc-Au; (iv) poly-Ni(OH)TBMPc-Au;
(iv) poly-Ni(OH)TDMPc-Au. A broad peak was obtained on unified electrode at ~
0.4 V. It can be seen that the modified electrosleswed better catalytic behaviour
towards 4-CP electrooxidation than the unmodifiettigelectrodes as judged by the shift
in the potential to less positive values and thgdaincrease in peak currerRoly-
Ni(OH)TBMPc-Au and poly-Ni(OH)TDMPc-Au performed better than their
correspondingpoly-NiPc-Au electrodes as the catalytic peaks shittedess positive
potential from 0.34 to 0.33 V for both electrodes éhere was larger increase in currents
as follows: 12.1 pA (fopoly-NiTBMPc) to 14.6 pA (fompoly-Ni(OH)TBMPc) and 11.1

HA (for poly-NiTDMPc) to 14.0 pA (forpoly-Ni((OH)TDMPc). The mechanism behind
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the catalytic activity improvement of the electraation processes when the nickel
macro complexes are transformed to the ‘O-Ni-O fotan’ is not fully understood, but
Ni**/Ni?* redox process maybe playing a key role in theti@acAs shown in Figure
5.12 (Chapter 5), the Nito Ni** peaks occur at around 0.2 to 0.3 V which is theesa
potential range for 4-CP oxidation and it can bensi Figure 6.1a that the T¥Ni?*
redox is around 0.2 V and it appears as a shoutdérCP oxidation peak for th@oly-

Ni(OH)TBMPc-Au andpoly-Ni(OH)TDMPc-Au electrodes only (curves iv and v).

(v)
(iv)
(i)

.34+ 2+ .
I qz:- Ni~"/Ni (”)
N

(i)

0 0.1 0.2 0.3 0.4 0.5 0.6
E/V (vs. Ag|AgCl)

Figure 6.1: Cyclic voltammograms of 1 mM 4-CP in 0.1 mM NaOH (gt
unmodified gold electrode; (ii)poly-NiTBMPc-Au; (iii) poly-
NiTDMPc-Au;  (iv)  poly-Ni(OH)TBMPc-Au;  (iv)  poly-
Ni(OH)TDMPc-Au.

In the case of TCP electrooxidation, the poteqedk shift was from 0.55 to 0.53 V and

0.55 to 0.50 V forpoly-Ni(OH)TBMPc-Au andpoly-Ni(OH)TDMPc-Au respectively,
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compared with theipoly-NiPc counterparts (Figure 6.2). The CVs (Figur2) 8howing
TCP electrooxidation byoly-Ni(OH)TBMPc-Au andpoly-Ni(OH)TDMPc-Au (curves
iv and v respectively) also have broad anodic pesfkthe NF/Ni** redox process at

around 0.3 V partially overlapping with the TCP diwgpeak.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
E/V (vs. Ag|AgCl)

Figure 6.2: Cyclic voltammograms of 1mM TCP in 0.1 mM NaOH iatugmodified
gold electrode; (ii)poly-NiTBMPc-Au; (iii) poly-NiTDMPc-Au; (iv)
poly-Ni(OH)TBMPc-Au; (iv) poly-Ni(OH)TDMPc-Au.

6.1.2 Effects of poly-NiPc film thickness

The effect of film thickness on the electrocatal\gificiency of the modified electrodes
was investigated; the film thickness is expectedntwease with the number of scans
during polymerisation as long as the CV peaks aoeersing in intensities. For both
complexes, three differenpoly-Ni(OH)Pc-Au using different scan numbers were
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prepared; polyl0-Ni(OH)Pc-Au, poly20-Ni(OH)Pc-Au and poly30-Ni(OH)Pc-Au for
polymerisation scan number 10, 20 and 30 respéygtive

One major problem with electrooxidation of chlorepbls is the often irreversible
passivation of the electrode by the oxidation potsluThe suppressing effect of film
thickness on passivation was investigated, Figerés and b respectively show the CVs
for 4-CP oxidation at ‘poly 10’, ‘poly 20’ and ‘ppl30’ for Ni(OH)TBMPc (a) and
Ni(OH)TDMPc (b) films on gold electrode (where ‘gahumber’ is the polymerisation
scan number). With increase in the polymerisatmanswumber, higher current and at the
same time less positive potentials were obtained4f@P oxidation. This shows that
catalytic activities increase as the film thicknesseases. This can be explained by the

fact that there will be more catalytic sites asftime thickness increases.

(iii)
(i)

(i)

0 0.1 0.2 0.3 0.4 0.5 0.6
E/V (vs. Ag|AgCl)
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(b)

0 0.1 0.2 0.3 0.4 0.5 0.6
E/V (vs. Ag|AgCl)

Figure 6.3: Cyclic voltammograms of 1 mM 4-CP catalysed by (@)ly-
Ni(OH)TBMPc-Au and (b)poly20-Ni(OH)TDMPc-Au. Polymerisation
number (i) 10, (ii) 20, (iii) 30. The electrolytsed was 0.1 M NaOH.

Figures 6.4 and 6.5 show the passivation of theifieddelectrodes following oxidation

of 4-CP, usingpoly30-Ni(OH)TBMPc-Au (Figure 6.4a)poly20-Ni(OH)TBMPc-Au

(Figure 6.4b) angbolyl0-Ni(OH)TBMPc-Au (Figure 6.4c); anpoly30-Ni(OH)TDMPc-

Au (Figure 6.5apoly20-Ni(OH)TDMPc-Au (Figure 6.5b) angolylO-Ni(OH)TDMPc-

Au (Figure 6.5¢). In Figures 6.4 and 6.5, curvgsafe the first scans in chlorophenol

solutions, curves (ii) are curves obtained aftergbcond scan in chlorophenol solutions

and curves (iii) were observed after the modifietteodes from (ii) were rinsed (for five

minutes) in phosphate buffer and CV of the chlosomis recorded as in (i). Curves (i)

show that there was recovery of the oxidation eusréollowing rinsing with phosphate

buffer. For both Ni(OH)TBMPc-Au and Ni(OH)TDMPc-Aelectrodes, the largest
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recovery was obtained for films formed by 30 scamgl the least for 10 polymerisation

scans, Table 6.1.

0 0.1 0.2 0.3 0.4 0.5 0.6
E/V (vs. Ag|AgCl)

(b)

0 0.1 0.2 0.3 0.4 0.5 0.6
E/V (vs. Ag|AgCl)

245



Electrocatalytic Properties

(©)
(i)
| $
[qV}
(i)
(iii)
0 0.1 0.2 0.3 0.4 0.5 0.6
E/V (vs. Ag|AgCl)

Figure 6.4: Cyclic voltammograms of 1 mM 4-CP catalysed by f(aly30-
Ni(OH)TBMPc-Au, (b) poly20Ni(OH)TBMPc-Au and (c)polyl10-
Ni(OH)TBMPc-Au. Curve (i) First scan, (i) secondasm and (iii)
second scan after rinsing the electrode (for 5 tesjuin phosphate
buffer (pH 7.4). The electrolyte used was 0.1 M NMaO

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6
E/V (vs. Ag|AgCl)
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(b)

0.1 0.2 0.3 0.4 0.5 0.6
E/V (vs. Ag|AgCl)

0 0.1 0.2 0.3 0.4 0.5 0.6
E/V (vs. Ag|AgCl)
Figure 6.5: Cyclic voltammograms of 1 mM 4-CP catalysed by (ely30-

Ni(OH)TDMPc-Au, (b) poly20Ni(OH)TDMPc-Au and (c)polyl0-

Ni(OH)TDMPc-Au. Curve (i) First scan, (ii) second¢asm and (i)

second scan after rinsing the electrode (for 5 tesjuin phosphate
buffer (pH 7.4). The electrolyte used was 0.1 M [KaO
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These studies were done in triplicate and the giaoe shown in Table 6.1. The recovery

increases with the number of polymerisation scareé the film thickness (Table 6.1),

showing that resistance to electrode passivatioreases as the film thickness increases.

This can also be explained by the fact that in temidito increase in catalytic sites as the

film thickness increases, the electrode films mayloee porous attributed to the complex

nature of the ring substituents of both complexéskvare bulky, allowing passage of

the chlorophenol molecules. The chlorophenol polgnage known to be thick and non-

porous®®?3% The bulky nature of the ring substituents may méie chlorophenols

polymers to be irregular and thus porous, makiregfiims on the gold electrodes to be

difficult to deactivate’®!

Table 6.1: Percent recovery (after rinsing in phosphate buffet 7.4) of the electrodes
following fouling for the electrooxidation of 1 mK-CP.

Electrode % Recovery
Polyio- 15.7 (£1.2)
Ni(OH)TBMPc-Au
Poly,o- 52.1 (¥2.3)
Ni(OH)TBMPc-Au
Polyso- 71.2 (+2.6)
Ni(OH)TBMPc-Au
Polyio- 15.8 (£1.6)
Ni(OH)TDMPc-Au
Poly,o- 38.1 (x1.8)
Ni(OH)TDMPc-Au
Polyse- 66.1 (x2.4)
Ni(OH)TDMPc-Au
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6.1.3 Reaction mechanism

Studies such as variation of peak curregt,with chlorophenol concentration and
mechanistic studies such as Tafel plots were noedor chlorophenols because of the
problem of passivation of electrodes but were edrout for both nitrite and sulphite.
Also studies of the spectroscopic interaction betwehlorophenols and NiPc complexes
were not carried because of lack of a common sbli@nboth chlorophenols and the
thiol-derivatised complexes.

The chlorophenols will be in the deprotonated fotmesause the electrolyte is strongly
alkaline (0.1 M NaOH) and so it is in this form thiae reaction mechanism will be based
on. The proposed reaction mechanism is shown ier8el6.1. There are likely to be two
competing processes taking place during the elexidation of 4-chlorophenol (4-CP);
(1.) Dimerisation of chlorophenols with the poskipiof the formation of polymer
(equations 6.1-6.3). The first step is the electidation of the deprotonated 4-

351352 the radical is

chlorophenol to form 4-chlorophenoxy radical (etuat6.1)
resonance stabilised (equation 6.2) and thus &@d ke head coupling reaction via oxygen
atoms is feasible (equation 6.3).

(2.) Ni¥*/Ni?* electrocatalysed oxidation of 4-chlorophenol tonfooxidised products
such as benzoquinones (equations 6.4, 6.5).

The first step is the electrochemical oxidatioNat* to Ni** (equation 6.4) followed by
the reaction of Ni with deprotonated 4-chlorophenol in the preserfceater molecules
from electrolyte to form benzoquinone (equation).6Te better catalysis observed for

the poly-Ni(OH)TBMPc-Au and poly-Ni(OH)TDMPc-Au electrodes than thepoly-

NiTBMPc-Au and poly-NiTDMPc-Au electrodes counterparts respectivelyldobe
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explained by the fact that the former haveé’NNi%** redox process, due to activation
while the latter have no Rl Ni** redox process and thus making reactions in equ&tio
6.4, 6.5 more feasible for the former. The posisjbibf Ni**/ Ni** redox process
catalysing 4-CP oxidation is strongly supportedhmsy fact that the peaks associated with
Ni?* to Ni** overlap with the 4-CP oxidation peaks.

Similar reactions are expected for trichloropherfdlCP) electrooxidation reaction

mechanism catalysed by NiPc-Au electrodes.
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(0] Oe
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Ni2+ J—— Ni3+ + e+ (6-4)
? 0
T OHO 4+ N + Cl + 2H' + e + Niz
Cl a

(6.5)

Scheme 6.1: Proposed reaction mechanism for electrooxidatioocgsses of 4-
chlorophenol
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6.2 Electrocatalytic oxidation of Nitrite

6.2.1 Voltammetric Studies on MTBMPc and MTDMPc

Since the nitrite determination will be performesidar pH 7.4 conditions, the
voltammograms of thepolyNi(OH)TDMPc-Au and polyNi(OH)TBMPc-Au were
recorded in pH 7.4 buffer, Figure 6.6a and b. TH&/Ni** peaks were observed at
different potential values in pH 7.4 compared tb . NaOH shown in Figure 5.12. For
poly-Ni(OH)TBMPc-Au, the N*/Ni?* peaks shifted from -0.20 (cathodic) and ~0.30 V
(anodic) in 0.1 M NaOH to 0.20 and ~ 0.70 V, respety. Forpoly-Ni(OH)TDMPc-Au,

the NF*/Ni?* peaks shifted from -0.28 V (cathodic) and ~0.3avddic) in 0.1 M NaOH
to 0.30 and ~ 0.80 V, respectively. Thus a largé ghmore positive potentials occurred

with decrease in pH.

@)

10pA

-06 -04 -0.2 0 02 04 06 0.8 1 1.2 14
E/V (vs. Ag|AgCl)
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(b)

2pA

-06 -04 -02 O 02 04 06 038 1 12 14
E/V (vs. Ag|AgCI)

Figure 6.6: Typical cyclic voltammogram of (goly-Ni(OH)TBMPc-Au and (b)
poly-Ni(OH)TDMPc-Au in pH 7.4 buffer.

Figure 6.7 showed the comparative cyclic voltamraotws for the catalytic activities of
gold electrodes modified with the MTBMPc and MTDMBamplexes towards nitrite
electrooxidation. The increasing order of activiysed on the positions of the catalytic
peak potential F(Table 6.2) is as follows; compl&? < complex37 < Ni(OH)TDMPc<
complex39 < complex40 < Ni(OH)TBMPc < complex34 < complex35 < complex41 <
complex 36 while in terms of the catalytic peak curreng,the order is as follows;
complex39 < complex40 < complex42 < complex34 < complex36 < complex37 <

Ni(OH)TDMPc < complex41 < complex35 < Ni(OH)TBMPc.
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<
=
N
0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1
E/V (vs. Ag|AgCl)
Figure 6.7: Cyclic voltamogramms for 1 mM nitrite oxidation phosphate buffer

pH 7.4 solution at (a) an unmodified au electramsmplex (b)35, (¢)

40, (d) 36, (e)41, (f) 34, (g) 39. Scan rate = 100 mV's
From these trends, it can be concluded that the BaB CoPc complexes performed best
and MnPcs were the worst in terms of potential. Buterms of current enhancement
Ni(OH)TBMPc performed the best. This trend (in terraf the peak potential) in
electrocatalytic activity has been observed béfdmer NO electrooxidation on carbon
fibre microelectrodes modified with CoPc, FePc akbhPc. In comparison to
literature®3214287:365369Taple 1.8, Introduction section), 0.66 V peakemial value
obtained for complex36 modified Au electrode is the lowest value for pegakential

reported for MPc or metalloporphyrin modified etecke for nitrite electrooxidation.
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Table 6.2: Mechanistic feature of the nitrite oxidation goly-MPc modified Au

electrode
Modified Ep (V) Ep (V) lo Sensitivity b a k Nt
electrodes| M" Pc/ (vs. (MA) | (MAmMM™) | (mV

M"Pc Ag|AgCl) dec?)

(vs.

Ag|AgCl)
CoTBMPc 0.35 0.75 11.2 7.3 (x0.2)] 154 0.61, 0.063] 2.1
(39
CoTDMPC ~0.3 0.77 8.7 7.1 (x0.1)] 114 052, 0.27]| 1.52
(40)
FeTBMPc ~0.3 0.66 9.6 9.6 (x0.2)] 166 0.64| 0.0064 1.86
(36)
FeTDMPc ~0.3 0.71 11.1 9.9 (x0.2)] 123 0.51, 0.111] 1.83
(41)
MnTBMPc | 0.15 (~0.5} 0.76 9.5 7.6 (x0.3)| 70.4 | 0.14| 0.20 1.2
(34)
MnTDMPc 0.20 0.79 1.7 6.9 (£0.2) 55 0 98 1.0
(39
NiITBMPc 0.4 0.82 9.9 6.0 (x0.2) 250 0.76 0.006 1.9
(37)
NiTDMPC 0.6 0.87 9.3 | 3.3(0.1)| 258/ o077 o0.0ds 1)1
(42)
Ni[OH]TB ~0.7 0.76 13 12.6 (0.9 186 0.172 0.006 2{25
MPc
Ni[OH]TD ~0.8 0.81 11 | 11.1(x0.8) 2260 0.3 0.022 2/45
MPc

2number in brackets are for Kitvin®*, Pring based process
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As stated already, the film thickness can be cdetto by varying the
electropolymerisation scan number; Figure 6.8 shtwes effect of film thickness of
CoTBMPc-Au electrode on the catalytic efficiencyvards nitrite oxidation. It can be
seen that the catalytic activity towards nitrite ioxidation increased as the number of
scans increased; CoTBMPc-10 Ay, (E79 V, |, 3.0 pA) < CoTBMPc-20 Au (E0.77 V,

lp 3.4 pA) < CoTBMPc-30 Au (£0.76 V, |, 4.1 pA), where the numbers refer to number
of deposition scans. This was also observed abmvehiorophenol oxidation; again this
trend can be explained by the fact that an incréashe scan number increases the

number of active sites on the electrode surface.

(©
(b)

0.5pA

——

005 015 025 035 045 055 065 075 085 0.95
E/V (vs. Ag|AgCl)

Figure 6.8: Cyclic voltamogramms for 0.5 mM nitrite oxidatiom phosphate buffer
pH 7.4 solution at CoTBMPc (comple35) poly-Au, poly numbera)
10, (b) 20, (c) 30.
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In terms of resistance to electrode surface passijaall the modified electrodes
exhibited some resistance to passivation in thdy emall decreases in currents on
cycling were observed after the first scan, Fighu® The % decrease between the first

and second scan range from 2.6 — 14.6% while f@rstibsequent scans they were less

than 7%.
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Figures 6.9:  The variation of peak currents with scan numbertifi@ voltammetric
response of 1 mM NOon (a) complexd5, (b) complex4l, (c) complex
36, (d) complex34, (e) complex40, (f) complex39-poly 30 on gold
electrode. Buffer = pH 7.4. Scan rate = 100 iV s

Within the concentration range chosen for the gtitastudies in this work (i.e. 1.0 x T0

— 1.0 x 10° mol L"), a linear relationship was observed between #talytic currents

and the nitrite concentrations (Figure 6.10). Frbm slopes of the plots in Figure 6.10,

high sensitivities ranging from 6.9 to 9.9 pA nMere obtained, Table 6.2.
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Figures 6.10: Plot of |, vs. [NG,] (a) 35, (b)41(c) 36 (d) 34 (e)40 (f) 39.

In order to determine the Tafel slopes, the usgalagon (Equation 6.6) for a totally
irreversible process was employ&d

_ 23RT
P 2(l-a)nF

logv + K (6.6)

wherev is the scan ratey is the transfer coefficient, n is the number cécélons
involved in the rate determining step, K is theemept. Plots of fEvs. logv (Figure
6.11a) gave linear relationships. The Tafel slopesanging from 55 to 258 mV déc
were obtained, Table 6.2. A Tafel slope of 120 ne¢ dsuggests the involvement of one

electron in the rate determining step whereas #ieevof 60 mV det indicates that a

fast one electron transfer is followed by a slowrofcal step® Thus for FePc, NiPc and
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CoPc derivatives in Table 6.2, with Tafel slopasselto 120 mV détor larger, the first
one electron transfer is the rate limiting step.ild/for MnPc derivatives the one electron
step is followed by a slow chemical rate determgngtep. The linear relationships in
Figure 6.11a (Rranging from 0.98 to 0.99) indicate that the etszatalytic oxidation of
nitrite is irreversibl€? For NiPc derivatives Tafel slopes are significamtigher than 120
mV dec! indicating interaction between nitrite ions and tiPc complexes or chemical
reactions coupled with electrochemical st&fs.

The values ob are listed in Table 6.2 values at approximately 0.5 indicate that there is
an equal probability that the reaction activatessition state can form either products or
reactants. This holds for the CoPc and FePc deresmt Table 6.2.a values of
approximately 1 imply that the reaction equilibridavours product formation only, and
a values of zero imply the reactants are favouraedeéd for MnPc derivatives were
close to zero indicating that product formatioma favoured.For NiPc derivativesx
approached 1 suggesting product formation is faaur

The heterogeneous electron transfer coefficlenwias obtained from Equation 6.

, . RT 23 ((L-a)nFD
K=E° +— "1 __x| 078+23|og L-2)NFD .
(- a)nF [ 2 g( KCRT ﬂ 7

where E is the formal potential, D is the diffusion coeféint and the remaining symbols
are as they were described above. Uding 2.1 x 10 cnt s* for nitrite ion?® the
values of the constant k were obtained and thejedaronsiderably, Table 6.2. In
general the values & were higher for the MTDMPc compared to the coroesiing
MTBMPc (except for NITBMPc and NiTDMPc), showingaththe former (containing

dodecyl mercapto) are more efficient in electrangfer. The k values for NiPc and for
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FeTBMPc complexes were very low suggesting a sleeten transfer. Fastest electron
transfer was obtained for MNTDMPc.

The total number of electrons;) involved in the electrocatalytic oxidation of nité was
evaluated according to Equation 6.8, which is vdbd totally irreversible electrode

processes®
|, = 299x10°n,[(1- a)n]"'? AC,D*?v*'? (6.8)

where A is the area of the electrode in“c®, is the concentration of the electroactive
reactant in mol ci. From Figure 6.11b, it can be seen that theeelisear (K ranging
from 0.97 to 0.99) relationship between the peakerit and square root of the scan rate
(Equation 6.8), indicating that the nitrite electtalytic oxidation is diffusion controlled.
The values of overall number of electrons transfin) were determined using equation
6.8 and were close to 2 for the CoPc, NiPc and feeRplexes hence confirming that a
total of 2 electrons are transferred during thalgéit oxidation of nitrite. They values
were close to 1 for the MnPc complexes. Thus, diffefinal products are formed when
MnPc derivatives are employed compared to FePq; Hifel CoPc derivatives.

Figure 6.11c further confirms that the electroation of nitrites by all the modified
electrodes is a catalytic processes judging bypégern of curves obtained which is

typical of catalytic processé3.

260



Electrocatalytic Properties

0.75 1

0.7 1

0.65 1

0.6

(@)

(i)

(iv)

(b)

(V)
(vi)

0]

> (iv)
(iii)
(i)

11 13 15 17

V1/2/ mVl/Z S-l/2

19

21 23 25 27

261



Electrocatalytic Properties

1. ©
2.5 1 .
gm 291 . (i)
g. H ° ° /
: e
< 1.5 - »
gv . . (iv)
'>Q 14 A n /
- , 4 1 A A .
4 A ’ i 1 ;(III) (i) (V)
0.5 1 * . . \ * .
(vi)
0 LJ LJ LJ LJ LJ LJ L}
0 100 200 300 400 500 600 700
v (mVs™

Figures 6.11: Electrooxidation of 1 mM nitrite in phosphate buffen poly-MPc, (a)
E, vs. logv, (b) I, vs.v*2 (c) v vs.v. PolyMPc: (i) 35, (i) 40, (iii)
36, (iv) 41, (v) 34, (vi) 39 modified Au electrode.

6.2.2 Spectroscopic studies of interaction between nitd and MTBMPc and
MTDMPc (M = Co?*, Fe&* and Mn*")

In order to further understand the mechanism fa& ¢hatalytic oxidation of nitrite,
changes in the electronic spectra of MNTBMB4)(CoTBMPc 85) and FeTBMPc 36)

in DMSO on addition of nitrite were monitored. Aancbe seen from the Figures 6.12-
6.14, nitrite reaction with the complexes dependghe type of central metal ion. For
complex35 which has C& as the central metal ion, on addition of nitritee Q band
shifted from 670 to 690 nm (Figure 6.12a). Thesanges occurred with very clear

isobestic points showing that only two species iaw@lved during the reaction. Such
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changes could be associated with either axial coatidn of ligands to MPc complexes,
or oxidation of the central metal in €Bc to C3*Pc!%*** Addition of a reducing agent
to solutions of complex5 at the end of the reaction in Figure 6.12a, resulh the
reduction of the complex (Figure 6.12b) to a'Bospecies with a typicaf band charge
transfer band at 480 nm and a weaker Q band anifil5There was no regeneration of
the original peak in Figure 6.12a at 670 nm, shgwirat the observed changes in Figure
6.12a are not due to oxidation of ¥®c to C8'Pc, but due to axial ligand (nitrite)

coordination to the complex. Similar spectral cremgere observed for complég.

Absorbance

300 350 400 450 500 550 600 650 700 750 800
Wavelength/nm
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Figure 6.12: Electronic spectral changes of (a) comp&xon addition of 1 mM

nitrite solution in DMSO to approx. 2 uM solutioh the complex in
DMSO. (i) initial spectrum, (ii) final spectrum aft20 minutes. (b) on
addition of NaBH to the final spectrum in (a). Concentration of (i)
complex in DMSO =1 uM and (ii) nitrite in DMSO =M.

Even though these studies were done in solutiagy tive some idea of the possible
mechanism for the electrocatalytic oxidation ofritet Thus the catalytic oxidation of
nitrite using the CoPc complexes occurs by inndnesp mechanism and may be

represented in equations 6.9 to 6.11 (Scheme 6.2):
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Co2*Pc + NO, [(NO,)Co?*Pc]- (6.9)

[(NO,)Co2*Pc]- (NO,’)Co3Pc + e (6.10)

(NO,)Co%Pc  +H,0 ———> Co%Pc + NO,; + 2H*+e  (6.11)

Scheme 6.2: Proposed reaction mechanism for CoPcs-modified ga&ttrode
electrooxidation of nitrite

Equation 6.9 is proposed on the basis of coordinatf nitrite to complexes as shown by
Figure 6.12. The Tafel plots showed that the farst-electron transfer is the rate limiting
step, hence suggesting equation 6.10 to be rateénigmreaction. A comparison between
the cyclic voltammograms for the adsorbed complereBigure 5.3 (which show the
metal oxidation couples at pH 7.4) with the nitotadation in Figure 6.7 (also in pH 7.4)
shows a broad peak for E4C6** at around 0.2-0.4 V, very close to the foot ofweve
for nitrite oxidation, hence this couple catalysafrite oxidation. Equation 6.11 is
proposed since the total number of electrons irealis 2 and the likely product is

nitrate.

Figure 6.13 shows the spectral changes observealddition of nitrite to solutions of
complex36, containing F&" as the central metal iothe complex shows aggregation as
evidenced by appearance of a high energy peakOani®4 As already stated, aggregation
in MPc complexes is typified by a broadened ortsplband, with the high energy band
being due to the aggregate and the low energy daedo the monomer. For complag,
the peak at 640 nm iRigure 6.13 shows a spectrum typical of stackedamar in FePc

complexes which is normally observed near 630 nrbréad band was observed at 665
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nm due to the monomer. On addition of nitrite ttuBons of complex36 in DMSO, Q
band due to the aggregated species at 640 nmdstoft®@35 nm while the monomer peak
at 665 nm sharpened, and both peaks increasetemsity. The slight shift in wavelength
from 640 to 635 nm is associat&dwith axial ligation in MPc complexes. Oxidation in
FePc complexes is accompanied by a split in thea@dband a shift of one of the
components to low energy. The spectral changesnadasén Figure 6.13 are not due to
oxidation. This was confirmed by addition of redugi agents such as sodium
borohydride, which did not result in the regenematof the original spectrum in Figure
6.13. Thus the spectral changes shown in Figurg €ufjgest coordination of nitrite. The
catalytic oxidation of nitrite by the monomer whlé similar to equations 6.9 to 6.11 for
the CoPc derivatives. The FePc complexes, also shewé'/Fe* around 0.2 — 0.4 V

(comparing Figure 6.7 and 5.6), hence this cougtalgses nitrite oxidation.
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Figure 6.13:  Electronic spectral changes of compkon addition of 1 mM nitrite
solution in DMSO to approx. 2 uM solution of thengglexes in DMSO.
(i) initial spectrum, (ii) final spectrum after 20inutes. Concentration of
(i) complex in DMSO = 1 puM and (ii) nitrite in DMS© 1 uM.

The interaction of comple®4, containing Mri* with nitrite ions resulted in spectral
changes shown in Figure 6.14, which are typicakdfiction of MA"Pc (with Q band at
750 nm) to MA'Pc (Q band at 680 nm). These spectral changescammaanied by
coordination as judged by the initial shift of teband MA*Pc from 750 to 745 nm

before the decrease in the 745 nm and the inciedse 680 nm band.
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Figure 6.14:  Electronic spectral changes of compkon addition of 1 mM nitrite
solution in DMSO to approx. 2 uM solution of thengglexes in DMSO.
(i) initial spectrum, (ii) final spectrum after ®trs.

Reduction was confirmed by addition of oxidantshsas bromine which resulted in the

decrease in the absorption band at 680 nm andthease in the Q band due to ¥rc

(not shown). The catalytic oxidation of nitrite kthe MnPc complexes may be

represented by equations 6.12 to 6.14, Scheme 6.3.

(AcO)Mn3*Pc  + NO; (NO,)Mn3Pc  + AcO (6.12)
(NO,)Mn3+Pc - > Mn2Pc + NO, (6.13)
Mn2+Pc — [Mn 3*Pc] + € (6.14)

Scheme 6.3: Proposed reaction mechanism for MnPcs-modified geldctrode
electrooxidation of nitrite
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Equation 6.12 is proposed due to spectral chartymsrsin Figure 6.14, whereby a shift
of 5 nm is observed on the spectrum of the*n species at 750 nm immediately
following the addition of nitrite. Equation 6.13psoposed as a result of the reduction of
the MrP*Pc complexes to the MiPc species on addition of nitrite. Equation 6.44 i
suggested since the KfPc species is formed in the presence of nitrite &l
electrochemical oxidation will occur from this spec However, the formation of the
Mn?*Pc species is very slow; it took 6 hours to obthi@ spectral changes shown in
Figure 6.14. Hence the reduction of ¥Rc is not expected to occur within the time scale
of cyclic voltammetry and the most likely mechanisim that involving the
Mn**Pc/Mr*Pc couple which would catalyse nitrite oxidationfdse the Mr*Pc is

reduced resulting in a mechanism shown by equaédiisto 6.17 (Scheme 6.4):

(AcO)MNn3Pc  + NO, (NO, )Mn3*Pc + AcO (6.15
(NO,)Mn3Pc o [(NO, )Mn+Pc]* + € (6.16
[(NO, )Mn4Pc]* — »  [Mn3Pc] + NO, (6.17

Scheme 6.4: Proposed reaction mechanism for MnPcs-modified geldctrode
electrooxidation of nitrite

The latter mechanism is proposed on the basis th®atoxidation of nitrite is in the

potential region for the MWPc/MrP*Pc couple, (compare Figure 6.7 and 5.8a). Mn

“IMn** peak is around 0.5 V which is at the foot of tligite oxidation. In the case of

MnPc derivatives, the formation of NOwhich requires one electron, would be the last

step, since the total number of electrons was fdorae one (Table 6.2). Moreover, the

fact that the Tafel slopes for the MnPcs derivatiigeclose to 60 mV dédndicates that
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the fast electron transfer step in equation 6.16liswed by the slow chemical step
represented by equation 6.17. The worse catalgifopnance of the MnPcs derivatives
compared to the FePc and CoPc derivatives is stggpby the close to zero valuesoof

for the MnPcs which as earlier described indichéd product formation is not favoured.

6.2.3 Catalytic effect of the different forms of NiPc conplexes

The electrooxidation of nitrite by the NiPcs moedi electrodes was carried out in
separate experiments; the main aim is to investiga¢ effect of the nature of the NiPc
complexes on catalytic activities.

Figure 6.15 shows the cyclic voltamogramms of 1 mikdite in phosphate buffer (pH
7.4) at (a) an unmodified gold electrode, @@Iy-NiTDMPc-Au electrode, (cyoly-
NiTBMPc-Au electrode, (d) poly-Ni(OH)TDMPc-Au electrode and (e)poly-

Ni(OH)TBMPc-Au electrode.
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Figure 6.15: Cyclic voltamogramms for 1 mM nitrite oxidation jphosphate buffer

pH 7.4 solution at (a) an unmodified Au electrodg poly-NiTDMPc-
Au, (c) poly-NiTBMPc-Au, (d) poly-Ni(OH)TDMPc-Au and (e)oly-
Ni(OH)TBMPc-Au. Scan Rate = 100 mV*s
From Figure 6.15, it can be concluded that:
(1) Better catalysis occurred when the gold eleldravas modified with the complexes
judging from the shifting of peak potential to lgsssitive values (from 0.89 to 0.83 V for
NiTBMPc) and higher peak currents for the modifiettctrodes compared to the
unmodified gold electrode.
(2) Both complexes increased their activities frite electrooxidation when they were
transformed to the ‘O-Ni-O oxo form’, as judgeddhyfts of the peak potential to the less

positive values, for the ‘O-Ni-O’ form (from 0.86 0.80 V for NiTDMPc, and from 0.83

to 0.76 V for NiTBMPc).
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(3) NiITBMPc modified gold electrodes showed bettatalytic activities than the
NiTDMPc modified gold electrodes both before an@afransformation to ‘O-Ni-O oxo

form’, as judged by increase in currents and & shiless positive potentials.

In terms of resistance to electrode surface patssiyasurprisingly there were not

significant differences between the various eletgs) all the modified electrodes showed
resistance to passivation as shown in Figure Gvbich shows only small decreases in
currents with scan numbers. The % decrease betWeefirst and second scan range

from 7.1 — 14.5% while for the subsequent scang weze less than 4%.
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Figure 6.16: The variation of peak currents with scan numbertifi@ voltammetric
response of 1 mM NOon (a)polyNiTDMPc-Au, (b) polyNiTBMPc-
Au, (c) polyNi(OH)TDMPc-Au and (d) poly-Ni(OH)TBMPc-Au.
Buffer = pH 7.4. Scan rate = 100 mV.s
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Figure 6.17 shows the variation of peak currentth witrite concentration at various
poly-NiPc-Au electrodes. In the concentration ramgesen for the catalytic studies in
this work (i.e., 1.0 uM — 1.0 mM), a linear relatsihip between the catalytic currents and
the nitrite concentrations was observed, resulimglopes (sensitivities) of 6.& (0.2)
HA mM? 3.3 ¢ 0.1) pA mM*, 12.6 ¢ 0.9) pA mM* and 11.1 (+ 0.8) pA mM for
poly-NiTBMPc-Au and poly-NiTDMPc-Au, poly-Ni(OH)TBMPc-Au and poly-

Ni(OH)TDMPc-Au respectively, Table 6.2.
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Figure 6.17: The variation of peak currents with nitrite concatibn for the

voltammetric response on (pdly-NiTBMPc-Au, (b) poly-NiTDMPc-
Au, (c) poly-Ni(OH)TBMPc-Au and (d) poly-Ni(OH)TDMPc-Au.
Buffer = pH 7.4. Scan rate = 100 mV.s
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Figure 6.18a shows the typical cyclic voltamograniarsl mM NG, electrooxidation at
different scan rates while Figure 6.18b shows tbegf E, vs. logv for electrooxidation
of 1 mM nitrite solution in phosphate buffer pH @a#all thepoly-NiPc-Au electrodes.
For all the poly-NiPc-Au electrode catalysis of nitrite oxidatiothe peak potentials
shifted with the log of scan rate as shown in Fegéirl8b. This trend indicates that the
electrocatalytic oxidation of nitrite is irrever®® Figure 6.18c shows that there is a
linear relationship between the peak curreydnid square root of the scan rate, indicating
that the nitrite electrocatalytic oxidation is difon controlled. Figure 6.18d further
confirms that the electrooxidation of nitrite byl #he poly-NiPc-Au electrodes are a
catalytic processes judging by the pattern of caiigtained which is typical of catalytic
processe&’ It should be noted that the observations repddethe catalytic oxidation of
nitrite by poly-NiPc-Au electrodes was also observed paly-Ni(OH)TBMPc-GCE,
except that the peak potential did not shift to kbes positive potentials with nitrite

concentration as expected.
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Figure 6.18: (a) Cyclic voltamogramms oélectrooxidation ofl mM nitrite at

different scan rates catalysed pgly-Ni(OH)TBMPc-Au electrode
(b) Plot of E vs. logv (c) Plot of Ip vsv'?and (d) Plot of Jv*? vs.
v for electrooxidation of 1 mM nitrite solution irhpsphate buffer
pH 7.4 on (i)polyNiTBMPc-Au and (ii) polyNiTDMPc-Au, (iii)
poly-Ni(OH)TBMPc-Au and (iv)poly-Ni(OH)TDMPc-Au.
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The mechanism behind the improvement in catalytiiviies when the nickel macro
complexes are transformed to the ‘O-Ni-O oxo fori®’ not fully understood, but
Ni**/Ni** redox process maybe playing a key role in theti@acwith the possibility that
Ni** produced from electrooxidation of ireacts with nitrite ions resulting in the
oxidation of nitrite to nitrate and Rii getting reduced back to Niin the process
(Scheme 6.3). The catalytic oxidation of nitritecois in the same potential range as the
anodic component of the NiNi** process in pH 7.4 buffer (comparing Figure 6.6 and
6.15). The spectroscopic studies (Figure 6.19)hef interaction of comple®87 with
nitrite did not prove any transformation of the qoex; this might be due to the fact that
NiPc complexes are square planar and show no cwdroin of axial ligands. The
calculation of the total number of electron trans@ was found to be approximately 2
for all the electrodes with the exceptionpaly-NiTDMPc-Au electrode which was found
to be 1 electron (Table 6.2). Equations shown ineS® 6.5 are likely to be the reaction
mechanism for the poly-NiTBMPc-Au, poly-Ni(OH)TBMPc-Au and poly
Ni(OH)TDMPc-Au derivatives with the exception goly-NiTDMPc-Au electrodes.
Coordination of nitrite to NiPc complexes was noay@d so an outer sphere mechanism
iIs proposed in Scheme 6.5. Faoly-NiTDMPc-Au electrodes, similar reaction
mechanism for the MnPc derivatives in Scheme 6.&hwked to NQ as the product

could also be proposed.
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Ni2+Pc — [Ni*P@]* + e (6.18)
[Ni3*P&]* + NO, + H,O ——— Ni#Pc> +NO, +2H"+¢€ (6.19)

Scheme 6.5 Proposed reaction mechanism for NiPcs-modified geldctrode
electrooxidation of nitrite

(¢}
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<
450 500 550 600 650 700 750 800
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Figure 6.19: Electronic spectral changes of (a) comp&kon addition of 1 mM

nitrite solution in DMSO to approx. 2 uM solutiohtbe complexes in
DMSO. (i) initial spectrum, (i) final spectrum aft 20 minutes.
Concentration of (i) complex in DMSO = 1 pM and) (nitrite in

DMSO =1 pM.
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6.3 Electrocatalytic oxidation of Sulphite on MPc-SAM

Figure 6.20 shows the cyclic voltamogramms of 1 siNphite in phosphate buffer (pH
7.4) at (i) an unmodified gold electrode and on $Ad complexes (iiB5, (i) 40, (iv)
36, (V) 41, (vi) 34, (vii) 39, (vii) 37 and (ix) 42. All the complexes-SAM electrodes
showed catalysis judging by the significant inceeasthe peak currents. The oxidation
peak for sulphite at unmodified gold electrode wadow redox reaction with a catalytic
potential peak, fat around 0.59 V. With the exception of the NiBesM, the & was
significantly lowered by all the complexes-SAM dledes indicating catalysis, Table

6.3.

(@) 37
36
35 34
I <C
=
Lo
o
unmodified
Au

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
E/V (vs. Ag|AgCl)
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0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8
E/V (vs. Ag|AgCl)

Figure 6.20:  Cyclic voltamogramms for 1 mM sulphite oxidationghosphate buffer
pH 7.4 solution at (i) unmodified gold electroda), ¢complex (ii)34, (iii)
35, (iv) 36, (v) 37, (b) (vi) 39, (vii) 40, (viii) 41 and (ix)42.

The order of catalytic activity in terms of decregspeak current,,l HA is as follows

complex40 (3.8) > complex36 (3.3) > complex37 (3.2) > complex35 (3.1) ~ complex

42 (3.1) > complexdl (2.9) > complex34 (2.7) > complex39 (2.4) while in terms of

peak potential, §V is as follows comple7 (0.64) ~ complexd2 (0.63) < complexd0

(0.55) ~ complex39 (0.54) ~ complex34 (0.54) ~ complex35 (0.54) < complex36

(0.53) < complex1(0.52), Table 6.3.
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Table 6.3: Mechanistic feature of the sulphite oxidation on dv#AM modified Au

electrode
Complex E (V) Ep (V)/ lo Sensitivity | b a k Nt
M" Pc/ (vs. (HA) | (MAmM™
M"Pc (vs. | Ag|AgCl)
Ag|AgCI)?
CoTBMPc 0.23 0.54 3.1 2.96 110 | 0.45| 0.00688 4.1
(35
CoTDMPc 0.10 0.55 3.8 2.82 144 | 0.59| 0.00597 4.6
(40)
FeTBMPc 0.08 0.53 3.3 1.94 236 | 0.75| 0.00356 4.5
(36)
FeTDMPc 0.31 0.52 2.9 3.05 264 | 0.73| 0.00254 3.8
(41)
MnTBMPc 0.11 0.54 2.7 2.51 224 | 0.73| 0.00417 4.3
(34)
MnTDMPc 0.13 0.54 2.4 2.72 239 | 0.75| 0.00381 4.5
(39
NiITBMPc (0.66Y 0.63 3.2 1.68 139 | 0.56| 0.00212 4.2
(37)
NiTDMPc (0.70¥ 0.62 3.1 2.10 140 | 0.57| 0.00253 4.5
(42)

°Ep values from Table 5.5 in pH 7.4 bufféring based redox process in brackets

It should be stated that the catalytic performarfate CoPc, FePc and MnPc derivatives
in terms of lowering the FEvalues for sulphite electrooxidation is comparadote better

than most reported in literatut®**"3"3"The catalytic activities of the complexes-
SAM modified electrodes were also studied for lowencentration (1 uM) sulphite

electrooxidation, Figure 6.21. The unmodified geléectrode (curve i) hardly showed any
catalytic activity in Figure 6.21 while for the abation of sulphite by selected complexes-
SAM modified electrodes, there were significantr@ases in the peak currents; this
observation shows that these modified electrodespatential sensors for real samples

applications.
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
E/V (vs. Ag|AgCl)

Figure 6.21: Cyclic voltamogramms for 1 uM sulphite oxidationpghosphate buffer

pH 7.4 solution at (i) unmodified gold electrodemplex (ii) 35, (iii)
36, (iv) 34 and (v)37.

As shown in Figure 6.22, there were linear relaiops between the catalytic currents

and the sulphite concentrations for the concewmatange chosen for the catalytic

studies in this work (i.e. 0.1-1.0 mM), resultilmgstopes (sensitivities) ranging from 1.68

to 2.96 pA mM' for the various electrodes, Table 6.3.
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Figure 6.22:

Plots of |, vs. [SQ?] at complex &) (i) 34, (ii) 35, (iii) 36, (iv) 37, b)

(v) 39, (vi) 40, (vii) 41 and (vii)42. Scan rate = 100 mV's
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In terms of resistance to electrode surface passijathere were no significant
differences between the various electrodes, all toelified electrodes showed high
resistance to passivation as shown in Figure &2sh shows only small decreases in
current with scan number and mainly observed betviee first and second scan. The %
decrease between the first and second scan range 3t3 — 11.5% while for the

subsequent scans they were less than 5%.
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Figure 6.23:  Plots of }, vs. number of scans for repetitive cycling of 1 mMphite at
complex @) 34, 35 36, 37(b) 39, 40, 41, 42.Scan rate = 100 mV's

Figure 6.24a shows the cyclic voltamogrammsleictrooxidation oflL mM sulphite at
different scan rates catalysed by compl&SAM electrode as an example, it is clear that
the K shifted positively with increase in scan rate. Btbrcomplexes-SAM catalysis of
sulphite oxidation, the peak potentials shifteedirly with the log of scan rate as shown
in Figure 6.24b, this indicates that the electralg@ic oxidation of sulphite is
irreversiblé® and this is in agreement with the pattern of thptite oxidation CV peaks
which did not show any cathodic return peak. Ustigure 6.24b and equation 6.6, Tafel
slopes calculated for both CoPc and NiPc were diod€0 mV de¢ while for the FePc
and MnPc derivatives, they were higher than 200 de¢’. Thus for CoPc and NiPc
derivatives, the Tafel slopes close to 120 mV deulicate that the first one electron
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transfer is the rate limiting step. While for Fedted MnPc derivatives, the slopes of 224
to 264 mV de¢ imply that there were strong interactions betwedlptste ions and the
complexes or chemical reactions coupled with ebettemical step$* The o values
obtained for both CoPc and NiPc derivatives are@pmately 0.5 (Table 6.3) while for
the FePc and MnPc derivatives thealues are greater than 0.5. This observatiomhi®r
CoPc and NiPc derivatives imply that the reactiquildrium favours both reactants and
products while for the FePc and MnPc derivativlas, reaction equilibrium favours the
products more than the reactants. The diffusiorffictent (D) for sulphite is 2.3 x 10
cn’ s1.*% In general, the values of k (Table 6.3, equatidf @rere higher for the CoPc,
FePc and MnPc derivatives compared to the correspgrNiPc derivatives, this may
imply that the former are more efficient in electrivansfer than the latter. Figure 6.24c
shows that there is a linear relationship betwéenpeak current and square root of the
scan rate, indicating that the sulphite electrdgtaoxidation is diffusion controlled.
Using equation 6.8, total number of electrong @alculated for all the electrodes
oxidation of sulphite are in the range 3.8-4.6 (€ah3). The higher number of electrons
obtained for all the MPc complexes could be duethe fact that there may be
electrooxidation of the other form of $0such as hydrogen sulphite, (H§On pH
7.47%° Figure 6.23d further confirmed that the electrdation of sulphite by the
complexes-SAM modified gold electrodes is a catalgtocess judging by the pattern of

curves obtained which is typical of catalytic preses?
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Figure 6.24: (a) Typical cyclic voltamogramms adlectrooxidation ofl mM sulphite
at different scan rates catalysed by compl®&SAM electrodePlots of
(b) E, vs. logyv, (c) I, vs.v*? (d) I, v*? vs.v for electrooxidation of 1
mM sulphite with complexes (B4, (ii) 35, (iii) 36, (iv) 37, (v) 39, (vi)
40, (vii) 41 and (viii) 42 in phosphate buffer pH 7.4

From Figure 6.20, the foot of the oxidation wavedulphite electrooxidation occurred at
around 0.3 V, at this potential metal based oxaatccurs (Table 6.3) for the CoPcs,
FePcs and MnPcs, Scheme 6.6, equation 6.21 and Bh2Z3next step would be the
chemical reaction between the highly oxidising’Rt species for the CoPcs and FePcs
(M*Pc species for MnPcs) with sulphite ions which &ighly reducing with the
participation of water molecules from phosphatefdrupH 7.4 (Scheme 6.6, equations
6.22 and 6.24). The mechanism is very feasibleraast likely to occur since the metal
based oxidation peaks of the complexes are withéenfoot of the oxidation wave for

sulphite oxidation. Similar mechanisms have beepgsed beforéd’>*'"4!%n the case of
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NiPcs, as shown in Figure 5.19d, Chapter 5, medgeth oxidation was not observed
unless they are transformed into ‘Ni oxo bridgerfowhich is not the case for SAMs. In
addition, the NiPcs-SAMs have the more positiyevBlues for sulphite catalytic peak
relative to other MPcs. The mechanism for the NiBAd8/s catalysed sulphite
electrooxidation is most likely to be a ring basete and is proposed in Scheme 6.6,
equations 6.25 and 6.26. As stated above the iswuwit of more than 2 electrons could
be due to electrooxidation of other forms of suighi

Spectroscopic interaction of sulphite and the cexgd were not carried out because of

lack of common solvent for both sulphite ions amel tomplexes.

2M#*PC ———— 2[M3*Pc}* +  2e (6.21)

2[M*Pc]" + so2 * HO ——— 2M*Pc + SO + 2H* (6.22)

where M is Co, Fe

2Mn*Pc  —— 2[Mn#Pc]* + 2e (6.23

2Mn3Pc + SOZ + 2H° (6.24

2[Mn4Pcl* * SO2 * H,0

2Ni2P@ ———> 2N2Pc ;g (6.25

2NiZ*Pc + SOZ + H,0 —— 2Ni2P® + SOZ + 2H* (6.26

Scheme 6.6: Proposed reaction mechanism for Co, Fe, Mn, NiPcdHied gold
electrode electrooxidation of sulphite

2901



Electrocatalytic Properties

6.4 Conclusion

In conclusion, it has been shown in this worlatthu electrodes modified with
NiTBMPc and NiTDMPc complexes exhibited electrocatalytidivéy towards the
oxidation of 4-CP and TCP, and their catalytic\atiés improved in terms of increase in
peak current and shift to less positive peak pa@kntvhen they were transformed to the
poly-Ni(OH)TBMPc andpoly-Ni(OH)TDMPc respectively indicating the participat of
Ni**/Ni** redox process in the catalytic process and inerega$ilm thickness increased
the anti-fouling ability of the films and this caube attributed to complex nature of the
films due to the bulky nature of the substituents.

It has been shown in this work that Au electeod®odified by electropolymerisation
with Co™, F&* and Mri* tetrakis (benzylmercapto) and tetrakis (dodecytmpto)
phthalocyanines exhibited electrocatalytic actiibyvards the oxidation of nitrite. A
linear relationship between the peak currgnanid nitrite concentration was observed for
all the modified complexes, with sensitivities ramyg from 6.9 to 9.9uA mM™. In
comparison with literature, FeTBMPc gave the besalgsis of E(0.66 V vs. Ag|AgCl)
for nitrite oxidation. It was shown that the intetian between the complexes and nitrite
depended on the central metal ions of the MPcsli€Cyoltammetry and spectroscopic
evidences provided insights into the mechanistpeetsof nitrite electrooxidation. For
CoPc, FePc, NiPc derivatives, the total numberlefteon transfer was found to be 2
while for the MnPc derivatives, it was found to heFrom the Tafel slope values, CoPc,
NiPc and FePc derivatives suggest the first onetrele transfer is the rate limiting step.
For the MnPc derivatives, the one electron stepliswed by a slow rate determining-

chemical step. Lastly, for the NiPc derivativesfeTalopes higher than 120 mV dec
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were obtained which indicate strong interactionwaenn nitrite ions and the NiPc
complexes or chemical reactions coupled with ebettemical steps. High stabilities
were exhibited by these modified electrodes evésr aépeated use. Also, Au electrodes
modified with poly-NiTBMPc and poly-NiTDMPc complexes modified exhibited
improved electrocatalytic when they were transfane thepoly-Ni(OH)TBMPc and
poly-Ni(OH)TDMPc, respectively, indicating the importanof NF*/Ni** redox process.

It has been shown in this work that Au eleotodnodified by SAM technique with
Co®*, F€*, Ni** and Mri* tetrakis benzylmercapto and dodecylmercapto pbeyahine
complexes exhibited electrocatalytic activity todethe oxidation of sulphite. The order
of catalytic activity () was found to be FePcs > MnPcs ~ CoPcs > NiPds thig
involvement of metal based redox processes of thiec€, FePcs and MnPcs but ring
based ones for NiPcs. A linear relationship witlhigh sensitivity between the peak
current,  and sulphite concentration was observed for al miodified complexes.
Mechanistic studies of the sulphite electrooxidatising cyclic voltammetry gave for all
the complexes high number of electrons in the raB@e4.6 indicating the possible
electrooxidation of other sulphite form (e.g. H9OTafel slopes obtained for both CoPc
and NiPc were close to 120 mV deindicating that the first one electron transfethis
rate limiting step. While for FePc and MnPc derives, they were higher than 200 mV
dec® which indicate strong interaction between nitiitas and the NiPc complexes or

chemical reactions coupled with electrochemicgste
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General Conclusions and Future Perspective

7.1 General Conclusions

In conclusion, the synthesis, spectroscopic, aadtichemical characterisation of thiol
substituted CoPc, FePc, MnPc, NiPc and ZnPc deresatare presented. High vyields
with satisfactorily spectroscopic and electrochehaharacterisation were obtained. As
expected first oxidation and reduction processe€afc, FePc and MnPc complexes
occurred at the central metal and the ZnPc devieatexhibited ring based processes
only. For the MnPc derivatives, three quasi re\despeaks were observed, one metal
based and two ring based redox couples. The comedOMPc which has a more red
shifted Q band in DCM was easier to reduce tharctmplex MNTBMPc and the other
way around for oxidation, confirming the influeno€ electron donating ability of the
ring substituents on the positions of the redox ptesl Spectroelectrochemistry
confirmed the first oxidation and reduction redaxiples for CoPc, FePc and MnPc to be
metal based redox processes. Spectroelectrochgnailsto confirmed that the redox
couple (I) for both MnPc derivatives as a metal based réoluaf Mn*"Pc to Mrf'Pc
thus confirming the original state of the complexssMri*(Ac)Pc. For the first time,
spectroelectrochemistry gave spectral evidencéhfoformation of Ni*/Ni* process in a
NiPc complex. The voltammetric characteristic Rt species and the spectra of,Ni
Fe" and Cd phthalocyanine complexes are not well known, tiis work further gives
some insight into the spectra of the latter thqgecees which would be helpful to other
researchers.

It was shown in this work that the oxidation®CP and TCP using CoPc&atalyst
and HO, oxidant, in different solvent conditions givesfdient products. Spectroscopic

evidence for the involvement of both the metal phthalocyanine ring oxidised species
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in the mechanism was obtained. Also, it was showat tvarious immobilised

photosensitizers catalysed visible light photolygishlorophenols. Almost similar trends
were obtained for both singlet oxygen generatiom guotoactivity of the MPc

complexes indicating that singlet oxygen playedaomrole in the photolysis reactions.
HPLC traces reveal that the main products of thetgysis are the benzoquinone
derivatives. Significant improvement in ZnOCPc whidegrades rapidly in aqueous
solutions was obtained when immobilised on AmbetlitThe results reported in this
work provide a basis for development of MPc comegexXor the transformation of
chlorophenols in water.

Thiol derivatised complexes, (MTBMPc and MTDMM = C&*, F€*, Mn** and
Ni?*) were successfully deposited on gold electrodesléstropolymerisation. The cyclic
voltammogram evolution during electropolymerisatgitowed that the complexes were
electropolymerised on Au electrodes. In additidacteopolymerisation of the complexes
on Au electrodes were confirmed by similarity ofetlCVs of last scans of the
electropolymerisation with the corresponding CVphosphate buffer pH 7.4 solution.
The films of the NiPc derivatives were electro-sfammed in aqueous 0.1 M NaOH
solution to the ‘O-Ni-O oxo’ bridged form. For bottomplexes, films with different
thickness were prepared and characterised by E5 the results showed typical
behaviour for modified electrodes with increasirtmge transfer resistance valueg, R
with polymer thicknessAlso, electrodes withpoly-Ni(OH)Pcs films exhibited higher
charge transfer resistance values, fRan their correspondingoly-NiPcs films
counterparts. Spectroelectrochemical charactesisabin indium tin oxide (ITO) data

distinguished betweepoly-NiPc andpoly-Ni(OH)Pc films. The complexes (MTBMPc
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and MTDMPc, M = C6&', F¢*, Mn®*" Ni** and Zif") were successfully used to modify
gold electrodes by self assembled monolayer (SAddhrtiique The self assembled films
showed blocking characteristics towards well kno#waradaic processes indicating
formation of stable, well packed and defect fred/BAUsing the [Fe(CN}*/[Fe(CN)] ™
redox system as a guide, it was shown that a gdessitange in molecules orientation
from flat to vertical or multilayer form with incese in SAM formation time to 24 hours
and above occurred. First examples of SAM formatiime optimisation were carried out
using CV technique. The nature of the ring substits of the MPcs was found to
influence the blocking characteristics of the C&2dWs towards [Fe(CN)3/[Fe(CN)]™
redox process.

It was shown in this work that the nature mily-NiPc-Au electrodes modified
(electropolymerisation) with NiTBMPcand NIiTDMPc complexes influenced the
electrocatalytic activity towards the oxidation #{CP and TCP and this indicates the
importance of Ni"/Ni** redox process in the catalytic procdssrease in film thickness
increased the anti-fouling ability of the films. i$hs a significant contribution towards
finding suitable electrocatalysts and sensors vaffective antifouling ability for
chlorophenols analysis. Au electrodes modified legteopolymerisation with Co, F&*
and Mr* tetrakis (benzylmercapto) and tetrakis (dodecytragto) phthalocyanines
exhibited electrocatalytic activity towards the aedion of nitrite. A linear relationship
between the peak curreng,dnd nitrite concentration was observed for all ihadified
complexes. In comparison with literature, bettelalyges were observed in this work in
terms of less positive values of the peak poterftalnitrite electrooxidation. It was

shown that the interaction between the complexes ramite depended on the central
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metal ions of the MPcs. Cyclic voltammetry and $pescopic studies provided insights
into the mechanistic aspect of nitrite electrook@a The studies showed that the
reaction mechanism strongly depends on the cemteshl ions of the thiol-derivatised
MPc complexes. High stabilities were exhibited bgse modified electrodes even after
repeated use. These modified electrodes are thergdotential electrodes for the
development of suitable electrocatalysts for mtokidation as well as in the fabrication
of nitrite electrochemical sensors. Also like i ttase of chlorophenol electrooxidation,
the NiPc derivatives exhibited better electrocdialyactivities after they were
transformed to thepoly-Ni(OH)TBMPc and poly-Ni(OH)TDMPc. In addition, high
stability exhibited by these modified electrodeserevafter repeated use make the
modified electrodes as potential electrodes for tHevelopment of suitable
electrocatalysts for nitrite oxidation as well aghe fabrication of nitrite electrochemical
sensors. It was shown that Au electrodes modifieSAM technique with CO, Fe,
Ni?* and Mri* tetrakis benzylmercapto and dodecylmercapto pbdyahine complexes
exhibited electrocatalytic activity towards the a@edion of sulphite. Metal based redox
catalysis (CoPcs, FePcs and MnPcs) were more exftidhan the ring based ones
(NiPcs). A linear relationship between the peakent; |, and sulphite concentration and
high stability exhibited by these modified eleciesdeven after repeated use make the
modified electrodes as potential electrodes for tHevelopment of suitable
electrocatalysts for sulphite oxidation as well &s the fabrication of sulphite
electrochemical catalysts and sensors. Mechanigtadies of the sulphite
electrooxidation using cyclic voltammetry gave fdf the complexes high number of

electrons in the range 3.8-4.6 indicating the pmsselectrooxidation of other forms of
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sulphite e.g. HS®; more investigation into this will be an interesgfifuture work. Tafel
slopes revealed that CoPcs and NiPcs catalysigviewst one electron transfer as the
rate limiting step and for FePcs and MnPcs, therewg&ong interaction between sulphite

and the complexes judging by the high values oflidue! slopes.

7.2 Future Perspective

Future work on these newly synthesised thiol-déisea MPc complexes may include
exploring their versatility (their abilities to far SAMs and polymer films on gold
electrodes) in applications as electrocatalysts aetsors for biologically and

environmentally important molecules. Further chemasation of the complexes films on
Au electrodes using surface techniques such asy¥imatoelectron spectroscopy (XPS)
and atomic force microscopy (AFM) will be an intgtieg future work. Finally, the

MTBMPc derivatives (benzyl mercapto group) of thekderivatised MPc complexes

are potential precursors for synthesis of MPcs BHH groups as ring substituents.
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