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ABSTRACT

The syntheses of tetra- and octa-substituted phthalocyanine complexes of titanium
(IV) oxide vanadium (IV) oxide and tantalum (V) hydroxide and their
electrochemical characterisation are presented in this work. The structures and
purity of these complexes were confirmed by NMR, infrared and mass
spectroscopies and elemental analysis. They show good solubility in most common
solvents especially non-viscous solvents such as dichloromethane and chloroform.
The cyclic voltammograms (CV) showed reversible to quasi reversible behavior for
all the reduction couples and the oxidation peaks were irreversible.
Spectroelectrochemistry of the complexes confirmed metal and ring redox processes
for TaPc and TiPc derivatives and ring based processes only for VPc complexes. The
synthesis of gold nanoparticles and their conjugation with the new phthalocyanines
was carried out. Similarly, single walled carbon nanotubes were conjugated to
selected tantalum complexes and the characterization of all the nanomaterials and
their conjugates using different techniques that include TEM, XRD and AFM is also

presented in this work.

The photophysical and photochemical properties and photocatalytic oxidation of
cyclohexene properties of the newly synthesised in the presence of gold
nanoparticles were investigated. The compounds were stable, well within the
stability range for phthalocyanines. The singlet oxygen quantum yield values
increased drastically in the presence of gold nanoparticles. The photocatalytic
products obtained from the reaction were cyclohexene oxide, 2-cyclohexen-1-ol, 2-
cyclohexene-1-one and 1,4-cyclohexanediol. The percentage conversion values,
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yields and selectivity values improved significantly in the presence of AuNDPs.
Singlet oxygen was determined to be the main agent involved in the photocatalytic

oxidation of cyclohexene.

The electrocatalytic oxidation of bisphenol A and p-nitrophenol was carried out
using nickel tetraamino phthalocyanine and all the newly synthesised
metallophthalocyanine in the presence of gold nanoparticles and single walled
carbon nanotubes. The charge transfer behaviour of AuNPs was enhanced in the
presence of TaPc, TiPc and VPc complexes. The presence of single walled carbon

nanotubes further improved electron transfer and minimised electrode passivation.
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Introduction

1. Introduction

The aim of this work is to synthesise thio-substituted metallophthalocyanines
(MPc) for application in photo- and electro-catalysis in the absence and presence of
nanomaterials. The interest in nanomaterials is increasing owing to their remarkable
properties, therefore, gold nanoparticles and single walled carbon nanotubes
(SWCNTs) will be synthesised and conjugated with MPcs through simple processes
of self assembly for AuNPs and adsorption for SWCNTs. These processes are made
possible because of the strong affinity of gold for sulphur and by TeTtinteractions for
SWCNTs and MPcs. The SWCNTs will be non-covalently conjugated to selected
synthesised TaPc complexes with the aim of enhancing catalysis, minimising
electrode surface poisoning and improving electrode regeneration. A general
synthetic approach for MPcs and nanomaterials, conjugation and characterisation is

discussed in this chapter.

1.1. Discovery, structure and applications of phthalocyanines.

In 1907, Braun and Tcherniac accidentally discovered a mysterious blue
compound, later characterised as a metal-free phthalocyanine (H:Pc). It was a by-
product in the synthesis of o-cyanobenzamide from phthalamide [1, 2]. Twenty years
later, Diesbach and van der Weid discovered more phthalocyanine derivatives from
the synthesis of o-dibromobenzene and cuprous cyanide [3]. It was only later that the
structure of HoPc was elucidated by Linstead and co-workers [4-7], with the

structure being confirmed by Robertson and co-workers using X-Ray diffraction
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analysis [8-10]. The term “phthalocyanine” was used by Linstead, he related “phthalo’
to its various phthalic acid precursor derivatives and ‘cyanine’ (a Greek term) for the

colour blue.

Phthalocyanines (Pcs) are a class of flexible compounds which have a planar 18-t
electron heterocyclic aromatic system derived from naturally occurring porphyrins
such as porhine (1), Fig. 1.1. Substituting four nitrogen on the meso-CH bridges in
complex 1 gives a porphyrazine (2), Fig. 1.1, and a phthalocyanine (3) is formed from
the fusion of four benzene rings on the pyrrole B-positions. Pcs are formally known

as tetrabenzo - tetraazaporphyrins (TBTAP) [4-7, 11].
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Figure 1.1: Molecular structures of porphyrin - like molecules.

The pyrrole nitrogen atoms form a cavity into which metal ions can be incorporated
[12]. More than 70 metal ions can and have been inserted into the phthalocyanine
cavity by a coordinate-covalent bond between the nitrogen atoms and metal ions to

yield metallophthalocyanines (MPcs, 4), Fig. 1.2.
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Figure 1.2: The structure of metallophthalocyanines (MPcs)

The geometry of MPcs is determined by the size of metal ion in the Pc cavity. An un-
metallated Pc (H2Pc) (3) has a square planar geometry with a Don symmetry. If the
planarity of the MPc complex is maintained following metal ion insertion into the Pc
cavity, the symmetry increases from Dzn to Dsn. The increased symmetry results from
the reduction in the allowed electronic transition of the complex. The diagonal
distance between nitrogen atoms in the Pc cavity is ~ 396 pm [12, 13] and may limit
larger metal ions such as Ta>* [14], Ti** [15] and V#* [16] from fitting perfectly into
the cavity of the Pc. This distorts and reduces the geometry and symmetry of the
macrocycle to Csyv. For example OTiPc has a C4v symmetry [15] and Cl2TiPc has a Dan

symmetry [17].

In cases where a larger metal ion is coordinated to the phthalocyanine ring, the ion
sits on top of the ring and is located between 0.1 and 1.8 A from the plane defined by

the four isoindole nitrogen atoms [18]. This results in an angle (@) of less than 180°
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between the plane of the isoindoline unit and the nitrogen atom - metal ion (N-M)
bond {Fig. 1.3(b)} compared to Fig. 1.3(a) where the angle is 180°. Such a bonding
situation introduces conformational stress into the phthalocyanine ring, particularly

for the sp? isoindoline nitrogen atoms.

Isoindoline unit

@ =180° A

Ve
C=— N—M— N—C

l

D <180°

—Cr/N7M\N —_—C —
l
N -~ M~

N~
C ~

@ _—C o~

(@

o

(b)

Figure 1.3: Model structures of (a) a complex with a small metal ion and (b, c) a

complex with a larger central metal ion during (b) and after rearrangement.

In response to the stress, the phthalocyanine ring restuctures the isoindoline units
rotating them around axis via their Cq atoms {Fig. 1.3(c)}, thereby re-storing the 180°
angle between the isoindoline unit and the N-M bond. After rearrangement, the

molecule maintains a concave shape {Fig. 1.3(c)} [18].

The metal out of plane distances as defined by the four isoindole nitrogen atoms and
the out of plane distances. Metal ions distances in this work vary from 0.575 to 1.234
A [14-16]. These values are rough estimates from work that has been done by a
number of researchers [14-16] where they looked at different MPcs with different
substituents and axial ligands but the same metal centres. From the structure of

vanadium phthalocyanines (OVPc) studied in 1980, Ziolo et al. [16] found that
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vanadium was positioned 0.575 A above the plane. In 1982 Hiller et al. [15] published
the two structures of TiOPc and in both structures titanium was positioned 0.70 and
0.71 A above the plane. The structure of TaFsPc was elucidated by Schweiger et al.
[14] in 1997 where they found that tantalum was positioned at a staggering distance
of 1.234 A above the plane [14]. In this work, phthalocyanines with large metal ions

that include tantalum, titanium and vanadium will be synthesised

MPcs are widely used in a number of applications in the scientific and medicinal
fields. This is owed to their notable properties that include flexibility, chemical,
physical and thermal stabilities. Traditionally, Pcs are used as dyes and pigments for
jeans, inks in pens, ink - jet printing and paints for plastics [12]. They find many
applications in light driven processes such as photocatalysis [12, 19-22], photoredox
reactions [12] and photovoltaic cells [23]. Recently, a lot of attention has been
directed to applications in material science [24-28], in these areas Pcs have been used
as liquid crystals [29-31], Langmuir-Blodgett films [32-35], in electrophotographic
applications [36-38], optical data storage [39-41], in fuel cells [42], electrochemical
sensors [43-45] and in nonlinear optics (NLO) [46-48]. Pcs have also attracted a lot of
attention in medical applications, in particular photodynamic therapy (PDT); a
cancer treatment that uses photosensitizers (Pcs or porphyrins) laser light and

oxygen [1, 49-51].

The interest in this work is to further explore MPcs containing large central metals

for application in photo- and electro- catalysis.
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1.2. The syntheses of phthalocyanines

Synthesis of phthalocyanines is achieved via the cyclotetramerisation of
phthalic acid derivatives that contain nitrogen functional groups. Some of the
classical precursors include phthalonitriles and diiminoisoindolines. The aim of this
work is to synthesise tetra- and octa-substituted metallophthalocyanines with

sulphur bearing substituents.
1.2.1. Unsubstituted phthalocyanines

Unsubstituted phthalocyanines are achieved through a one step condensation
reaction which involves precursors commonly derived from phthalic acid (5) and its
derivatives. Some of the phthalic acid derivatives include o-cyanobenzamide (6),
phthalimide (7), phthalic anhydride (8), o-dibromobenzene (9), diiminoisoindoline

(10) and phthalonitrile (11), Scheme 1.1.
COOH
©[COOH

MX, urea
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€«
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0 \
6 N f 7
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l ? CN

%ﬁﬁ
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MX \ NH
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A
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8 C N
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Scheme 1.1: Various synthetic routes for MPcs from common starting material,

where MX = metal salt.
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Generally, phthalonitriles can be reacted under various reaction conditions to give
either metallated (4) or metal free phthalocyanines (3). Reacting phthalonitriles (11)
with a strong base such as 1,8-diazobicyclo[5.4.0lundec-7-ene (DBU) or 1,5-
dizabicyclo[4.3.0]non-5-en (DBN) in alcohols affords metal free phthalocyanines (3).
This approach generally gives very high yields and is the simplest approach. Metal
free phthalocyanines (3) are guaranteed to form in high yields when a phthalonitrile
(11) is treated with labile metals such as lithium or sodium in n-pentanol or other
alcohols. This affords disodium or dilithium phthalocyanines that can easily be
demetallated by treatment with concentrated H2SOs or glacial acetic acid [5, 52, 53].
Alternatively, phthalonitriles (11) can be converted into 1,3-diiminoisoindoline (10)
in the presence of ammonia gas at room temperature in methanol solution [54]. The
advantage of using 1,3-diiminoisoindoline (10) is that cyclization is achieved without
difficulty. When 1,3-diiminoisoindoline (10) is refluxed in the presence of a
hydrogen donor such as succinonitrile or boiling tetralin, a metal free

phthalocyanine is produced [5, 52].

A phthalonitrile (11), 1,3-diiminoisoindoline (9) or o-cyanobenzamide (6) and an
appropriate metal salt may also be wused to achieve specific metallated
phthalocyanines. Metal-free phthalocyanines (3) can also be used as precursors for
MPcs by refluxing them with the suitable metal salt in high boiling solvents such
quinoline or dimethylformamide [55]. This method however is suitable for metal
ions with small radii that can easily be accommodated into the Pc cavity [55]. For

large scale production of phthalocyanines, phthalic anhydride (8) is often used. This
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method if favoured for its cost effectiveness and simplicity [56, 57], however the

purity of the products is less than when phthalonitriles are employed.

1.2.2. Substituted phthalocyanines

Poor solubility in most common solvents is synonymous with unsubstituted
phthalocyanines. This is derived from the extreme hydrophobicity of the aromatic
core and planarity of the phthalocyanine which causes the molecules to stack up on
each other resulting in highly stable crystal structures with high molecular lattice
energies. The insolubility of Pcs is a major advantage in their use as dyes and
pigments as this guarantees strong attachments to material and resistance against
heat, light and chemicals to avoid fading. However, most applications require
solubility in most common organic solvents and water, therefore in an effort
improve solubility, substituents can be introduced on the phthalocyanine ring either
on the peripheral (B) or non-peripheral (a) positions, (Fig. 1.2). These facilitate

solvation since they increase the distance between the stacked molecules [58,59].

Substitution of phthalocyanines can be achieved by two basic methods. The first
entails the direct substitution onto a preexisting phthalocyanine and a classic
example of this is the sulphonation of phthalocyanines [60]. The second method
(discussed in detail in the sections below) involves the condensation of substituted
precursors and it results in far cleaner reactions. This method will be employed for

the synthesis of MPcs in this work.
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1.2.21. Tetra-substituted phthalocyanines

Introducing substituents on one of the a or 3 positions of the Pc ring results in
tetrasubstituted Pc with improved solubility as well as altered electronic properties.
The condensation of a mono substituted phthalonitrile at either the a (12, 13) or
[ position (15, 16) (Scheme 1.2) affords a mixture of positional tetra-substituted
phthalocyanines (isomers). For o substituted, the symmetry of isomers is Can, Dan,

Cay and Cs with a statictical mixture of 12.5 %, 12.5 %, 25 % and 50 %, in that order

R
CN R, Solvent CN Metal salt, solvent, rf N:/EN/; \IN
—_
catalyst, RT — i
CN CN ~ —1\;1 —
K |

[61, 62].

NO,

R N> \ N
12 13 Eig
R

CN
CN R, Solvent Metal salt, solvent,\rf Iy |
—_—— rd
catalyst, RT R = N—M — R
O,N CN R CN = §
N~ N IN
15 16 2 \7>’

Scheme 1.2: Synthesis of tetrasubstituted MPcs from monosubstituted

phthalonitriles at the non-peripheral (a) (12, 13) and peripheral (B) (15, 16)

positions, rf = reflux.
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The separation of these isomers is theoretically possible due to their different
geometries, but it has only been accomplished for very specific phthalocyanine using
a specially designed high performance liquid chromatography (HPLC) column [59,
63]. Generally the best results of separation are enriched isomeric fractions even in
cases where there is specialised equipment [63]. State-of-the-art fields such as
nonlinear optics require distinct molecular geometries. On the other hand, an
isomeric mixture is often suitable for many applications thus the tedious process of

separating the reaction mixture for individual isomers was not part of this work.
1.2.2.2.  Octasubstituted peripherally and non-peripherally phthalocyanines

The major advantage of preparing octasubstituted phthalocyanines is that
isomerically pure products are obtained which are easier to purify than
tetrasubstituted phthalocyanines. The synthesis entails the cyclotetramerisation of
4,5-disubstituted phthalonitriles (18), Scheme 1.3, to achieve peripherally

octasubstituted phthalocyanines (19).

N
CN % ] ‘ ;
Rm MCl,, catalyst N
R N Solvent (e.g. qumolme,or N
DMF)
18

19

—

Scheme 1.3: Synthesis of octasubstituted MPc from disubstituted phthalonitrile
(18).
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In this work only alkylthio (RS) non-peripherally octasubstituted phthalocyanines
will be synthesised, hence a more detailed explanation is given for the non-

peripherally substituted derivatives.

The method employed for the synthesis of non-peripherally octasubstituted
phthalocyanines was developed by Cook’s group [64]. It involves the use of
dicyanohydroquinone (20) as the starting material. This is followed by the formation
of a triflate (21) that is a result of reacting 2,6-dicyanohydroquinone (20) with p-
toluenesulfonyl chloride and potassium carbonate (a base) in acetone as depicted in
Scheme 1.4. Nucleophilic aromatic substitution of the alkylthio group occurs in the
presence of a base (K2CO3) to afford an alkylthio substituted phthalonitrile (22). The
phthalonitrile (22) is then refluxed in 1-pentanol in the presence of a metal salt and

DBU, which is essential in the cyclisation to form the MPc (23).

H K,CO, Tos R
CN  cu,c,H,50,C1 CN  RrsH,DMSO CN
_— _—
CN ;i;flnx, Acetone CN K,CO,, stir, 12 hrs CN
Is
OH OTos SR
20 21 22

1-Pentanol, metal salt
DBU

—

SR SR
R 7\ R
)
/"IYI"\

N
SR N= =N SR
SR SR
23

Scheme 1.4: Synthesis of non-peripherally substituted alkylthio MPc.
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1.2.2.3.  Survey of the synthesis of TaPc, TiPc and VPc complexes

This work focuses on the synthesis of thio substituted titanium, tantalum and
vanadium phthalocyanines and a selected number of known thio substituted Pcs are
listed and compared in Table 1.1 [65 - 72]. The TiPc complexes are relatively known
compared to the TaPc and VPc as shown in Table 1.1, particularly the tetra
substituted TiPc complexes. The scarcity of TaPc complexes arises from the
difficulties in synthesis caused by the large size of tantalum metal which makes
cyclisation difficult. ClsTaPc [65] and tetra sulphonated tantalum phthalocyanine
{TaPc(SO)s} [66] have been reported. Thio substituted VPc complexes are similarly
not well known and Table 1.1 lists a selection of known VPc complexes and they
include octylpenta thio [67] and tetra-ortho-[(4-t-butyl) thiophenoxy) [68] and ortho-
octadecylthiol [68] substituted VPcs. For this reason, there is a need to synthesise

more thio substituted TiPc, TaPc and VPc complexes.

As Table 1.1 shows, TaPc complexes are not too eminent in the history of
phthalocyanines therefore the syntheses of tetra and octasubstituted TaPc complexes
with thio substituents will be carried out in this work. The complexes that will be
synthesised are shown in Fig. 1.4 and 1.5. Similarly tetra substituted TiPc and VPc
complexes will be synthesised (Fig. 1.4). Alkythio (1-pentane thiol and 1-octanethiol)
and 2-mercaptopyridine were the desired substitutents for reasons that include
improving solubility, lowering oxidation potentials in order to improve
electrocatalytic oxidation and increasing triplet state yields hence increasing singlet

oxygen yields required in photocatalysis.

12
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Table 1.1: A list of selected known TiPc, TaPc and VPc complexes containing alkylthio,

alkylthio substituents on the peripheral and non-peripheral positions.

MPcs Q band Solvent References
absorption(nm)

B-OTiPc(SPh)4 714 DCM [70]
a-OTiPc(SPh)4 747 DCM [70]
B-OTiPc(SCH2Ph)4 714 DCM [70]
a-OTiPc(SCH2Ph)4 746 DCM [70]
B-OTi(SCsHi3)4 720 CHCls [71]
a-OTiPc(SCsHi1)s 808 DCM [72]
B-OTiPc(SCeHis)s 739 CHCls [71]
B-OTiPc(SC2HaN(CHs)2)s | 723 CHCls [69]
B-XTiPc(SC2HsN(CHs)2)e | 720 CHCls [69]
B-OTiPc(SC2H4N(CHs)2)s | 739 CHCls [69]
B-OTiPc(SC2H4N(CH3)2)s | 729 CHCls [69]
ClsTaPc 697 CHCl3 [65]
ClsTaPc(SOs)4 696 DMSO [66]
a-OVPc¢(SCsHi1)s 850 DCM [67]
OVPc(-ortho-SPh-4t- 748 DCM [68]
butyl)s

OVPc(ortho-SC10H11)4 745 DCM [68]

Ph = phenyl, X = catechol

13
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Figure 1.4: Structures of tetrasubstituted TiPc, TaPc and VPc complexes

synthesised in this work.
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Figure 1.5: Structures of octasubstituted TaPc complexes synthesised in this work.

Nickel tetra amino phthalocyanine (NiTAPc, 30) which is not new will also be

employed in this work
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1.3. Electronic absorption spectra for phthalocyanines

Metallophthalocyanines (MPcs) are characterized by two major absorption

bands in the visible region of the spectrum (~ 670 nm), namely the Q band and a

weaker absorption called the B band [73], Fig. 1.6.
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Figure 1.6: Ground

state electronic absorption of

phthalocyanine and (ii) metallated phthalocyanine.

an (i) unmetallated

The assignment of the Q and B bands are based on the four-orbital model (Fig. 1.7),

proposed by Gouterman’s group [73-75]. The Q band arises from 7T - TU transitions

from a1y the highest occupied molecular orbitals (HOMO) of the MPc ring to the

lowest unoccupied molecular orbitals

(LUMO), eg". The symmetry of an

unmetallated Pc, HoPc, is reduced due to the two protons in the cavity and this

results in the splitting of the Q band (Fig.1.6), caused by the eg orbital losing

degeneracy.
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Aoy

Figure 1.7: Electronic transitions in phthalocyanines showing the origin of the Q

and B absorption bands.

Other characteristic bands of MPcs namely the N, L and C bands are found at higher
energies (below 300 nm) in the ground state electronic absorption spectra. They are

primarily due to Tt- 1" transitions [13].

The Q band wavelength is influenced by the position of substituents on the Pc ring
as well as the nature of the substituents (electron donating or withdrawing groups).
Substituting at the non-peripheral (o) position shows a greater shift to the red region
than peripheral () substitution [76]. This is as a result of more destabilisation of the
HOMO when substitution is at the o position compared to P position. Electron
donating substituents such as alkoxy, alkylthio or alky(phenyl)thio groups tend to

shift the spectrum to the red region [77, 78]. This is due to the destabilisation of the

16
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HOMO such that the HOMO - LUMO gap is reduced and thus lower energies are
observed [79]. Electron withdrawing groups such as nitro or sulphonyl groups, tend
to shift the Q band to the blue region [77]. The nature of the central metal as well as
their oxidation state can shift the position of the Q band. A red shift is typically

observed with increase in size of the central metal and its oxidation state [67, 72, 80].

Listed in Table 1.1 are the of UV /Vis data (Q band positions) for a selected number
of TiPc, VPc and TaPc complexes. Noticeably, the a substituted MPc complexes
show a significant red shift in the Q band position compared to [ substituted MPc

complexes. Also, to note is the typical red-shiftness of octa substituted complexes.

1.4. Photophysics and photochemistry

The physical and chemical changes that are induced by the action of light
absorption are represented as studies of photophysics and photochemistry,
respectively. The photochemical studies of the TiPc and TaPc complexes (Fig. 1.4 and
1.5) which are quantified by singlet oxygen and photodegradation quantum yields;
will be carried out in this work. Similarly, photophysical studies will be carried as
well, where triplet quantum yields and triplet lifetimes will be determined.
Phototransformation of cyclohexene using these complexes will be perfomed and all

these studies will also be carried out in the presence of gold nanoparticles.

When a molecule on the ground state (So) absorbs light, it gets excited to the
unoccupied orbitals of higher energy states, S1, as shown by the Jablonski diagram in
Fig. 1.8. In solution, excited molecules are short lived due to collisions and thus

17
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undergo vibrational relaxation (VR) to the first level of S; state. From the Si state the
excited molecules can either loose energy by emitting light (fluorescence, F) or by
releasing heat to the surroundings through internal conversion (IC). Some excited
molecules may undergo intersystem crossing (ISC) into the triplet excited state (T1),
where the energy rich molecules (if long lived) transfer energy to other molecules
through photosensitization (PS) or the molecules may emit light (phosphorescence,

P) and therefore return to their ground state (So) [81].

T1 1C)Z

w

-
(.........

IC PS

30

So y

Figure 1.8: A customized Jablonski diagram showing transitions between the
excited and ground states, where A = Absorption; VR = Vibrational relaxation, IC
= Internal conversion, ISC = Intersystem crossing; F = Fluorescence; P =

Phosphorescence; PS = photosensitization.

1.4.1. Photophysical processes: triplet quantum yield (®Pr) and lifetimes (vr).

The triplet state parameters, the triplet lifetimes (tr) and triplet quantum

yields (®r), were determined using a technique called laser flash photolysis where

18
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the change in absorbance in the triplet state (T1 - T2), which is directly related to the

triplet quantum yield [82], is determined.

The triplet quantum yield (®r) is determined by the triplet absorption comparative

method [82] using zinc phthalocyanine (ZnPc) as a standard, Equation 1.1.

Sd
D, =X .iATTgT (1.1)
A &y

where AAr and AAY are the changes in the triplet state absorbance of the sample
and the standard, respectively. & and & are triplet state molar extinction
coefficients for the sample and the standard, respectively. ®3"is the triplet quantum
yield for the standard, ZnPc. &rand £ were determined from the molar extinction
coefficients of their respective ground singlet state (& and &;), the changes in
absorbances of the ground singlet states (AAs and AAJ") and changes in the triplet

state absorptions, (AA; and AA™) according to Equations 1.2 and 1.3:

& = 55% (1.2)
g3 = g ig : (1.3)

The lifetimes of the triplet state, 7, are determined by fitting data obtained from the

laser flash photolysis into OriginPro 7.5 software, for example.

MPcs with high quantum yields (®r > 0.40) and long triplet lifetimes (tr > 1 ps) are

considered efficient as photosensitisers. The ®r values are influenced by several
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factors which include the nature of the MPc complex and solvent used. Heavy atoms
or substituents bearing heavy atoms such as halogens encourage ISC thus resulting
in high @ values. In addition, phthalocyanines with diamagnetic metals such as Ga
[83], In [84] or Al [85] have larger ®r values and longer triplet lifetimes than

paramagnetic ones such as Cu [86]

1.4.2. Photochemical processes

Photochemical parameters of interest to this work are singlet oxygen (®a) and
photodegradation (®p) quantum yields. These parameters are essential for

photocatalysis.

1.4.2.1. Singlet oxygen quantum yield (Px)

Singlet oxygen (102, 'Ag) is generated when oxygen in its triplet state (?0y)
interacts with a sensitizer (MPc) in a process called photosensitization, (Scheme 1.5,
Equations 1.4 - 1.6; see also Fig. 1.8), where the excited 3MPc" transfers its energy to
molecular oxygen (302) to produce the highly reactive and potent singlet oxygen via

a mechanism called Type II.

MPc + hv M - IMPc* M -  3MPc* (1.4)
SMPc* + 302 M - 102 (1Ag) + MPc (1.5)
10,(1Ag) +MPc [ - Oxidation Products (1.6)

Scheme 1.5: Type II mechanism, where hv = light energy.

It has been observed that following photosensitization, molecular oxygen returns to

its ground state and in an event where there is sufficient molecular oxygen, singlet
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oxygen is produced several times from the same MPc concentration. Eventually,
singlet oxygen will react with the MPc resulting in degradation of the MPc.
Photosensitisation can also take place through Type I mechanism (Scheme 1.6,
Equations 1.7 - 1.12) which involves the production of radical ions following the
interaction of an 3MPc" with molecular oxygen in its ground state to forms

superoxides and hydroperoxyl radicals.

*MPcO + O, —» MPCc”™ + O} (1.7)
*MPcO + Subs - MPc™ + Subs™ (1.8)
MPc™ + O, - MPc + O (1.9)
O, +H,0 -~ OH™ +HO; (1.10)
HO} + HO; - H,0, +0, (1.11)
H,0,+0;" — OH" +OH™ +0, (1.12)

Scheme 1.6: Type I mechanism.

Singlet oxygen may be determined using two methods: (i) using chemical quenchers
(ii) or using luminescence at 1270 nm [87]. In this work a chemical quencher 1,3-
diphenylisobenzofuran (DPBF) was used; it is commonly used as a quencher in
organic solvents. Other examples of quenchers include tetrasodium anthracene-9,10-

bis-methylmalonate (ADMA), thiols, carotene, ascorbate and histidine [87, 88].

The reaction of singlet oxygen with DPBF yields endoperoxides as shown in Scheme

1.7.
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Scheme 1.7: [4+2] cycloaddition of DPBF by singlet oxygen.

After singlet oxygen is generated, it is trapped by a singlet oxygen quencher DPBF
(Scheme 1.7). The disappearance of the quencher is directly related to the production

of singlet oxygen and this is monitored spectroscopically.

To quantify the singlet oxygen generation, quantum yields (®a) of singlet oxygen
will be determined. In 1905, Einstein postulated that one molecule was associated
with one quantum [89], and emphasised the importance of photochemical reactions
in relation to Einstein’ postulation. Consequently, the Photochemical Equivalent
Stark-Einstein law was invented and it states that ‘each molecule that takes part in a
photochemical reaction absorbs one quantum of light” or briefly ‘one molecule one
quantum’. Therefore the quantum yield in this regard is = {Number of reacting

molecules]/[Number of photons absorbed} [89].

Singlet oxygen quantum yield values may be determined using the relative method
[90 - 92], with ZnPc as reference and DPBF as chemical quencher, using Equation

1.13:

Sd
®, =@ .—Rg'j,BF 'Iabs (1.13)
PBF * abs
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where @3¢ is the singlet oxygen quantum yield for the standard, e.g. ZnPc. Rpg:

and R35; are the DPBF photodegradation rates in the presence of a sensitizer under

| Sd
abs

investigation and the standard respectively. Iws and are the rates of light

absorption by the sensitizer and standard, respectively. The singlet oxygen quantum
yield values should, to a certain extent, correspond to the triplet quantum yield
values. The latter has to be greater than the former and the higher the population
and the longer the lifetime in the triplet state, the more likely the chances of getting

notable singlet oxygen quantum yields.
1.4.2.2. Photodegradation quantum yield (Pp)

Photodegradation is a photochemical process that involves the degradation of
the conjugated chromophore of the phthalocyanine into smaller molecular
fragments. This process is initiated and driven by singlet oxygen in the presence of
light to afford the photo-oxidation products, phthalamide, as suggested by

Schnurpfeil et al. [92], Scheme 1.8.

H o~ A
O
g— "

MPC 10, Phthalimide

s 1z
1
?\ /§

Scheme 1.8: [4+2] cycloaddition reaction of MPc with singlet oxygen
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The mechanism suggests that singlet oxygen reacts with tetra-azaporphyrin
derivatives in a Diel-Alder [4+2]-cycloaddition, with the phthalocyanine acting as a

diene and the singlet oxygen as the dienophile.

There are several factors that can influence the process of photodegradation. It has
been reported [93, 94] that electron donating substituents on the phthalocyanine ring
encourage rapid degradation due to the ease of oxidation brought by the presence of
these substituents. Electron-withdrawing substituents, on the other hand have a

tendency to stabilise the phthalocyanine ring, making oxidation difficult to occur.

Solvents also influence photodegradation processes; it has been observed that
solvents such as chloroform and dichloromethane (DCM) encourage
photodegradation due to radicals formed from C-Cl bond cleavage assisting in the
photodegradation process. In aqueous media, photodegradation rates are low,
presumably due to aggregation, given that the generation of singlet oxygen in

aggregates is very low [95, 96].

Photodegradation quantum yield, ®p, indicates the number of molecules degraded
per quantum of light absorbed, this can be used to determine the stability of a
phthalocyanine when exposed to light. Pc photodegradation is identified by the
decrease in absorbance of the Q band of the phthalocyanine under investigation,

without the formation of new peaks in the visible region.

To determine photodegradation quantum yield Equation 1.14 [92] will be employed:

_(C,—CIWN,

(0}
P S

(1.14)
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where C, and C; (mol dm3) are the MPc (under investigation) concentrations before
and after irradiation, respectively; V is the reaction volume; S, the irradiated cell area
(2.0 cm?); t, the irradiation time (s); Na, the Avogadro’s number and I, the overlap
integral of the radiation source intensity and the absorption of the Pc (the action

spectrum) in the region of the interference filter transmittance.

Photostability of MPc complexes is important for photocatalysis (photosensitization).
The photostability of the MPc complexes depends mainly on the type of radiation,
MPcs are more stable in visible light compared to UV irradiation [1]. To mimic what
would happen on a large scale photocatalytic setup, photodegradation experiments
will be performed under the sun for selected MPcs, and for more controlled
experiments, irradiations will be performed under white light (400 to 900 nm) and at

the Q band region.

1.4.3. Survey of the photophysics and photochemistry of selected TiPc and TaPc

complexes

Listed in Table 1.2 are the photochemical and photophysical parameters for
known alkoxythio substituted TiPc complexes and unsubstituted TiPc and TaPc
complexes. Generally, all the substituted TiPc complexes showed good values of ®r
and tr. The @1 values were above 0.40 except for the unsubstituted TiPc complex.
The wunsubstituted TaPc similarly showed good results. The photochemical
parameters, i.e. ®p and Op values were well within the expected range for good
photosensitisers [1] except the stability of these complexes was in the 10 range,

hence relatively unstable compared to the ‘usual’ 10-> range.
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Table 1.2: Photochemical and photophysical parameters of known TiPc and TaPc

complexes.
MPc D7 Tt (US) Dy Dp Reference
(DMSO) | (DMSO) | (DCM) (DCM)

ClsTaPc 0.62 280 - - [65]
OTiPc 0.31 660 - - [65]
OTi(SPh)4 0.82 150 0.86 4.8 x 104 [20]
a-OTi(SPh)s 0.38 150 0.69 5.3 x 104 [20]
OTi(SCH2Ph)4 0.70 200 0.77 4.5 x 104 [20]
a-OTi(SCH2Ph)s | 0.50 150 0.64 5.0 x 104 [20]

DMSO = dimethylsufoxide, DMF = dimethylformamide, DCM = dichlormethane.

The aim of this work is to determine the photochemical and photophysical
parameters of the synthesised TiPc and TaPc complexes (Fig. 1.4 and 1.5) and their
gold nanoparticles conjugates. The aim is to utilise these complexes for the

phototransformation of cyclohexene, briefly discussed below.

1.4.4. Photocatalytic oxidation of cyclohexene

Petroleum companies produce tons of alkanes and alkenes as by products [97].
Since there is increasing need to conserve natural resources, it is essential that such
products be re-used in other industrial processes instead of being disposed. Alkanes
and alkenes can be partially oxidized to fine chemicals such as alcohols, ketones and
aldehydes [98]. Phthalocyanines have been extensively used as enzyme-like catalysts
for the degradation of pollutants such as chlorinated phenols [99 - 101] and

sulfonated compounds [102 - 104], however, their use as photocatalysts has received
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less attention hence their exploration in this work. Photocatalytic oxidation is more
favourable than chemical methods (suing oxidants) since selectivity may be achieved

more readily [105].

Photocatalytic oxidation may take place through Type II mechanism as shown in
Scheme 1.5, where the energy rich MPc interacts with ground state molecular
oxygen to produce singlet oxygen which is involved in the process of
phototransformation. Type I mechanism in some cases has been reportedly [20]

involved in the photooxidation of alkanes and alkenes, however Type II dominates.

The photochemical oxidation of alkenes using porphyrins has received more
attention than when phthalocyanines [106] are used. The major difficulty of using
porphyrins is their weak photostability relative to phthalocyanines, the former
decompose easily, especially in oxidative media [107]. Alkene photo-oxidation using

phthalocyanines has been reported before [19, 105].

No work has been reported on the photocatalytic oxidation of cyclohexene using
TaPc, TiPc or VPc complexes and their gold nanoparticles conjugates. Listed in Table
1.3 are selected MPcs that have been employed in the phototransformation of

cyclohexene.
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Table 1.3: Cyclohexene phototransformation yields by selected MPcs

MPc Solvent % Yield Reference
PdPcS DMEF/HO 19.59 [108]
AlPcS DMEF/H>O 10.62 [108]
ZnPcS DMEF/H>O 6.64 [108]
ZnPc DMEF/CH2Cl> 6.6 [19]

S =S03

Xue et al [108] employed palladium, aluminium and zinc phthalocyanine sulfonate
to selectively photooxidize cyclohexene. The yields were 19.59, 10.62 and 6.64 %,
respectively. It is very interesting to note the increasing percentage yield values with
increase in the central metal size. The percentage yield values for the unsubstituted

ZnPc was the same as the sulfonated ZnPc.

The aim of this work is to use sythesised TaPc and TiPc complexes (Fig. 1.4 and 1.5)
and their conjugates with gold nanoparticles for the oxidation of cyclohexene. VPc
complexes were not studied due to their paramagnetic nature that quenches the
triplet state. Photocatalytic oxidation will take place under white light irradiation
and Q band irradiation to assess the effect of different light exposures on these

experiments.

1.5. Electrochemistry of phthalocyanines

Solution electrochemistry of MPcs is characterised by redox processes

pertaining to metal centres or the phthalocyanine ring. MPcs have their own unique
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redox properties, hence the solution chemistry of the synthesised TaPc, TiPc and VPc

complexes will be carried out.

The dianion nature (i.e. Pc?) of phthalocyanines allows for their reduction or
oxidation. A Pc ring can undergo up to two oxidation processes, that is, Pcl-/Pc?- and
Pc0/Pcl-. This occurs by the removal of electrons from the aiu orbital (HOMO) as
shown in Fig. 1.9. Reduction is achieved as successive additions of electrons as
follows: Pc?2 — Pc3- Pc#-Pc®and Pc®[109] where the e; (LUMO) orbital is filled

up, Fig. 1.9, each species characterised by distinct spectra.

blu
X

eg ‘ ‘

XX X X
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XX —_—l —_—
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Neutral MPc* Ring oxidised MPc!- Ring reduced MPc*

Figure 1.9: Energy levels depicting transitions in leading to oxidation and

reduction of a Pc ring, x = electron.

This kind of redox activity is common in HzPcs and phthalocyanines with metals
that are not redox active, i.e., they do not have d-orbitals between the HOMO and
LUMO gap of the Pc, Fig. 1.10a. Oxidation and reduction of MPcs with redox active
metals may take place on the ring or at the metal. Their metal orbitals lie between the

HOMO and LUMO of the Pc, Fig 1.10b.
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Figure 1.10: A modified energy level diagram for an MPc where the metal d orbitals are
(a) not between the HOMO and LUMO of the Pc and (b) between the HOMO and LUMO,

x = electron.

Several factors that can influence the redox properties of phthalocyanines in solution
include the nature of substituents on the ring, the type of solvent used, nature and
oxidation state of the central metal as well as the nature of the axial ligand [109].
Electron donating substituents increase the electron density making MPcs easier to
oxidise whereas electron-withdrawing substituents decrease electron density thus

making oxidation more difficult and reduction easier.

The newly synthesised TiPc, TaPc and VPc complexes will be characterised using
cyclic voltammetry and the observed redox processes will be confirmed by
spectroelectrochemistry ~which combines electrochemical and spectroscopic
techniques to observe  electrogenerated  products [110-112]. For
spectroelectrochemistry optically transparent thin layer electrodes (OTTLE) are often

employed.
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1.5.1. Survey of the electrochemical properties of TiPc, TaPc and VPc complexes

1.5.1.1. Electrochemistry of TiPc complexes

The electrochemistry of thio-substituted titanium phthalocyanines is not very
well known. The few reported OTiPc are shown in Table 1.4 [70, 72, 113, 114]. Their
electrochemical characteristics are rather unique. One step two electron processes
have been reported [70, 113]. Most TiPc derivatives do not show oxidation processes
and the range of TiPc complexes with low oxidation potentials (important for

electrocatlytic oxidation) has to be increased, hence this study.

Table 1.4: Electrochemical data of TiPc complexes with thio substituents in
dimethyl formamide (DMF) using tetrabutyl ammonium tetrafluoroborate
(TBABEF,). Half-wave potentials (Ei2) as V vs. Ag| AgCl on glassy carbon electrode
(GCE).

Complex Til'lPc%/ | Ti"Pc2/ | TilVPc2%/ | Oxidation References
TilPc3- | TilPc> | TilllPc> | processes

a-OTiPc(SCeHiz)s | - -1.09 -0.73 0.54,0.36,0.95 | [72]
a-OTiPc(SPh)4 -1.33 -0.46 -0.07 No oxidation | [70]
B-OTiPc(SPh)4 -1.20 -0.37 -0.07 No oxidation | [70]

a- OTiPc(SCH2)4 -1.30 -0.40 -0.09 No oxidation | [70]
B-OTiPc(SCH2)4 -1.28 -0.42 -0.09 No oxidation | [70]
B-OTiPc(SPh)s -1.22 -0.38 -0.05 No oxidation | [114]
a-OTiTAPc ~-1.3 -0.84 -0.45 0.75,0.91 [114]
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1.5.1.2. Electrochemistry of TaPc complexes

Tau and Nyokong reported unsubstituted ClsTaPc [65] which only showed
reduction processes. This was expected as Ta has a high oxidation state thus makes
oxidation difficult to take place. Reduction processes were observed at -0.31 V
(TaVPc2/TalVPc?), -0.48 V (TalVPc?/TalVPc3) and -0.98 V (TalVPc?/TalPc#) vs.
Ag| AgCl, a multiple electron process was observed for the last process. Apart from
this report, there is no information in literature on the electrochemistry of TaPc
derivatives. This study reports on substituted TaPc derivatives. The aim is to reduce
oxidation potentials hence increasing the chances of observing oxidation. The ease of

oxidation will enhance their electrocatalytic properties.

1.5.1.3. Electrochemistry of VPc complexes

The electrochemical characterisation of vanadium phthalocyanines has been
reported [67, 115, 116]. However, their scarcity and interesting properties have
prompted new derivatives. Table 1.5 shows redox assignments of selected VPc. The
study carried out by Kadish and co-workers [115] using aryloxy and alkoxy
tetrasubstituted phthalocyanines showed three reduction couples and two oxidation
couples which were all due to ring based processes. Sogabe and co-workers [116]
studied VPc complexes with electron withdrawing groups (flouro) and observed
three reduction couples and only one oxidation couple. The reason for the one
oxidation couple could be due to the electron withdrawing groups which make

oxidation difficult.
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Table 1.5: Electrochemical data of OVPc complexes in DMF containing
tetrabutylammonium perchlorate (TBAP). Half-wave potentials (Ei2) as V vs.
Ag|AgCl.

Complex VIVPc4 | VIVPe3- | VIVPc2 | VIVPcl- | VIVPcO- | References
/VIVPcs- | [VIVPct | /VIVPc3- | [VIVP25- | [VIVPcl-

a- -1.14 -0.89 -0.54 0.68 1.02 [67]

OVPc(SCeHi3)s

OVPc[OCeHs(t- | -1.94 -1.97 -0.51 0.94 1.34 [115]

Bu)2]4

OVPc(OCsHi7)s | -2.07 -1.12 -0.62 0.76 1.21 [115]

OVPc(Bu)4 -1.08 -0.58 0.94 [115]

OVPcFi6Pc -1.41 -0.62 -0.29 1.34 [116]

Thus the range of VPc complexes suitable for electrocatalysis is extended in this
study. The aim of this work is to characterise TiPc, TaPc and VPc complexes using

the electrochemical methods.

1.5.2. Electrocatalysis

Electrocatalysis is defined as the enhancement of electrode kinetics by
material through minimising overpotential. Many electrode reactions occur at high
overpotentials because of unfavourable kinetics [117-120]. To make such
electrochemical reactions useful and cost effective, it is important and necessary to
find an electrocatalyst that will lower overpotentials and speed up reaction rates.
The purpose of an electrocatalyst is to lower activation potentials and increase
sensivity. There are two types of electrocatalysis: heterogeneous and homogeneous.

Heterogeneous electrocatalysis will be employed thus it will be briefly discussed.
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Heterogeneous electrocatalytic processes involve the immobilization of transition
metal complexes, such as the TaPc, VPc or TiPc complexes employed in this work,
on the electrode surface [119]. The catalytic process involves three steps as shown in
Fig. 1.11. The initial process involves the transfer of substrate from the bulk solution
to the electrode surface or within the double layer followed by the exchange of
electrons between the electrode and the substrate and finally the removal of the

products from the electrode surface, which may involve desorption [120].

Immobilised
MPc

e O

/’

< QSpuy
—

R

Electrode surface

Figure 1.11: Schematic representation of heterogeneous electrocatalysis where S is

the substrate and P is the product.
This work involves immobilising MPcs on a gold electrode surface to minimise
overpotentials observed on bare electrodes [121, 122] for the catalysis of phenolic

type compounds.

MPcs have been confirmed as good electrocatalysts for a number of analytes [123,
124]. Their extraordinary catalytic nature is owed to their electron rich structure and

their good thermal and chemical stability. Generally, electrocatalysis has been
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observed at potentials close to the central metal or the ring potentials [124].
Electrocatalysis by MPcs usually starts with the metal or Pc ring reduction or
oxidation. This is followed by a chemical reaction with an analyte to form a product
and finally the regeneration of the catalyst. Equations 1.15 to 1.18 illustrate the action

of electrocatalysis for reduction, where A denotes the analyte and P the product.

MVPc2 + e - MIVPcZ (1.15)
MWVPcz + A - MVPc% + P (1.16)
OR

MVPc? + e - MIVPc3- (1.17)
MIVPc3- + A — MVPc% + P (1.18)

There are several ways of immobilising an electrocatalyst on electrode surfaces and
some methods include drop dry [125] and electropolymerisation [114, 126]. These

two methods will be employed in this work and are discussed below:

» Electropolymerisation:

This method involves the formation of a stable electro-conducting polymer on an
electrode surface. The process involves repetitive cyclic voltammetry of a monomer
that has substituents bearing groups (e.g. N or S) that can easily be oxidised or
reduced. Cyclic voltammetry is used for the formation of polymers on electrode

surfaces such that the potential window for the experiment is within the oxidation or
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reduction potential of the polymerisable moiety of the monomer. In this work, nickel
tetramino Pc (NiTAPc) was employed where the electropolymerisable group was the
NH>. The advantages of this method are: reproducibility and polymer thickness

control.
* Drop-dry:

This method is by far the easiest way to achieve a film on the electrode surface. A
drop of a saturated solution containing the catalyst is placed onto the electrode
surface and solvent is allowed to dry off. Considerable electrocatalysis takes place
even though the uniformity, stability and reproducibility of films using this method

are not too good.
1.5.3. Characterisation of modified electrode surfaces

Modified electrodes are characterised in order to confirm the existence of a
film. Characterisation techniques that were used in this work include cyclic

voltammetry and electrochemical impedence spectroscopy (EIS).
1.5.3.1. Cyclic voltammetry and surface coverage

The surface coverage values are calculated for the adsorbed complexes by
tirst determining the effective area of the electrode (a gold electrode will be used)
using a redox probe system, [Fe(CN)e¢]*>/4-, and applying the Randles-Sevcik

{Equation (1.19)} for a reversible process [127, 128]:

L, = (2.69 x 10%)n3/2DY/%y*/24(, (1.19)
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where D and G, are the diffusion coefficient and bulk concentration of the redox
probe, respectively. n is the number of electrons transferred (n = 1), v is the scan rate

and A is the effective surface area.

The surface coverage values of modified electrodes were estimated by integrating

the charge under the observed redox peak, using equation (1.20).

_Q
rponMTAPc - ﬁ (120)

where Q (C) is the charge under the observed redox peak, n (=1) is the number of
electrons transferred, A is the real surface area of the electrode (calculated from

equation 1.19) and F is Faraday’s constant (95485 C mol-).

1.5.3.2. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a technique used to evaluate
the electrochemical behaviour of electrode surfaces and/or electrolyte material [129]
processes. External parameters that affect the conductivity of an electrochemical

system [129] can be determined using this technique.

EIS makes use of a three electrode set up where electrical voltage or current is
applied to the electrode. The resulting response is monitored and/or recorded. The
overall electronic response is due to microscopic process that take place throughout
the cell. The spectroscopic processes that occur include transport of electrons

through the electronic conductor and movement of charged particles towards an
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electrode through a concentration gradient. The flow rate of the charged particles
depends on the ohmic resistance of the electrode, the type of electrolyte used as well

as the reaction rates at the electrode-electrolyte interfaces [129].

Experimentally obtained impedance data for a given electrode-material system may
be analysed by using electrical equivalent circuits. These circuits (RC circuits) consist
of simple elements such as resistance (R) and capacitance (C) which are connected to
model the electrochemical processes [129, 130]. The resistance in an equivalent
circuit represents the electrical conductivity of the electrolyte (bulk resistance) and
the capacitance (double-layer capacitance) caused by the charge which is in excess at
the electrode-electrolyte interface. The most commonly used equivalent circuit in EIS
is the Ershler-Randles circuit [129], which contains the electrolyte resistance (RE),
charge transfer resistance (Rcr) and the double layer capacitance (C4). Randles
equivalent circuit also takes into account the fact that the reaction rate might be
controlled by the transport phenomenon of electroactive species [129], by having an
extra component called Warburg impedance (Zw). This component is connected in

series with the charge transfer resistance.

Impedance data is graphically represented as a Nyquist plot where the imaginary
part (-Z”, y axis) is plotted versus the real part (Z’, x-axis) of impedance is shown in

Fig. 1.12.
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Figure 1.12: Nyquist plot for the electrochemical system

In this work, EIS will be used to calculate Rct, Re and Cq. Ret values are influenced
by nature of the electrode surface [130] and this gives a better understanding on the

electrocatalytic nature of different films.

1.6. Analytes studied in this work
1.6.1. Bisphenol A (BPA)

Bisphenol A shown in Fig. 1.13 is primarily used to make polycarbonate
plastic and epoxy resins, which are widely used for a number of applications such as
in the manufacturing of baby feeding bottles, food containers, dental sealants and

epoxy food can lining [131].

CH,

Figure 1.13: Structure of bisphenol A.
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BPA is one of the highest volume chemicals produced worldwide [132]. The global
BPA capacity in 2003 was 2.2 million metric tones (~ 6.4 billion pounds) with a 6 - 10
% growth in demand expected per year. It has be proven in both in vivo and in vitro
experiments that BPA acts as an endocrine disrupting chemical (EDC) [133]. The use
of BPA to manufacture daily needed items has prompted speculations about the
possible harmful effects to humans and animals when exposed to BPA. There is
extensive evidence that proves that BPA acts as estrogen mimics. The consequences
of this are associated with human diseases which include ovarian dysfunction or
endometrial hyperplasia and recurrent miscarriages [133, 134]. These dire
consequences of high levels BPA have thus motivated the development of sensors
for detection of BPA at very low concentrations. Various sensitive methods that
include high performance liquid chromatography (HPLC) [135], mass spectrometry
[136] and electrochemical methods [137, 138] have been employed to detect BPA.
The latter method is preferred because there is no need for extensive separation and

preparation before use.

Several electrochemical studies have been carried out to detect BPA using different
electrodes modified with different material including MPcs as shown in Table 1.6
[137 - 141]. Also listed in Table 1.6 are the limits of detection values for BPA by

different electrodes modified with various materials.
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Table 1.6: Detection limit values of BPA using different electrode surfaces.

Sensor Detection limit (uUM) References
CoPc-CPE 0.01 [137]
Tyr-SE-MWCNT-CoPc/GCE | 0.03 [138]
Tyr-MWCNTs paste electrode |1 [139]
Tyr-SWCNT paste electrode 0.02 [139]
Tyr-CPE 0.15 [140]
CPE 0.0075 [141]

CoPc = cobalt phthalocyanine, GCE = glassy carbon electrode, CPE = carbon paste
electrode, MWCNT = multi-walled carbon nanotubes, SWCNT = single-walled
carbon nanotubes, Tyr = tyrosinase, Tyr-SF = tyrosinase silk fibroin

These values were all determined electrochemically. It is quite surprising to note that
incorporation of tyrosinase on MWCNTs in the presence of CoPc and silk fibroin
resulted in less favourable detection limits on CoPc - carbon paste electrode (CoPc-
CPE). CPE electrode alone was the most sensitive. The problem of electrode

passivation and improving detection limits still persist.

The aim of this work is to modify gold electrode surface with the synthesised TiPc,
TaPc, VPc and NiTAPc complexes and use the chemically modified electrodes to
detect BPA. To enhance catalysis, gold nanoparticles will be conjugated with MPc
complexes that have sulphur bearing substituents. To improve passivation, TaPc that
showed the best catalytic sensitivity towards BPA will be adsorbed on single walled

carbon nanotubes.
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Polymers of different thickness will be formed on gold surfaces using NiTAPc
through the processes of polymerisation. To improve catalysis, these polymers will

be converted to ‘O-Ni-O’ bridges.

The transformation of NiPc polymers into ‘O-Ni-O” were reported by Agboola and
co-workers [142, 143] where they observed excellent and improved catalysis after
polymer transformation. They studied the effects of film thickness toward the
electrooxidation of chlorophenols and nitrite where the expectations were high for
thicker films. This was proven otherwise and they deduced that it is the outer layer

of the film that is catalytic.

1.6.2. p-Nitrophenol (PNP)

PNP was detected only with NiTAPc polymer films for comparison with BPA.
Nitrophenols have been extensively used as raw materials for the production of
pesticides, insecticides, herbicides [144], explosives and a variety of synthetic
compounds such as dyes [145]. p-Nitrophenol (PNP), Fig. 1.14, is one of the typical
biorefactory organic compounds and is considered one of the 114 priority toxic
pollutant by the US Environmental Protection Agency [146]. p-Nitrophenol can

damage the liver, kidneys, central nervous system to mention but a few [146].

The increasing contents of this pollutant in the environment have caused many

health problems as well as waste water treatment problems.
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OH

NO

Figure 1.14: Strucuture of p-nitrophenol.

Rezzano and co-workers [147] reported the oxidation of PNP with a nickel-
protoporphyrin IX dimethyl ester (NiPPIX) polymer that was immobilised on a
glassy carbon electrode (GCE) and they observed an oxidation potential of PNP at
1.04 V which was at higher potential than what Obirai and co-workers [148]
observed at a potential of ~ 0.78 V where they used polymerised and transformed
nickel tetra-4-(pyrrol-1-ly)phenoxyphthalocyanine (poly-NiTPhPyPc) to

Ni(OH)TPhPyPc polymer on a GCE.

1.7. Nanomaterials

Nanomaterials can be defined as objects which are at least one dimension,
with sizes that range between 1 and 100 nm [149]. They have attracted a lot of
attention in recent years due to their extraordinary characteristic size. Their chemical
and physical properties depend on their shape and size [150]. They find many

applications in catalysis, imaging, optics and many others.

Part of the focus of this work will be the synthesis of gold nanoparticles, their

conjugation with MPcs, characterisation of both the synthesised nanoparticles and
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their conjugates with MPcs, and finally their application in photo- and
electrocatalyses. In addition, single walled nanoparticles will be utilised in
electrocatalysis to mainly improve passivation by oxidation products and to improve

sensitivity values.

1.7.1. Gold nanoparticles (AuNPs)

1.7.1.1. History, properties and applications

Gold nanoparticles are important materials in nanotechnology and have been
most studied [150]. Historically, solutions of AulNPs have existed since the 5t
century BC. Ancient belief is that these particles had healing powers [151]. In Roman
times, gold and silver colloids were used to colour glass with different intense

colours such as yellow, red or mauve.

As a relatively inert metal, gold is stable in a number of harsh conditions, however
solutions containing I or CN- can dissolve AuNPs [151]. In addition, gold can form
bonds with sulphur [152]. Other than thiols, AuNPs have been successfully

conjugated to alchilamine and phenylphosphines [153].

The electrochemical properties of nanometals are size dependant where the catalytic
properties of AuNPs are believed to originate from their quantum scale [154] and the
large surface-to-volume ratio [155]. Also, AuNPs act as electron antennas; thus

enhance electron transfer in redox reactions.
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One of the well known physical properties of metal nanoparticles is their ability to
absorb visible light due to the surface plasmon resonance (SPR) effect [156, 157]. The
SPR effect is the collective oscillation of conduction electrons (6S! for Au) in the
nanoparticles, which resonates with the electromagnetic field of the incident light
[156, 157]. The position of surface plasmon absorption for spherical AuNPs with a
diameter range of 2 and 100 nm is at ~ 520 nm [158]. AuNPs also exhibit
considerable ultraviolet absorption [158, 159], this is useful for photocatalysis
because it implies that the full solar spectrum can be used for driving photo-initiated
reactions on a large scale. Other applications of AuNPs that utilise the SPR effect
include imaging, sensing, medicine, photonics and optics [160, 161]. AuNPs have

also been used for charge storage and conductivity [162] in memory storage devises

[163,164] and molecular switches [165].

1.7.1.2. Synthesis of gold nanoparticles

The synthesis of gold nanoparticles or metal nanoparticles can be achieved by
physical or chemical methods. Chemical method will be used in this thesis hence

will be discussed.

The common chemical methods for the synthesis of AuNPs are based on the
reduction of a metal salt for example AuCl; in solution to afford nanoparticle
colloids [166]. The two popular methods (the Turkevich and Brust and Shiffrin
methods) involve the reduction of Au+ ions and the chemisorptions or
physisorption of ligands on the surface of the nanoparticle to avoid their coagulation

and precipitation.
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The Turkevich method [167] is well known for obtaining aqueous solutions of gold
nanoparticles that can easily be functionalised. This method involves the reduction
of HAuCL4 in a boiling solution of sodium citrate [168]. The citrate molecules act as

both reducing and stabilising agents for AuNPs.

The Brust and Shiffrin two phase method [169] is mostly used for thiol stabilised
gold nanoparticles that are soluble in organic solvents. A gold metal salt (e.g. AuCls)
is dissolved in water and reacted with tetraoctylammonium bromide (TOABTr) in
toluene which acts as a phase transfer agent. The toluene/water solution is then
mixed thoroughly with a solution of a reducing agent (NaBHa4) in the presence of an
alkanethiol. These particles are called monolayer protected clusters [170] and they
have demonstrated versatility because the thiol monolayer acts an efficient stabiliser

that ensures chemical modification.

1.7.1.3. Metallophthalocyanine - gold nanoparticle (MPc-AuNPs) conjugates

Since MPcs and AuNPs have remarkable catalytic properties, combining these
two entities to further enhance both photo- and electrocatalysis is worth exploring.
The synthesised MPcs will be attached to TOABr-AuNPs to form MPc-AuNPs
conjugates. The photochemical and photophysical parameters of the conjugates will
be carried out to determine their stability under light exposure and their efficiency as
photosensitisers. This will be used in the phototransformation of cyclohexene as well

as electrochemical detectors for BPA.

The photochemical and photophysical properties of the newly synthesised TaPc and

TiPc complexes (Figure 1.4 and 1.5) and their gold nanoparticles conjugates have not
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been studied. The photochemical and photophysical properties VPc complexes were
not studied due to paramagnetic nature of vanadium. Cook and co-workers [171]
have reported the generation of singlet oxygen through a 1,4,8,11,15,18-hexahexyl-
22-methyl-25(11-mercaptoudecyl) phthalocyaninato zinc (HMMZnPc). They
conjugated the HMMZnPc with TOABr-AuNPs to form HMMZnPc-AuNPc and
determined the singlet oxygen quantum yield (®a) values for both the HMMZnPc
and HMMZnPc-AuNPc. They also observed a drastic increase of ®x from 0.45 to 0.65

on conjugation.

In electrochemistry, Pal and Ganesan [172] incorporated zinc phthalocyanines and
silver/gold nanoparticles in mesoporous molecular sieves MCM-41 for use as
electrode modifiers for the reduction of Oz. They compared the different components
individually and found that ZnPc-MCM-41-AuNPs/AgNPs composite showed the

best electrocatalytic response.

1.7.2. Single walled carbon nanotubes (SWCNT)

The history of single walled carbon nanotubes dates back to the early 90s
where they were independently reported in Nature [173, 174] although Oberlin and
co-workers [175] observed a similar structure in 1976. SWCNTs will be conjugated
with TaPc complexes for application in the electrocatalytic detection of BPA with the
aim of enhancing sensitivity, minimising passivation and improving electrode
recovery after catalysis. TaPc complexes were employed since they showed the best

electrocatalytic behaviour.
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1.7.2.1. Properties and applications of SWCNTs

SWCNTs are one dimensional nanometer scale carbon structures [176]. The
structure of SWCNTs can be conceptualised by wrapping a one-atom-thick layer of a
graphene sheet, i.e., an interlinked hexagonal lattice of carbon atoms into a seamless
cylinder [177], Fig. 1.15. The diameter of most SWCNTs is almost 1 nm with a length
that can be many thousand times longer. The interest in these nanomaterials lies in

their remarkable mechanical, electrical and optoelectronic properties [178].

() (b)

Figure 1.15: Schematic representation of SWCNTs (a) graphene sheet like structure

and (b) seamless cylinder like structure.

These nanomaterials show improved features compared to classical materials such
as organic polymers and some semiconductors. In addition, the graphitic surface of
SWCNTs is chemically robust which guarantees stability for long term use [177].
High electrical conductivity, thermal stability and high surface areas [179, 180] are

SWCNTs properties that have found their applications in many areas such as in
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electronics, optoelectronics, sensing, fillers in new generation polymer composites,

therapeutics and diagnostics [180 - 182].

1.7.2.2. Chemical functionalisation of SWCNTs

The high polarizability of SWCNTs and their smooth surface results in strong
van der Waals interaction between the sheets which results in insolubility of these
materials. Their structure is such that it allows for functionalisation at the end of the
tubes as well as the surfaces of the tubes. This enables solubility and chemical
compatibility with other molecules. There are two main ways of modifying or
functionalising SWCNTs: (i) by covalently attaching desired molecules (ii) or by non-
covalent attachment, i.e. adsorption. In this project adsorption was employed and

will therefore be discussed briefly.

Non-covalent modification is as a result of intermolecular bonding which preserve
the T conjugated structure backbone of the nanotubes and thus their instrinsic
electronic and catalytic properties [183 -185]. This functionalisation is best achieved
by planar molecules (e.g. MPcs) that are capable of adsorbing onto the carbon

nanotube surface via TeTtinteractions [186, 187].

The non-covalent linking of SWCNTs with MPcs has been studied extensively. A
few examples include a study by Geraldo and et al. [188] where the electrocatalytic
oxidation of hydrazine was improved by non-covalently linked CoPc on SWCNTs.
Similary, Silva and et al. [189] functionalised SWCNTs with CoPc and
tetrasulfonated NiPc (NiTSPc) by simple adsorption for the electrocatalytic oxidation

of 2-mercaptoethanol (2-ME) and nitric oxide (NO). The electrodes showed high
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stability under hydrodynamic conditions and the modified electrodes enhanced

electron transfer for the electrocatalytic oxidation of 2-ME and NO.

1.7.2.3. Characterisation techniques for nanoparticles

The initial point for characterizing metal nanomaterials is ideally ‘seeing’
them under of microscopes such as transmission electron microscopy (TEM). TEM is
a microscopy technique that produces images from the interaction of electrons with
the specimen. Other than visualizing, TEM offers accurate measurement of particle
size and size distribution [190, 191]. Fig. 1.16 is an example of a TEM image which

shows dispersed AuNPs.

Figure 1.16: A TEM image of AuNPs [Not published].

In addition to TEM, atomic force microscopy (AFM) will be used to characterise the
AuNPs. AFM is a very high resolution type of scanning probe microscopy [192]. An

example of an AFM image of AuNPs is shown in Fig. 1.17
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Figure 1.17: an example of AMF image [193]
X-Ray diffraction (XRD) will also be employed to determine the sizes of the
nanometals [194]. This technique will be employed to determine the size of the

nanoparticles using the Debye-Scherrer Equation 1.21 [194]:

d(A) = (1.21)

LCosé

where k is an empirical constant equal to 0.9, A is the wavelength of the X-ray source,
(1.5405 A), Bis the full width at half maximum of the diffraction peak, and @is the

angular position of the peak.

1.8. Summary of aims

Studies that involve nanomaterials (AuNPs and SWCNTs) and MPcs are on
the increase due to the notable properties of these materials. The key step in this
research is to synthesise new MPcs and conjugate them to nanomaterials (AulNPcs

and SWCNTs) and utilise the conjugates as photo- and electrocatalysts. The critical
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step in improving photocatalytic processes is to develop new catalysts that will
allow use of the most abundant, cheap and green energy source of light energy,
sunlight, i.e. to develop a catalyst that will exhibit absorption throughout the
spectrum of light (~ 280 to 3000 nm). MPcs are known for their strong absorption in
the visible region (~ 670 - 720 nm) of the spectrum with newer MPcs absorbing in
the near infrared regions (750 - 810 nm). AuNPs also absorb visible light and
ultraviolet light considerably. Combining MPcs and AuNPs for light driven
reactions is logical, worth studying and will be applied in the photocatalytic
transformation of cyclohexene. To mimic large scale reactions, photocatalytic
reactions will be exposed to white light, and controlled filtered light (at the Q band

of an MPc).

MPcs and nanomaterials (AuNPs and SWCNTs) are very well known for their
flexibility and hence applications in many fields. In this work, MPcs, AuNPs and
SWCNTs will be employed in the electrocatalytic oxidation of BPA. BPA is used to
make plastics that are used daily, such as microwave plastics, storage containers and
soft drink bottles. The aim is to develop a sensor that will detect BPA commonly
used in plastics such as microwave plastic, using minimal energy at very low
concentrations with minimised electrode passivation (which is almost inevitable
with phenolic type analytes such BPA). If these are successful, proudly it can be said

that a potential simple, cheap and very effective sensor has been developed.

In short, the aims are:

* To synthesise TiPc, TaPc and VPc complexes (Figs. 1.4 and 1.5)
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Synthesise TOABr-AuNPs and conjugate them to synthesised MPcs to form
MPc-AuNPc conjugates.

Study the photophysics and photochemistry of TiPc and TaPc and MPc-
AuNPc complexes and use them for the phototransformation of cyclohexene
To electrochemically detect BPA with the synthesised MPc and MPc-AuNDPs.
Selected TaPc complexes will adsorbed onto SWCNTs and will be used as
electrocatalysts for BPA detection.

To immobilise nickel tetra amino phthalocyanine (NiTAPc) through

polymerisation for use in BPA detection.
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Chapter 2: Experimental
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2. Experimental

This chapter consists of the materials (chemical reagents used for synthesis,
photophysiochemistry and electrochemistry), equipment and experimental

procedures used in this project.

2.1 Materials
Synthesis reagents

1-Pentanethiol, 1-octanethiol, 1,8-diazabicyclo{5.4.0}-undec-7-ene (DBU),
potassium carbonate, 2,3-dicyanohydroquinone (20), p-toluenesulfonyl chloride,
sodium borohydride (NaBHi), tetraoctylammonium bromide (TOABr), gold (III)
chloride and titanium (IV) butoxide, tantalum (V) butoxide, vanadium tetrachloride,
were purchased from Sigma-Aldrich. Column chromatography was performed on
silica gel 60 (0.04 - 0.063 mm), preparative thin layer chromatography was

performed on silica gel 60 P Fas4 and size-exclusion column (bio-beads).

Photophysics and photochemistry reagents

Zinc(II)phthalocyanine (ZnPc), 1,3-diphenylisobenzofuran (DPBE),
cyclohexene, cyclohexene oxide, 2-cyclohexene-1-ol, cyclohexene-1-one, 1,4-
cyclohexanediol and 1,4-diazobicyclo-octane (DABCO) were purchased from Sigma

Aldrich.

Electrochemistry reagents

Ammonium ferrous sulphate, tetrabutylammonium tetrafluoroborate

(TBABF:), KH2POs4 , NaxHPOs4, NaOH, 4-nitrophenol, bisphenol A, and single

55



Experimental

walled carbon nanotubes (SWCNT) (0.7 - 1.2 nm diameter and 2 - 20 um length)
were purchased from Sigma Aldrich. Ultra pure water was obtained from a Milli-Q

Water System (Millipore Corp, Bedford, MA, USA).

Solvents

Toluene, Acetone, acetonitrile, dimethylsulphoxide (DMSO), deuterated
chloroform (CDCl;), tetrahydrofuran (THF), toluene, chloroform (CHCls), 1-
chloronaphthalene, dichloromethane (DCM), 1-pentanol, ethanol, methanol,
dimethylsufoxide (DMSO) and dimethylformamide (DMF) were purchased from

Merck.

2.2. General equipment

R/
°e

Ground state electronic absorption spectra were performed on a Varian Cary

500 UV-Vis-NIR spectrophotometer or Shimadzu UV - 2550

spectrophotometer.

% Infra-red spectra (KBr pellets) were recorded on Perkin Elmer Spectrum 2000
FT-IR Spectrometer.

% 1H nuclear magnetic resonance signals were obtained from a Bruker EMX 400
NMR spectrometer; all solutions were dissolved in deuterated solvents.

% Elemental analysis was performed at Rhodes University using a Vario
Elementor EL111 series.

% Maldi-TOF mass spectrometry was carried out at Rhodes University using a

Bruker Smartbeam TOF/TOF Mass spectrometer. The instrument was
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X/
°e

operated in positive ion mode using an m/z range of 400 - 3000. The voltage
of the ion sources were set at 19 and 16.7 kV for ion sources 1 and 2
respectively, while the lens was set at 8.50 kV. The reflector 1 and 2 voltages
were set at 21 and 9.7 kV respectively. The spectra were acquired using
dithranol as the MALDI matrix, using a 354 nm N laser at Rhodes University
or an ABI Voyager DE-STR Maldi TOF instrument at the University of
Stellenbosch.

Transmission electron microscope (TEM) images were obtained using a JEOL
JEM 1210 transmission electron microscope at 100 kV accelerating voltage.
Atomic force microscopy (AFM) images were recorded in the non-contact
mode in air with a CP-11 Scanning Probe Microscope from Veeco Instruments
(Carl Zeiss, South Africa) at a scan rate of 1 Hz. The images were obtained
using a spring constant range of 20 - 80 N/m, and resonant frequency range
of 217 - 276 Hz and samples for AFM were prepared drying the samples on a
glass slide for ~ 24 hours or spin coating.

X-ray powder diffraction patterns were recorded on a Bruker D8, Discover
equipped with a proportional counter, using Cu-Ka radiation (A = 1.5405 A,
nickel filter). Data were collected in the range from 20 = 5° to 60°, scanning at
1° min! with a filter time-constant of 2.5 s per step and a slit width of 6.0 mm.
Cyclic (CV), chronoamperometry, chronocoulometry and square wave (SWV)
voltammetry experiments were performed using Autolab potentiostat
PGSTAT 302 (Eco Chemie, Utretch, The Netherlands) driven by the General

Purpose Electrochemical System data processing software (GPES, software
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*

version 4.9, Eco Chemie), using a conventional three-electrode system.
Faradaic impedance measurements were performed with Autolab FRA
equipment using a 10 mV rms sinusoidal modulation.

Spectroelectrochemical data was recorded using an optically transparent thin-
layer electrochemical (OTTLE) cell which was connected to a Bioanalytical
System (BAS) CV 27 voltammograph.

The products for the phototransformation of cyclohexene were analyzed
using an Agilent HP 5890 gas chromatograph (GC), fitted with a flame
ionization detector (FID), using a DB-5MS column (0.25 m length, 0.2 mm
internal diameter, 0.25 um film thickness). The GC parameters were as
follows: the initial oven temperature was at 50 °C, maximum oven
temperature was 280 °C, equilibration time was 0.15 min, initial ramp rate
was 10 °C/min at 180°C for 2 min, the second was 10 °C/min at 280°C for 2

min and total run time was 27 min.

2.3. Methods

2.3.1. Photophysical, photochemical and photocatalytic oxidation of cyclohexene

Triplet absorption and decay kinetics were recorded on a laser flash

photolysis system. The excitation pulses were produced by a Nd: YAG laser
(Quanta-Ray, 1.5 ] / 9 ns) pumped tunable dye laser (Lambda Physic FL 3002,
Pyridin 1 dye in methanol) for TiPc complexes (24 and 25). The analyzing beam

source was derived from a Thermo Oriel xenon arc lamp, and a photomultiplier tube
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(PMT) was used as detector. Signals were recorded with a Tektronix TDS 3032C two-
channel digital real-time oscilloscope and the kinetics curves were averaged over 256
laser pulse. Triplet lifetimes were determined by exponential fitting of the kinetic
curves using OriginPro 7.5 software. For TaPc complexes (28, 29a and 29b) a NT342B
series tunable laser system that consists of nanosecond optical parametric oscillator
and Q-switched pump laser (with a pump wavelength of 355 nm and a pulse
duration of 4 - 6 ns) in a single housing was used. It has a maximum pump energy

of 135 m].

General Electric Quartz line lamp (300 W) was employed for the
determination of photodegradation (®r) and singlet oxygen quantum yields (®a),
and for the phototransformation of cycloxehene. A 600 nm glass cut off filter
(Schott) and a water filter were used to filter off ultraviolet and infrared radiations
respectively. An interference filter (Intor, 740 nm for complexes 24, 25 and 28 or 750
nm for complexes 29a and 29b with a band width of 40 nm) was additionally placed
in the light path before the sample, hence ensuring excitation at the Q band only (700
to 780 nm or 710 to 790 nm, respectively), Fig. 2.1(a). Experiments were also
performed where white light (from quartz line lamp) or sunlight was employed. The
wavelength range for unfiltered light is ~ 400 nm to near infrared region {Fig. 2.1(b)};
hence it does not include the B band of phthalocyanines, but covers a wider
absorption region. The unfiltered light will be referred to as white light in this work.
Light intensities were measured with a POWER MAX 5100 (Molelectron detector

incorporated) power meter
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Figure 2.1: Photo-irradiation set-up for (a) filtered and (b) unfiltered light

irradiation.

Singlet oxygen quantum yields of the synthesised MPcs and MPc-AuNPc conjugates
were determined by monitoring the absorbance decay of DPBF at ~ 415 nm in
toluene. To avoid chain reactions induced by DPBF in the presence of singlet oxygen
[92], the concentration of DPBF was lowered to ~ 3 x 10> mol dm3. Solutions of
sensitizer (absorbance = 0.2 at the irradiation wavelength) containing DPBF were

60




Experimental

prepared in the dark and irradiated in the Q band region using the setup described
above. The light intensity for singlet oxygen studies was 5 x 10> photons s cm? for
filtered light (Q band irradiation). The light intensity for the white light was 2 x 101¢
photons s'lcm2. Photodegradation quantum yields were carried in a similar way but
in the absence of a singlet oxygen quencher (DPBF) where the decrease of Q band
absorption with time was monitored spectroscopically. Similarly, the photocatalytic
oxidation of cyclohexene was carried out using the set up described in Fig. 2.1(a). At
different time intervals of the reaction, samples of reaction were injected into the GC
to analyse the product formation. The light intensity for Q band and white light

irradiation was 14 x 10¢ photons s cm-2.

2.3.2. Electrochemical methods

For the electrochemical characterisation of the newly synthesised MPcs, a
glassy carbon electrode (GCE, 3.0 mm diameter) was used as the working electrode.
Silver-silver chloride (Ag|AgCl) and platinum wire were used as pseudo-reference
and counter electrodes respectively. Electrochemical characterisation experiments
were performed in freshly distilled DMF or DCM containing TBABFs as the
supporting electrolyte. Prior to scans, the working electrode was polished with

alumina paste on a Buehler felt pad followed washing with de-ionised water.

Electrode modification was achieved by electropolymerisation and drop-dry
methods on a gold electrode (1.6 mm diameter). Electropolymerisation was achieved
by repetitive cycling of NiTAPc in DMF at 0.1 Vs with TBABF4 as the supporting

electrolyte to form poly-NiTAPc. The polymers were transformed to ‘O-Ni-O’
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bridges by cycling in 0.1 mol L-! solution of NaOH. For the drop-dry method, a drop
of the complex of interest {AuNPc or MPc-AuNPs in toluene or DCM:acetone,
respectively; SWCNT in CHCl3 or TaPc-SWCNT suspended in CHCI3 following
sonication} was placed on the electrode surface and left to dry for ~10 min in the
oven. This allowed for adsorption of the complexes onto the electrode surface. The
removal of the excess catalyst was accomplished by rinsing the electrode in toluene
or DCM (for AuNPs and their conjugates) or CHCl3 (for SWCNT or their conjugates)

followed by acetone before use.

Electrocatalytic experiments were all performed in de-aerated solutions; this was
achieved by bubbling argon prior experiments and the argon atmosphere was
maintained throughout the experiments. pH 7 and 12 phosphate buffer solutions
were prepared from KHxPO4 and Na,HPOs, and NaOH was used to adjust the pH.
A stock solution of 1 x 10-3 mol L1 bisphenol A (BPA) was prepared in a mixture of
deionised water/acetonitrile (60:30 v/v). This solvent mixture was employed due to
the lack of solubility of BPA in water alone. For practical BPA applications, samples
were obtained from a local food market in Grahamstown. Three types of plastic
products were used; microwave plastic from meat package, baby feeding bottle and
a soft drink bottle. Both plastic products were washed thoroughly with water and
soap to remove blood stains and animal fat. The plastic products were then placed in
a big bowl, separately, and exposed to high microwave power for 10 minutes [137].
This was repeated three times on different days. The BPA concentrations were

determined using the standard addition method.
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2.4. Synthesis

NiTAPc is well known and was synthesised according to literature [195]; it is not

reported further in this work.

2.4.1. Synthesis of tetra substituted phthalocyanines using monosubstituted

phthalonitriles, (Scheme 3.1) [196, 197]

3-(2-Mercaptopyrine) phthalonitrile (13).

Under a blanket of nitrogen, 2-mercaptopyridine (4.66 g, 42 mmol) and 3-
nitrophthalonitrile (12) (7.27 g, 42 mmol) were dissolved in DMF (60 mL) and stirred
at room temperature for about 15 minutes. Finely ground K>CO; (15 g, 108 mmol)
was then added portion-wise over a period of 4 hours and the reaction was left to
stir for an additional 14 hours at room temperature. The mixture was added to 100
mL of water and stirred for 30 minutes. The resulting precipitate was filtered off,
washed thoroughly with water, dried and recrystallised in ethanol. Yield 6.47 g (64
%). IR [(KBr) Vimax/cm1]: 3065 (Ar-CH), 2230 (C=N), 1580 (C=C). TH-NMR (CDCls): 6,
ppm 8.42 (1H, d, Ar-H), 7.92 (1H, d, Ar-H), 7.77 (1H, d, Ar-H), 7.70 (1H, t, Ar-H), 7.65

(1H, t, Ar-H), 7.36 (1H, d, Ar-H), 7.18 (1H, t, Ar-H).

4-(2-Mercaptopyrine) phthalonitrile (16).

The synthetic outline for 16 was as described for 13 except 4-
nitrophthalonitrile (15) was employed instead of 12. The quantities for the reagents
employed were: 2-mercaptopyridine (2.33 g, 21 mmol), 4-nitrophthalonitrile (15)
(3.63 g, 21 mmol) and DMF (30 mL). Yield: 5.43 g (55 %). IR [(KBr) Vimax/cm1]: 3095-

3021 (Ar-CH), 2230 (C=N), 1574 (C=C). TH-NMR (CDCL): 8, ppm 8.55 (1H, d, Ar-H),
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7.87 (1H, d, Ar-H), 7.77 (1H, d, Ar-H), 7.74-7.69 (2H, t, Ar-H), 7.42 (1H, t, Ar-H), 7.27

(1H, t, Ar-H).

1,(4) - (2-Mercaptopyridine) pthalocyaninato titanium (IV) oxide (24).

Under a stream of nitrogen, a mixture of titanium butoxide (0.25 g, 1.5 mmol),
3-(2-mercaptopyridine)phthalonitrile (13, 0.5 g, 2.1 mmol), DBU (1.66 mL, 12 mmol)
and 1-pentanol (10 mL) was stirred at 160 °C for 5 hours. After cooling, methanol
was added to the solution. The resulting precipitate was filtered and washed twice
with methanol. Column chromatography over silica was done using CHCl; as
eluent. Yield: 0.17g (38 %). UV/Vis (toluene): Amax (nm) (log €) 335 (4.45) 642(4.10)
720(5.12). IR (KBr): vmax/cm1; 3058 (Ar-H), 1558 (C=C), 1523, 1452, 1345, 1201, 1109,
1093 (C-5-C), 898 (Ti=0O). TH-NMR (CDCl5): 6, ppm: 8.90-9.35 (m, 5H, Pc-H), 8.45-8.89
(m, 7H, Pc-H), 7.75-8.25 (m, 8H, Pyridyl-H), 7.43-7.68 (m, 8H, Pyridyl-H), Calc. for
Cs2HasN12540Ti: C 61.64; H 2.78; N 16.59 %; Found: C 61.07, H 2.90, N 15.78.

MALDI-TOF MS my/z: Calcd.: 1013 amu. Found: [M-H]* 1012 amu.

2,(3) - (2-Mercaptopyridine) pthalocyaninato titanium (IV) oxide (25).

The synthesis of 25 was as outlined for 24 except 16 was employed instead of
13. The amounts of reagents employed were: 16 (0.25 g, 1.05 mmol), titanium
butoxide (0.66 g, 5.26 mmol), DBU (1.66 mL, 12 mmol) and 1-pentanol (10 mL). Yield:
0.18 g (31%). UV/Vis (toluene): Amax (nm) (log €) 335 (5.17) 635(4.80) 701(5.58). IR
(KBr): vmax/cm-1; 3063 (Ar-H), 1560 (C=C), 1523, 1452, 1345, 1201, 1109, 1095 (C-S-C),
900 (Ti=O). TH-NMR (CDCls): 6, ppm: 8.50-9.25 (m, 8H, Pc-H), 7.75-8.49 (m, 4H, Pc-

H), 6.75-7.40 (m, 16H, Pyridyl-H), Calc. for CsxH2sN12540Ti: C 60.61; H 2.74; N 16.29
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%; Found: C 62.09, H 3.01, N 15.96 %. MALDI-TOF MS m/z: Calcd: 1013 amu.

Found: [M-H]J* 10.12 amu.

1,(4) - (2-Mercaptopyridine) pthalocyaninato vanadium (IV) oxide (26).

The synthesis of 26 was as outlined for 24, except vanadium tetrachloride
instead of titanium butoxide was employed. The amounts of reagents employed
were: 13 (0.25 g, 1.05 mmol), vanadium (IV) tetrachloride (0.66g, 3.42 mmol), DBU
(1.66 mL, 12 mmol) and 1-pentanol (10 mL). Yield: 0.37g (63.6%). UV/Vis (Toluene):
Amax (nm) (log €) 335 (4.17) 649(4.13) 730(5.79). IR (KBr): Vmax/cm; 3063 (Ar-H), 1560
(C=C), 1523, 1452, 1345, 1201, 1307, 1285, 1201, 1109, 1095 (C-5-C), 930 (V=0). 'H-
NMR (CDCls): 6, ppm: 8.45-9.30 (m, 8H, Pc-H), 7.70-8.45 (m, 4H, Pc-H), 6.70-7.30 (m,
16H, Pyridyl-H), Calc. for Cs2H2sN12540V.H2O: C 60.44; H 2.73; N 16.25 %; Found: C
60.73, H 3.04, N 15.40 %. MALDI-TOF MS m/z: Calcd: 1016 amu.: 1016 amu. Found:

[M-4H]* 1012 amu.

2,(3) - (2-Mercaptopyridine) pthalocyaninato vanadium (IV) oxide (27).

The synthesis of 27 was as outlined for 24 except 16 instead of 12, and
vanadium (IV) tetrachloride instead of titanium butoxide were employed. The
amounts of reagents employed were: 16 (0.25 g, 1.05 mmol), vanadium (IV)
tetrachloride (0.66g, 3.42 mmol), DBU (1.66 mL, 12 mmol) and 1-pentanol (10 mL).
Yield: 0.28g (47 %). UV /Vis (toluene): Amax (nm) (log €) 337 (4.42) 631(4.91) 705(5.84).
IR (KBr): vmax/cm; 3063 (Ar-H), 1560 (C=C), 1523, 1452, 1345, 1201, 1307, 1285, 1201,
1109, 1095 (C-S-C), 932 (V=0). TH-NMR (CDCls): 6, ppm: 8.45-9.30 (m, 8H, Pc-H),

7.70-8.45 (m, 4H, Pc-H), 6.70-7.30 (m, 16H, Pyridyl-H), Calc. for Cs2H2sN125:0V: C
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61.46; H 2.77;, N 16.54 %; Found: C 62.14, H 2.97, N 15.40 %. MALDI-TOF MS m/z:

Calcd: 1016 amu.: 1016 amu. Found: [M-4H]* 1012 amu.

2,(3) - (2-Mercaptopyridine) pthalocyaninato tantalum (IV) butoxide (28).

The synthesis of 28 was as outlined for 24 except 16 instead of 12, and
tantalum butoxide (V) instead of titanium butoxide were used. The amounts of
reagents employed were: 16 (0.25 g, 1.05 mmol), tantalum (IV) butoxide (0.66 g, 1.21
mmol), DBU (1.66 mL, 12 mmol) and 1-pentanol (10 mL). Yield: 0.25g (42 %).
UV/Vis (Toluene): Amax (nm) (log &) 335 (4.59) 620(4.15) 688(5.74), 710 (5.79). IR
(KBr): vimax/cm; 3063 (Ar-H), 1560 (C=C), 1523, 1452, 1345, 1201, 1307, 1285, 1201,
1109, 1095 (C-S-C), 910, (Ta-O). TH-NMR (CDCls): 6, ppm: 8.32-9.33 (m, 8H, Pc-H),
7.71-8.50 (m, 4H, Pc-H), 6.70-7.30 (m, 16H, Pyridyl-H), Calc. for CszH31N125405Ta: C
52.16; H 2.61; N 14.04 %; Found: C 53.09, H 3.04, N 14.04 %. MALDI-TOF MS m/z:

Calcd: 1197 amu. Found: [M-Ta] 965 amu.

2.4.2. Synthesis of octasubstituted metallophthalocyanes using disubstituted

phthalonitriles (Scheme 3.2) [198, 199]

3,6-Bis(4’-methylphenylsulfonyloxy) phthalonitrile (21).

p-Toluenesulfonyl chloride (10.32 g, 27 mmol) was added to a mixture of 2,3-
dicyanohydroquinone (20) (4.04 g, 12.5 mmol) and potassium carbonate (13.8 g, 50
mmol) in acetone (15 ml). The mixture was refluxed for 2 hours. Thin layer
chromatography (TLC) was performed to determine the consumption of 2,3-
dicyanohydroquinone. The mixture was cooled to room temperature, poured to

water (40 ml) and stirred for 1 hour in water. The light brown product was filtered
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and oven dried to give 21. Yield: 9.51g (79 %) IR [(KBr) vmax/cm1]: 3432, 3239, 3085,
2243, 2226 (CN), 1504, 1449, 1315, 1279, 1204, 1174, 1142, 1021, 1004, 979, 934, 847,

749, 694, 638, 614.

3,6-Di(pentylthio)-4,5-dicyanobenzene (22a).

1-Pentanethiol (2.39 g, 22.9 mmol) was dissolved in DMSO under a nitrogen
atmosphere and 3,6-bis(4’-methylphenylsulfonyloxy) phthalonitrile (21) (4.30 g, 9.18
mmol) was added. The mixture was stirred for 15 minutes and finely ground
anhydrous potassium carbonate (5.07 g, 36.7 mmol) was added in portions for 2
hours while stirring. The mixture was stirred under a nitrogen atmosphere for a
further 12 hours. Water was added and the aqueous phase extracted using
chloroform (3 x 50 ml). The extracts were further treated with 5 % sodium carbonate
solution (2 x 250 ml). The solution was further treated with water (2 x 250 ml) and
the solvent was evaporated off using a rotavapor. The product (22a) was
recrystallised from ethanol. Yield: 2.19g (71.7 %). IR [(KBr)vmax/cm?]: 3084, 2951,
2930, 2864, 2378(S-C), 2225(C=N), 1444, 1283, 1202, 1181, 1173, 1145, 877, 847, 827,
725, 547, 447. TH-NMR(CDCl3):6, ppm 7.49 (2-H,s,Ar-H), 2.99-3.02 (4-H,t, -CH>), 1.63-
1.71 (4-H,m, -CH>), 1.37-1.46 (4-H,m, -CH>), 1.28-1.36 (4-H, m,-CH>), 0.88-0.91 (6-H,

t,-CHas).

3,6-Di(octylthio)-4,5-dicyanobenzene (22b).

Synthesis and purification of 22b were similar to that of compound 22a,
except 1-octanethiol was used instead of 1-pentane thiol. The amounts of reagents

employed  were:  l-octanethiol (239 g 163  mmol), 3,6-bis(4'-
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methylphenylsulfonyloxy) phthalonitrile (21) (4.30 g, 9.18 mmol), ground anhydrous
potassium carbonate (5.07 g, 36.7 mmol). Yield: 1.79 g, (68.1 %). IR [(KBr)vmax/cm1]:
2920, 2850, 2388(S-C), 2225(C=N), 2023, 1637, 1466, 1422, 1204, 1143, 1032. 'H-
NMR(CDCl5):5, ppm 7.40 (2-H,s,Ar-H), 2.98-3.10 (4-H,t, -CH), 1.62-1.75 (4-Hm, -
CH>), 1.61 - 1.50 (4-H-broad m, -CH>), 1.40-1.52 (4-H,m, -CH>), 1.21-1.38 (18-H, m,-

CH>CH2CH).

1,4,8,11,15,18,22,25-Octapentylthiophthalocyaninato tantalum(V) butoxide (29a).

3,6-Dipentylthiophthalonitrile (22a) (0.8 g, 1.20 mmol) in 1-pentanol (7.0 ml)
was refluxed under a nitrogen atmosphere and tantalum (V) butoxide (0.138 g, 0.34
mmol) was added. After the addition of DBU (0.30 ml, 0.86 mmol), the reaction was
continued for 6 hours. The mixture was cooled and column chromatography over
silica was done with CHCI3 as eluent. Yield: 0.25g (42 %). UV/Vis (DCM): Amax (nm)
(log €) 276(6.36) 348(5.62) 722(5.44) 814 (5.81). IR [(KBr) vmax/cm™]: 3290 (OH), 2922,
2852, 2350, 1561, 1459, 1361, 1310, 1279, 1156, 109, 932, 908(Ta-O), 750 (C-S-C). 'H
NMR (400MHz, CDCls): 6, ppm 7.65 (8H, s, Ar-H), 3.20 (16H, broad s, S-CH>), 1.89
(16H, quintuplet, CH>), 1.61 (16H, quintuplet, CH2), 1.50 (16H, sextuplet, CH), 1.0
(24H, t, CHs). Anal. Cal. C722H99NgSsOsTa: C, 55.36, H, 6.38, N, 7.17 %. Found: C,
55.45, H, 7.21, N, 7.92 %. MALDI-TOF MS my/z: Calcd: 1561.52 amu. Found: (M-Ta)

1330 amu.

1,4,8,11,15,18,22,25-Octaoctylthiophthalocyaninato tantalum(V) butoxide (29b).

Synthesis and purification of 29b were similar to that of compound 29a,

except 22b was employed instead of 22a. The amounts of reagents employed were:
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3,6-dioctylthiophthalonitrile (22b) (0.81 g, 1.20 mmol, 1-pentanol (~8 ml), tantalum
(V) butoxide (0.139 g, 0.34 mmol), DBU (0.30 ml, 0.86 mmol). Yield 0.31 (48 %).
UV/Vis (DCM): Amax (nm) (log €) 416(3.82) 662(4.00) 609(3.73) 717 (4.41), 814 (5.76).
IR [(KBr) vmax/cm]: 3419 (OH), 2955, 2920, 2850, 2538, 2400, 1637, 1563, 1432, 1368,
1312, 1281, 1223, 1181, 1142, 1091, 1031, 910, (Ta-O), 867, 787, 751 (C-S-C), 720. 'H
NMR (400MHz, CDCls): 6, ppm 7.51 (8H, s, Ar-H), 3.2 (16H, broad s, S-CH>), 1.90
(32H, quintuplet, CH2), 1.79 (32H, quintuplet, CH), 1.05 (56H, sextuplet,
CH,CH,CHs). Anal. Cal. CoeH147NsSsOsTa: C, 60.72, H, 7.80, N, 5.90. Found: C, 60.92,
H, 8.41, N, 6.42 %. MALDI-TOF MS m/z: Calcd: 1898.16 amu. Found: (M-Ta) 1666.5

amadu.

2.5. Synthesis of nanomaterials.

Synthesis of gold nanoparticles (AuNPs) and MPc-AuNPs conjugates

The synthesis of gold nanoparticles (using phase transfer agent TOABr as a
protecting ligand) was achieved following the method described by Brust et al. [169]
and Kotiaho et al. [200] with slight modifications. Briefly gold (III) chloride
trihydrate solution (25 mmol L1, 4 mL) was vigorously stirred with a solution of
TOABr (85 mmol L1, 6 mL) in toluene until all the gold chloride was transferred to
the organic phase, as judged by the change of colour from orange to red [169, 200].
An aqueous solution of a reducing agent NaBH4 (3.6 x 102 mol L) was then added
drop-wise over a period of 10 minutes. The mixture was then stirred vigorously for

30 minutes. The organic phase was separated and washed with water.
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Solid complexes of conjugates of the newly synthesised MPcs (Figs. 1.4 and 1.5) with
AuNPs were synthesized by mixing the two and allowing time (~28 - 30 hours) for
the MPcs to react with the gold nanoparticles. The solvent (toluene) was then
evaporated. The uncoordinated MPcs derivatives were removed in a size-exclusion

column (bio-beads).

The purification of SWCNT

The SWCNT were purified by following methods described previously in
literature [201] with modification as follows: SWCNT (150 mg) were momentarily
suspended in a mixture of concentrated HNO3:H2SO4 (1:3) and stirred at 70°C for 2
hours. They were subsequently washed with water and dried in the oven overnight
at 70 °C. The 28-SWCNT and 29a-SWCNT conjugates were formed by mixing
complexes 28 or 29a (3.5 mg) and SWCNT (1.0 mg) in CHCI;5 (1.5 mL) and stirred for
~ 12 h. Adsorption of TaPc derivatives onto SWCNT is expected due to Tt
interactions between the two. TaPc complexes were chosen since they showed better

electrocatalytic behaviour.
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3.1 Synthesis and spectroscopic characterisation of phthalocyanines.

3.1.1. Tetrasubstituted metallophthalocyanines (Scheme 3.1.)

CN RSH, CN Metal salt, Pentanol N= ENE SN
EE— | |
K,CO,, RT 120 °C, 5 hrs —M —

CN 7 CN l\l’l

|

o) RS

2 SR N~ 1{1\ N
12 13 851{
M = (24) TiO
= (26) VO

CN RSH, DMF N Metal salt, Pentanol , N |
K,COy RT oo 120°C,5hrs RS ~N—M—N SR

O,N CN CN i |
N N\ N
15 16
Where R = N= RS
M = (25) TiO
=(27) VO
= (28) Ta(OH)3

Scheme 3.1: Synthesis of titanium, vanadium and tantalum (M = Ti'VO, OVY,
(OH);TaV) non peripherally substituted phthalocyanine.

Scheme 3.1 gives the synthetic pathways for TiPc (24 and 25), VPc (26 and 27)
and TaPc (28) complexes discussed in this work. Complexes 13 and 16 were treated
with corresponding metal salts: titanium (IV) butoxide, anhydrous tantalum (V)

butoxide or vanadium (IV) chloride in the presence of DBU as the catalyst to afford
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TiPc (24 and 25), VPc (26 and 27) and TaPc (28) complexes (Scheme 3.1). Titanium,
vanadium and tantalum are large metals that do not to fit perfectly in a
phthalocyanine core centre. Column and preparative thin layer chromatography
with silica gel were employed to obtain the pure products from the reaction
mixtures. The synthesised complexes (24 - 28) are soluble in organic solvents such as
dichloromethane, chloroform chloronaphthalene, dimethylformamide (DMF) and
dimethylsulfoxide (DMSO). The new compounds were characterized by UV-Vis, IR
and NMR spectroscopies, and elemental analysis. The analyses are consistent with
the predicted structures as shown in the experimental section, with the percent
carbon values differing from the calculated values by less than ~1 %. The
disappearance of characteristic C=N stretches in IR spectra confirmed the formation
of the newly synthesised MPcs. Furthermore, the presence of the typical Ti=O
stretches at ~ 898 cm1, V=0 at ~ 930 cm! and Ta-O at ~ 910 cm-! was confirmation
that the TiPc, VPc and TaPc complexes, respectively, were formed. The new
complexes were found to be pure by TH NMR with all the substituents and ring
protons observed in their respective regions. The metal salts employed for synthesis
of the MPc complexes were titanium butoxide, tantalum butoxide and vanadium
tetrachloride, however the axial ligands obtained are oxo and hydroxide as a result
of the purification process and the MPcs are more stable with these axial ligands.
The ground state electronic absorption spectra of the synthesized complexes are
shown in Fig. 3.1. Complexes 24 and 26 {with substituents on the a (non-peripheral)
position show quite broad UV /Vis and red-shifted spectra, Fig. 3.1(a) and (b) curves

(ii), relative to the corresponding complexes (25 and 27) that are - (non-peripheral)
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substituted. This red shifting is typical for MPc with substituents on the a positions
and is explained by linear combinations of atomic orbitals (LCAO) coefficients at the
a positions of the HOMO being greater than those at the  positions. This results in
the destabilisation of the HOMO level, this way reducing the energy level (AE)

between the HOMO and LUMO thus causing a red shift [202, 203].

@ *7 (1) i) ®) .
» 1.6 - (i)
S ¥4 .
s 1.2 - g1.5 - (ii)
5 3
2 0.8 - 5 1 -
< 2

0.4 - <0.5 -
0 ™ ' 0 :
320 520 720 320 520 720
Wavelength (nm) Wavelength (nm)
(© 27
g 1.6 1
5 12
b
g 08 -
Q
< 04 -
0 -
320 420 520 620 720 820
Wavelength (nm)

Figure: 3.1: Ground state electronic absorption spectra of complexes (a) 25 (i) and

24; (b) 27 (i) and 26 (ii); and (c) 28 in toluene. Concentration ~ 1.8 x 10-5 mol L-1.

Table 3.1 summerises the Q band positions of the newly synthesised tetra-

susbtituted MPcs (24 - 28) in toluene.
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Table 3.1: UV-Visible spectra (Q bands only) of MPc derivatives (24 - 28) in

toluene.

MPc Q band (nm)
24 730

25 720

26 705

27 701

28 688, 710

The broadening in the spectra of 24 and 25 could be a result of aggregation or loss of
symmetry due to the presence of bulky groups at the non-peripheral positions.
Aggregation at the concentrations of ~ 1.8 x 10> mol L, Fig.3.1 (a) and (b), was ruled
out since Beer’s law was obeyed for concentrations ranging from 2.85 x 10¢ to 1.34 x
105 mol L-3. Besides, aggregation is expected to be more evident for peripheral
compared to non-peripheral substitution. Furthermore demetallation was ruled out
by the addition of zinc acetate and refluxing in the presence of the complex in 1-
pentanol. Thus the most likely reason for the broadening is the loss of symmetry. It
has been reported that deformation of the Pc ring occurs when methoxyphenyl
substituents are located at non-peripheral positions [204]. The loss of symmetry is
more pronounced for TaPc derivative (28) as judged by the split Q band, Fig. 3.1(c),
Table 3.1, even though this complex is substituted at peripheral positions. This is due
to the large size of the Ta central metal which lies more out of the plane of the ring

when compared to the other central metals because of its size.
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3.1.2. Octasubstituted metallophthalocyanines (Scheme 3.2).

Scheme 3.2 gives the synthesis pathways for the octasubstituted TaPc (29a
and 29b) complexes synthesised in this work. 3,6-Bis(4’-methylphenylsulfonyloxy)
phthalonitrile (21), was used to prepare 3,6-disubstituted phthalonitrile derivatives
(22a and 22b), through base-catalysed nucleophilic aromatic displacement. The
reactions were carried out in DMSO at room temperature and gave yields of 71.7 %
for 22a and 58.1 % for 22b. The syntheses of TaPc complexes (29a and 29b) were
achieved by treatment of substituted 3,6-dicyanobenzenes 22a and 22b with
anhydrous tantalum (V) butoxide in 1-pentanol in the presence of DBU (Scheme
3.2). DBU acts as a nucleophilic base which allows the reaction to proceed under
mild conditions while preventing the formation of side products typical of reactions

that use strong bases [205].
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H K,CO, Tos R
N
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CN Reflux, Acetone CN K,CO,, stir, 12 CN
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N
SR N
SR SR
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Scheme 3.2: Synthesis of tantalum [M = (OH)sTaV for 29a and 29b] non
peripherally substituted phthalocyanine.

Column and preparative thin layer chromatography with silica gel were employed
to obtain the pure products from the reaction mixtures. The synthesised complexes
(29a and 29b) show good solubility in organic solvents such as dichloromethane,
chloroform and chloronaphthalene; and were characterized by UV-Vis, IR, mass and
NMR spectroscopies. The analyses are consistent with the predicted structures as
shown in the experimental section. After conversion into TaPc complexes, the
characteristic C=N stretch at 2225 cm of 1,2-dicyanobenzenes 22a and 22b
disappeared, indicative of metallophthalocyanine formation. The formation of

(OH)sTaPc (containing OH instead of butoxy groups) could be a result of the
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purification process. The presence OH was proved by infrared spectroscopy and C-

S-C vibrations were observed at ~ 750 cm-! [206].

The substituted TaPc derivatives were found to be pure by TH NMR with all the
substituents and ring protons observed in their respective regions, Fig. 3.2. This
figure shows a clean TH NMR spectrum confirming the purity of the complex. The
pentylthio substituted complex 29a showed the resonances belonging to ring protons
as a singlet at 7.65 ppm. Similarly, the octylthio substituted complex 29b showed the

resonances belonging to ring protons as a singlet at 7.51 ppm.
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Figure 3.2: TH-NMR spectrum of complex 29a

Mass spectral studies confirmed the loss of Ta since as already stated Ta is a large
metal and it does not fit properly into the cavity of a phthalocyanine core. Ta ion is
vulnerable to displacement if exposed to harsh conditions such as during ionisation
in mass spectrometry hence the observed mass. However elemental analyses

unequivocally confirmed the formation of the complexes.
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The ground state electronic absorption spectra of complexes 29a and 29b show sharp
Q bands {Figs. 3.3(a) and (b)}, typical of unaggregated MPc complexes. Beer’s law
was obeyed for concentrations ranging from 1.85 x 107 to 2.28 x 10-> mol dm-3. The Q
bands were observed at 808 and 812 nm in DCM for 29a and 29b, respectively, Table

3.2

(a) “ i)
g ) \ / /(u}
E \ \ (iii)
= ]

350 450 550 650 750 850

Wavelength nm.

Absorbance

350 450 550 650 750 850
Wavelength nm

Figure 3.3: Ground state electronic absorption spectra of TaPc complexes 29a (a)
and 29b (b) in (i) CHCls, (ii) chloronaphthalene, (iii) DCM, (iv) THF, (v) toluene. ~

concentrations =1 x105M
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The Q bands were relatively red-shifted when compared to the tetrasubstituted
TaPc (28), and the rest of the tetrasubstituted MPcs in this work (24 - 28). Similarly,
in toluene, the octasubstituted TaPcs (29a and 29b) were more red shifted than the

tetrasubstituted TaPc complex (28).

Table 3.2. UV-Visible spectra of TaPc MPc derivatives in various solvents.

Complex Solvent | Q band (nm)

29a Toluene | 795
THF 804
DCM 808
1-CNP 810
CHCIs 809

29b Toluene | 794
THF 800
DCM 812
1-CNP 815
CHCIs 809

This is typical of MPcs with substituents on the non-peripheral position and also
characteristic of MPc containing sulfur substituents, more so the number and nature
of substituents has increased from four to eight. In terms of solvent, the Q band is
more red shifted in chlorinated solvents: CHCl;, 1-CNP and DCM, Table 3.2. It has
been reported before that there is more red shifting in chlorinated solvents [207]. The
reported [208, 209] trend based on the solvents’ refractive index is not observed in

Table 3.2.
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3.2. Characterisation of AuNPs and SWCNT's - MPc conjugates

Gold nanoparticles show a strong absorption in the visible range due to
surface plasmon resonance (SPR) [156]. The absorption peak is dependent on
various factors such as particle size and shape [156, 157], dielectric constant of the
surrounding solvent and inter-particle size [156, 157, 210]. The size dependence of
absorption spectra has been reported before and has been confirmed by both
theoretical and experimental studies [156,157,211]. The UV-Vis absorption
spectrum of the gold nanoparticles employed in this work, Fig. 3.4, shows an
absorption peak at 520 nm and this is consistent with the reported SPR peak for
gold nanoparticles [211].

After the formation of the MPc-AuNPs conjugates, spectral changes of the TaPc
derivatives were observed. For examples, the Q band for complex 29a alone was
observed at 805 nm, Fig. 3.4(iii), and at 794 nm in the presence of AuNPs, Fig.
3.4(ii), in DCM:acetone solvent mixture, showing a blue shifting. The solvent
mixture was employed to ensure that both AuNPs and TaPc dissolve. The blue
shifting is a result of the increase in the gap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)
in phthalocyanines, normally observed in the presence of electron withdrawing
groups. The blue shift suggests Trdeficiency of the TaPc complexes in the

presence of AuNPs.
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Figure 3.4: UV-Vis absorption spectra of gold nanoparticles (i) AuNPs alone, (ii)
29a-AuNPs, and (iii) 29a alone in DCM:acetone. Size of AuNPs is 20 nm.

Fig. 3.5(a) shows the TEM images of AuNPs {Fig. 3.5(a)} and 25-AuNPs {Fig.3.5(b)}.
Fig. 3.5(a) illustrates the distribution and spherical nature of the gold nanoparticles
employed in this work. Upon conjugation with the complex 25, Fig 3.5(b), the gold
nanoparticles appear to be ‘surrounded” by MPc illustrated by the dark spots. The
AuNPs were stabilized by TOABYy; it is possible for the stabilizer to be replaced by
the alkylthio groups of TaPc derivatives to form a bond, or that the TaPc derivatives

are just adsorbed onto the AuNPs.
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~ 200nm o o 100 nm

Figure 3.5: TEM images of (a) AuNPs in water and (b) AuNPs modified with

complex 25.

Fig. 3.6 shows the XRD pattern for the AuNPs employed in this work, with the
peaks observed at 20 values of 27.41° 31.65°, 38.17°, 45.40° and 56.38°. The average
size for the AuNPs was then worked out to be 10 nm (first batch, used for
electrocatalysis) and 20 nm (second batch, used for photocatalysis), using the

peak that fits the structure database reflection for gold using Equation 1.21.
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Figure 3.6: X-ray diffractogram of AuNPs.
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Atomic force microscopy data, (Fig. 3.7) provided the information about the
morphology of AuNPs on a cross section of the glass surface coating from toluene
in the absence and presence of the TaPc derivatives. The average roughness (Ra)
value of 0.628 nm was obtained for AuNPs alone and the value decreased to
0.0927 nm for AuNP-MPc conjugates. The decrease may be due to aggregation in
the presence of TaPc derivatives. The histogram in Fig. 3.7(c), shows populations
of AuNPs with size distributions from 20 nm and below in the section analysed,

to occur more frequently.
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Figure 3.7: AFM images of AuNPs in the absence (a) and presence (b) of complex
29a deposited on a glass surface from toluene. The corresponding histograms are

shown in (c) and (d).
In Fig. 3.7(d) for AuNPs in the presence of complex 29a there is a domination by
the larger sizes, with size distribution of up to 114 nm, showing increased

aggregation. This indicates that modification of AuNPs with the newly
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synthesised complexeses was successful to some extent. The rough estimates of
the AuNPs sizes from the AFM histograms {Fig. 3.7 (c)} and region analysis were
20 nm and after conjugation with TaPc, the size increased to ~ 40 nm {Fig. 3.7
(d)}-

The purified SWCNT and MPc-SWCNT conjugates were characterised and
visualised using TEM. Fig. 3.8(a) shows the SWCNT alone with rod-like shapes
and closely packed together. Fig. 3.8(b) shows the interaction of SWCNT with
complex 28. The spaces between rod-like SWCNTs seem to be decreased due to

the presence of complex 28 on the SWCNTs.

Figure 3.8: TEM images of (a) SWCNT in toluene (b) SWCNT modified with

complex 28.
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4. Photochemical, photophysical and photocatalytic

properties.

88



Results and discussion

These studies were not performed for VPc complexes (26 and 27) due to the
paramagnetic nature of vanadium which shortens the triplet state. The size of

AuNPs used for these studies was 20 nm.

4.1. Photophysical parameters: triplet quantum yields (@) and lifetimes (t71)

Triplet quantum yield (®1) is a measure of the fraction of light absorbing
molecules that undergo intersystem crossing to the meta-stable triplet excited state.
The competence of phthalocyanines as photocatalysts or photosensitisers depends
on their high triplet quantum yields and lifetimes since they can transfer energy to
ground state oxygen to produce singlet oxygen. A typical triplet decay curve for
complex 24 is shown in Fig.4.1, where the triplet state population decreases with

increase in time.
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Figure 4.1: Triplet decay curve for 24 in toluene, excitation wavelength = 720 nm.
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Table 4.1 gives the triplet quantum yield (®r) values and triplet lifetimes (tr) for the
substituted TiPc and TaPc complexes. ®r values were higher for complexes 24 and
25 (0.67 and 0.62, respectively) complexes compared to the TaPc complex (28) with a
value of 0.28. The low value of ®r for TaPc (28) could be a result of low symmetry
discussed above. It has been reported that loss of symmetry leads to efficient
radiationless deactivation of the lowest excited states of free-base porphyrins [212],
this could be the case for TaPc (28) resulting in low ®r value. However, complexes
29a and 29b also showed good ®r values of 0.56 and 0.47, repectively. AulNPs
improved the triplet quantum yields for 24, 25, 29a and 29b through enhanced spin-

orbit coupling due to heavy atom effect [213], Table 4.1.

Table 4.1. Triplet quantum yield values (®t) and lifetimes (t1) for complexes 24 -

29 and their AuNPs conjugates in toluene.

MPc Dt 11 (US)
24 0.67 79
25 0.62 82
28 0.28 49
29a 0.56 71
29b 0.47 98
24-AuNPs 0.70 34
25-AuNPs 0.74 27
28-AuNps 0.26 20
29a-AuNPs 0.74 42
29b-AuNPs 0.93 18

The presence of the bromide atoms on TOABr (the AuNPs protecting ligand) also
increase intersystem crossing due to heavy atom effect [212]. The increase in ®r
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value was not observed for complex 28. The triplet lifetimes were shorter in the

presence of AuNPs, this corresponds to the increased quantum yield values.

4.2. Photochemical parameters

4.2.1. Singlet oxygen quantum yields (Pa,).

Singlet oxygen quantum yields are an evaluation of a phthalocyanine’s ability
to produce singlet oxygen. The latter plays a significant role in photocatalytic
oxidation reactions [92]. Singlet oxygen quantum yield (®a) values (Table 4.2) were
determined using DPBF as the singlet oxygen quencher in toluene, where the
phthalocyanines were irradiated with light in the Q band region. Following light
irradiation, DPBF decay was monitored spectrophotometrically at ~ 410 nm as
shown in Fig. 4.2 where the rate of DPBF decay is directly proportional to the singlet

oxygen production by the photosensitizer.
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Figure 4.2: Photodegradation of DPBF in the presence of complex 24 in toluene.

The complexes showed relatively good singlet quantum yield values that

ranged from 0.36 to 0.63, with the TaPc complexes 28, 29a and 29b exhibiting the
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lowest values of 0.41, 0.47, and 0.36, due to their relatively low triplet quantum yield
values compared to the TiPc complexes. The ®, value for complex 28 was unusually
larger than its ®r. On introducing AuNPs to the TiPc and TaPc complexes, a drastic
increase of the @ values for the TiPc (24 and 25) and TaPc (29a and 29b) complexes
was observed, Table 4.2., except for complex 28 where there was a surprising

decrease in the singlet oxygen quantum yield.

Table 4.2: singlet oxygen quantum yields of TaPc and TiPc complexes and their

AuNPs conjugates.

MPc @D, in toluene ®, in toluene (MPc-AuNPs)
24 0.63 0.72

25 0.54 0.67

28 0.41 0.23

29a 0.47 0.75

29b 0.36 0.88

The AuNPs promote a higher production of singlet oxygen due to enhanced triplet
excited state yield of the sensitizer. Improved singlet oxygen generation by metal
nanoparticles has been observed and reported by Zhang et al. [214]. Silver
nanoparticles were employed by Zhang et al.[214], and the photosensitizer was
described as being ‘sandwiched” between the silver nanoparticle island films
enabling more singlet oxygen production due to enhanced triplet excited yield of the
sensitizer. Their concept may be related to this study where gold nanoparticles are
employed instead of silver nanoparticles. In addition, it is possible that the presence

of the bromide atoms on the TOABr (the AuNPs protecting ligand) increases the
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energy transfer to the triplet state of TiPc and TaPc complexes in the presence of
AuNP, through heavy atom effect [171], with the exception of complex 28, hence

larger @ values .

4.2.2. Photodegradation quantum yields (Pp).

The process of phthalocyanine photodegradation is initiated and driven by
singlet oxygen in the presence of light [92]. The stability of MPcs is important for
light driven processes such as PDT and photocatalysis, the latter was explored in this
work. For this reason, MPcs were irradiated at the Q band where the light was
filtered such that only the Q band was exposed. To mimic large scale experiments
where sunlight is utilised, white light was also employed and the rate of degradation
was monitored for selected TaPc complexes (29a and 29b) that showed the highest

stability under Q band irradiation.

4.2.2.1. Q band irradiation

The photodegradation stabilities were determined in toluene by monitoring the

spectra of the complexes with time, during photolysis, Fig. 4.3 (a) and (b).
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Figure 4.3: Photodegradation spectra of complex (a) 29a and (b) 24 in toluene. [29a]
~ 3.02 x 105 mol L! and [24] ~2.20 x 10-5 mol L.

The MPc complexes are degraded by singlet oxygen generated by them according to
Scheme 1.8, hence the magnitude of singlet oxygen quantum yield is directly related
to the photodegradation quantum yield. Other factors that can influence ®p include
the nature of the solvent and the substitutents on the phthalocyanine ring. Equation
1.14 was employed to calculate the photodegradation quantum yield values. In

general the TaPc complexes, Table 4.3 were very stable even in the presence of
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AuNPs. Typical values for unstable phthalocyanines are of the order of 10-3 [213].

There was no clear trend regarding ®p values in the presence of AuNPs.

The photodegradation of TaPc derivatives followed first order kinetics with the plots
of In(Co/C) (where C and Cp are absorbances measured for the Q band of the MPc
complex at time t and to, respectively) versus time in seconds, shown in Fig. 4.4 (i
and ii). The slopes of the plots gave the effective reaction rate constants, k. Table 4.3
shows large rate constants for degradation of complexes 29a and 29b which are octa-
substituted with alkylthio substituents, while the k values were lower for the rest of
the complexes which are tetra-substituted with arylthio groups. In the presence of
AuNPs, the rate constants increased for arlythio tetra-substituted complexes, but

decreased for 29a and 29b.
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Table 4.3. Photodegradation quantum yields under Q band irradiation and rate

constants for all TiPc and TaPc complexes in the absence and presence of AuNPs

in toluene.
MPc ®p k (s1)
24 2.29x105 2.76 x 10
25 5.66 x 10 214 x 105
28 520 x 10 5.12 x 106
29a 2.07 x 10° 7.16 x 10
29b 1.45 x 10 7.35 x 105
24-AuNPs 3.73x10° 3.03 x 10
25-AuNPs 218 x10° 3.57 x 10
28-AuNPs 1.80 x 10 6.54 x 10
29a-AuNPs | 2.45 x 10 6.04 x 10
29b-AuNPs | 1.02 x 10-® 4.75 x 105
0.35 -
03 - y = 1.691E-04x_*(i)
0.25 -
% 0.2 - (i)
20.15 -
= 01 - y = 6.035E-05x (iii)
0.05 (iV) y = 4.745E-05x
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Figure 4.4: A plot of In(Cy/C) vs. time for conjugates under white irradiation: 29b-

AuNPs (i) and 29a-AuNPs (ii) and under Q band irradiation: 29a-AuNPs (iii) and

29b-AuNPs (iv). Solvent = toluene.
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4.2.2.2. White light irradiation

The photostability of the TaPc complexes (29a and 29b) also depends mainly
on the type of radiation. These complexes (29a and 29b) were chosen since they
showed more stablility under Q band irradiation (Table 4.3). In general, MPc
complexes are more stable in visible light compared to UV irradiation [215].
Irradiation using white light will include the Q band, but it is more extended than
the Q band irradiation (which ranges from 710 to 790 nm for the TaPc derivatives
under discussion). The selected TaPc complexes (29a) were completely degraded by
exposure to sunlight (for 8 h), Fig. 4.5, whose main intensity is at ~ 550 nm. In order
to study the degradation of the complexes under more controlled conditions, white
light was employed from a tungsten lamp (400 to 900 nm), to photodegrade the

complexes in the presence and absence of AuNPs.
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Figure 4.5: Photodegradation spectra of complex 29a in toluene by direct sunlight.

Concentration ~ 3.10 x 10-5 mol L-1. Irradiation period ~ 8 hours.
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At the wavelength of the tungsten lamp, it is not expected that the excitation will be
at the B band of the phthalocyanine molecule; however, there will be a larger
wavelength range as opposed to the excitation of the Q band only. Thus singlet
oxygen by Type II mechanis (Scheme 1.5) is expected to be the dominant route for
degradation under white light from the tungsten lamp. Photolysis induced by UV
irradiation of the MPc derivatives has been shown to follow first-order kinetics [216].
Plots of In (Co/C) versus time in Fig. 4.4 (i and ii), gave the rate constants for white
light photolysis as listed in Table 4.4. The rate constants are larger for the white light
since a larger range of wavelengths is employed. It is also possible with white light
that heat is involved in the degradation process since near infrared light is involved.
The @, values (Table 4.4) are surprisingly larger for white light compared to Q band

irradiation only for 29b-AuNP and 29a, Tables 4.3 and 4.4.

Table 4.4: Photodegradation quantum yields under white light irradiation and rate

constants in the presence and absence of AuNPs in toluene.

MPc ®p k (s)

29a 2.27 x 106 1.80 x 10
29b 1.17 x 106 1.15 x 104
29a-AuNPs | 2.36 x 106 1.00 x 10
29b-AuNPs | 1.59 x 106 1.70 x 10

In order to check if singlet oxygen is involved during photodegradation in white
light, photobleaching experiments were performed in the presence of

diazabicyclooctane (DABCO); a singlet oxygen scavenger. The photobleaching rate
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constant was calculated to be 8.71 x 10-¢ s'. This rate was slower than the rates listed
in Table 4.3, confirming a significant singlet oxygen involvement in the mechanism.
Thus, it is possible that both singlet oxygen and radicals are involved in the

photobleaching mechanism.

4.3 Photocatalytic oxidation of cyclohexene

Photocatalytic oxidation reactions were carried out under filtered light, i.e. Q
band irradiation and white light irraditation. For the latter, only TaPc complexes
(29a and 29b) and their AuNPs conjugates were selected due to their high stability
compared to the tetrasubstituted TiPc (24 and 25) and TaPc (28) complexes. The
possible oxidation products for cyclohexene have been reported before [19, 108],
they include cyclohexene oxide, cyclohexenol, cyclohexenone and cyclohexanediol.
The products obtained in this work were confirmed by the spiking of the
photocatalysed samples with the respective standards. Control experiments were
performed where cyclohexene was photooxidized in the absence of MPcs and MPc-
AuNPs conjugates. The results for the control experiments showed negligible
formation of the products. Similarly, in the absence of light but in the presence of

TaPc derivatives (with or without AuNPs), no products were formed.

The main products obtained (and confirmed by spiking) are: cyclohexene oxide, 2-
cyclohexen-1-ol, 2-cyclohexene-1-one and 1,4-cyclohexanediol. These are obtained as

main products both by Q band and white light irradiations.
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4.3.1. Percentage conversion values for cyclohexene.

Table 4.5 shows the percentage conversion of cyclohexene using TiPc and
TaPc complexes and their AuNPs conjugates as photocatalysts under Q band
irradiation and white light (for the latter, only complexes 29a and 29b and their
AuNPs conjugates).
The percentage conversion values were generally higher for the MPc-AuNPs with
24-AulNPs and 25-AuNPs conjugates (39.1 and 37.6 %, respectively) having the
highest percentage conversion values, compared to all the free complexes. This is
associated with their increased singlet oxygen quantum yields compared to the
MPcs complexes alone. The percentage conversion variations are shown in Fig. 4.6
for 180 minutes irradiation, for tetrasubstituted complexes, 24, 25 and 28. The first
30 minutes show a drastic increase in the percentage conversion for the TiPc and
TaPc complexes (24, 25 and 28) and their AuNPs conjugates. This is followed by a

slow conversion process until the reaction was stopped at 180 minutes.
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Table 4.5: Percentage conversion of cyclohexene by the listed complexes and

AuNPs conjugates in toluene. Photolysis time = 180 min.

MPc Q band White light
irradiation
% Conversion? % Conversion?
24 274 -
25 19.7 -
28 13.8 -
29a 242 481
29b 18.0 45.2
24-AuNP 391 i
25-AuNP 37.6 ;
28-AuNPs 11.9 .
29a-AuNPs 354 923
29b-AuNPs 304 90.0

(1 - cylohexene |, ) — (1 —cyclohexen e
(1 - cyclohexen €, )

@ o4 conversio n = remaining ) % 100

In the presence of a singlet oxygen scavenger, DABCO [Fig. 4.6 (vii)], the percentage
conversion of complex 24 was very minute (1.97 %) relative to 24 (and the other
complexes in this study) in the absence of DABCO. The low percentage conversion
values in the presence of DABCO suggest that singlet oxygen is the most active
species in the photo-transformation of cyclohexene. On the other hand, the slight
conversion of cyclohexene in the presence of DABCO implies that it is not only
singlet oxygen that is involved; there is a likelihood of involvement of other reactive

oxygen species.
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Figure 4.6: Plots of percentage conversion plots of cyclohexene over a period of 180
minutes for tetrasubstituted TiPc and TaPc complexes, where (i) is 24-AuNPs, (ii)
25-AuNPs, (iii) 24, (iv) 25, (v) 28, (vi) 28-AuNPs and (vii) 24 in the presence of
DABCO in toluene. [24] = 3.1 x 105 mol L1 or [25] = 4.30 x 10> mol L, or [28] = 4.82
x 10> mol L, [cyclohexene] = 4.06 x 10-2. DABCO = 0.0029 g/mL. Irradiation was at
the Q band.

Fig. 4.7 shows the variation of the percentage conversion over a period of 180
minutes for octasubstituted TaPc complexes (29a and 29b). There is a fast increase in
percentage conversion until ~ 50 min, after that there is slow or no increase.
Complexes 29a-AuNPs and 29b-AuNPs gave the highest conversions at all times
compared to complexes 29a and 29b in the absence of AuNPs. The reaction was also
carried out in the presence of DABCO, Fig 4.7(v), it was added until there was no
change in the GC trace of cyclohexene. The percentage conversion for complex 29a
after 180 minutes in the presence of DABCO was ~ 3.5 % - this is small compared to
complexes 29a and 29b and their conjugates in the absence of DABCO. The low
percentage conversion in the presence of DABCO again illustrates that singlet

oxygen is the main agent involved in the photocatalytic oxidation of cyclohexene.
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However, the fact that there is a slight conversion of cyclohexene in the presence of
DABCO suggests that it is not only singlet oxygen that is involved; there is a
possibility of involvement of other reactive oxygen species. To prove that other
radicals were involved, photolysis of cyclohexene in the presence of benzoquinone
(free radical scavenger) was carried out. A decrease of the conversion of less than 1%

was observed illustrating that free radicals were involved.
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Figure 4.7: Plots of percentage conversion plots of cyclohexene over a period of 180
minutes for octasubstituted TaPc complexes, where (i) is 29a-AuNPs, (ii) 29b-
AuNPs, (iii) 29a, (iv) 29b and (v) 29a in the presence of DABCO in toluene. Using
Q band irradiation; [29a] = 2.80 x 10 mol L1 or [29b] = = 5.60 x 10> mol L1,
[cyclohexene] = 4.06 x 10-2. DABCO = 0.0029 g/mL. Irradiation was at the Q band.

The percentage conversion values for catalytic reactions exposed to white light were
high, Table 4.5. The values were 48.1 %, 45.2 %, 92.3 % and 90.0 % for 29a, 29b, 29a-

AuNPs and 29b-AuNPs, respectively.
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4.3.2. Fate of the catalyst

The percentage conversion values were notably higher for white light
compared to Q band irradiation, however the complexes underwent considerable
bleaching during catalysis {Fig. 4.8(a)} in the photocatalytic experiments involving
white light. Less bleaching was observed on irradiation at the Q band, Fig. 4.8(b). In
the presence of AuNPs using white light (or Q band irradiation), the degradation of
the TaPc derivatives was similar to that observed in Figs. 4.8(a) or 4.8(b),
respectively. The alkyl substituents on the TaPc complexes are electron-donating and
are prone to oxidative attack due to the increased electron density. Furthermore, the
complexes conjugated with the AuNPs are prone to degradation as a result of

increased singlet oxygen.
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Figure 4.8: Spectral changes observed for complex 29a during the photocatalytic
transformation of cyclohexene under (a) white light irradiation and (b) Q band

irradiation. Irradiation over 180 min. (i) before and (ii) after photolysis

However, in the presence of DABCO, Fig. 4.9 (ii), photobleaching of the MPc
complexes was minimal, compared to that without DABCO {Fig. 4.9 (iii)} showing

the involvement of singlet oxygen in the photocatalytic oxidation.
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Figure 4.9: Electronic absorption spectra for 29b (i) before photoirradiation, (ii)
after 180 minutes in the presence of DABCO and (iii) after 180 minutes in the
absence of DABCO [29b] = 5.6 x 10> mol L1. [DABCO] = 0.0029 g/mL. Q band
irradiation. Solvent = toluene.

Photobleaching was also experienced during catalysis by the rest of the
phthalocyanines employed for cyclohexene photooxidation Figs. 4.10(a) - (d). The
TaPc complex (28), Fig 4.10(a) alone and in the presence of AuNPs did not
experience extreme photobleaching (due to small @ values) compared to complexes
24 and 25 and their AuNPs conjugates and the other TaPc complexes (29a and 29b).
Complex 24, Fig. 4.10(b), did not experience drastic (~ 50 %) bleaching compared to
its corresponding AuNP conjugate (24-AulNPs) as can be seen in Fig. 4.10(c).
Complex 24-AuNPs was decreased by up to ~ 72 % from the original absorbance.
This supplements and further reiterates the involvement of singlet oxygen in the
photo-transformation of cyclohexene and the photodegradation of MPcs as singlet
oxygen quatum yield values were increased on introducing AuNPs for all complexes
except 28. Similarly, complex 25-AuNPs, Fig. 4.10(d), showed drastic photobleaching

of up to ~ 80 %. In the presence of DABCO (figure not shown) photobleaching of the
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MPc complexes was minimal again illustrating the involvement of singlet oxygen in

the photo-oxidation reactions.
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Figure 4.10: Spectral changes observed for complex (a) 28, (b) 24, (c) 24-AuNPs and
(d) 25-AuNPs during the photocatalytic transformation of cyclohexene. Irradiation
over 180 min at the Q band. (i) before and (ii) after photolysis.

4.3.3. Product yields
4.3.3.1. Octasubstituted TaPc derivatives

Table 4.6 shows the product yields obtained for TaPc derivatives that were
exposed to both white light and filtered light, (Q band irradiation) in the abscence

and presence AuNPs after 180 minutes of irradiation.
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Table 4.6: Percentage selectivity values for cyclohexene photocatalytic products.

Photolysis time = 180 min

MPc Product Q band White light Product yields
irradiation under Q band
% Selectivity? | % Selectivity? | irradiation (%)
29a Cyclohexene oxide 17.9 27.8 6.3
2-Cyclohexen-1-ol 35.1 40.5 9.15
2-Cyclohexene-1-one | 26.2 38.0 8.6
1,2-Cyclohexanediol | 40.8 86.0 21.2
29b Cyclohexene oxide 27.3 30.2 6.8
2-Cyclohexen-1-ol 38.3 39.9 9.1
2-Cyclohexene-1-one | 35.1 52.2 11.8
1,2-Cyclohexanediol | 334 60.3 13.7
29a- Cyclohexene oxide 46.0 50.8 11.5
AuNP | 2-Cyclohexen-1-o0l 20.4 29.8 6.7
2-Cyclohexene-1-one | 23.0 37.7 8.6
1,2-Cyclohexanediol | 30.1 34.0 77
29b- Cyclohexene oxide 38.1 424 9.7
AuNP | 2-Cyclohexen-1-o0l 29.1 30.3 7.0
2-Cyclohexene-1-one | 27.3 77.3 17.5
1,2-Cyclohexanediol | 267 30.6 6.9

a0p selectivity = epoxide ... /[(1 —cyclohexene,,,, ) — (1 —cyclohexene;,, )]

b based on the substrate cyclohexene.
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The yields for the main products ranged from 6.3 to 21.2 %, values which are higher
than reported in literature [108], where the values of the similar products
(cyclohexenone, cyclohexenol, cyclohexane diol, cyclohexene hydroperoxide and
cyclohexene oxide) ranged from 0.02 to 4.4 % using ZnPc as a photocatalyst.
Cyclohexene oxide has been reported as one of the minor products by Sehlotho and
Nyokong [19] using ZnPc as a photocatalyst. In this work cyclohexene oxide is a

major product in the presence of 29a-AuNP.

4.3.3.2. Tetrasubstituted TiPc andTaPc derivatives

The product yields of complexes 24, 25 and their AuNPs conjugates are listed
in Table 4.7. The product yield values were somewhat notable; they were however
generally smaller than yields for TaPc complexes containing long alkyl chains (29a
and 29b, Table 4.6) but were higher than reported in literature [19, 108]. The product
yields ranged from 1.7 to 13.1 %. The main product for 25 and 25-AuNP with the
largest ®a values is cyclohexene oxide. While for 28 and 28-AulNP, with very low ®a
values, the main product is cyclohexenediol. This suggests that the amount of singlet

oxygen present, determines the yield of the products formed.
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Table 4.7: Percentage selectivity values for cyclohexene photocatalytic products.

Photolysis time = 180 min at the Q band.

MPc Product % Selectivity? | Product yields (%)
24 Cyclohexene oxide 28.4 5.7
2-Cyclohexen-1-ol 229 6.6
2-Cyclohexene-1-one 17.0 51
1,2-Cyclohexanediol 4.3 1.7
25 Cyclohexene oxide 32.4 6.8
2-Cyclohexen-1-ol 24.4 9.1
2-Cyclohexene-1-one 26.2 11.8
1,2-Cyclohexanediol 2.8 13.7
28 Cyclohexene oxide 12.3 5.8
2-Cyclohexen-1-ol 11.6 59
2-Cyclohexene-1-one 9.7 5.6
1,2-Cyclohexanediol 24.5 9.6
24-AuNP Cyclohexene oxide 40.3 12.3
2-Cyclohexen-1-ol 26.3 6.9
2-Cyclohexene-1-one 26.8 7.1
1,2-Cyclohexanediol 7.2 2.6
25-AuNP Cyclohexene oxide 36.9 7.3
2-Cyclohexen-1-ol 28.9 5.6
2-Cyclohexene-1-one 29.1 13.1
1,2-Cyclohexanediol 8.6 23
28-AulNP Cyclohexene oxide 12.9 42
2-Cyclohexen-1-ol 8.6 3.1
2-Cyclohexene-1-one 7.2 3.3
1,2-Cyclohexanediol 17.6 9.6

a0 selectivity = epoxide,,,,/[(1—cyclohexene,,,, ) — (1—cyclohexene;,, )]

b based on the substrate cyclohexene.
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4.3.4. Percentage selectivity

4.3.4.1. Octasubstituted TaPc complexes (29a and 29b)

Table 4.6 also shows percentage selectivity for the main products formed
during the photocatalytic oxidation of cyclohexene under Q band and white light
irradiations. Generally percentage selectivity values increased under white light
experiments; however photobleaching of the MPc was a major drawback as
discussed above. Alcohol is one of the desired products derived from oxidation of
alkenes in the petrochemical industry. The percentage selectivity values for
cyclohexenol (35.1 and 38.3 %, for complexes 29a and 29b, respectively) under Q
band irradiation, are higher than those reported for the photochemical oxidation of
cyclohexene using sulfonated MPc (M = Pd, Al and Zn) [108], where percentage
selectivity values ranged from 1.6 to 34.9% in the solvents: dimethylformamide:H-O,
dioxane:H2O and acetonitrile. Figs. 411 and 4.12 show the percentage selectivity
values variations over a period of 180 minutes for complexes 29a and 29a-AuNPs,
respectively at the Q band irradiation.

The transformation of cyclohexene, as shown in Figs. 4.11 and 4.12, was marked by a
sweeping increase in selectivity of products of products for the first 30 minutes,

followed by slowing down until photolysis was stopped at 180 minutes.

112



Results and discussion

50 -
—x (i)

£ G
g o (i)
® (iv)
=

0 T T T 1

0 50 100 150 200
Time (mins)

Figure 4.11: Percentage selectivity plots of cyclohexene products in toluene using
complex 29a where (i) is 1,2 - cyclohexanedione, (ii) 2-cyclohexen-1-ol, (iii) 2-
cyclohenene-1-one and (iv) cyclohexene oxide. [29a] = 2.80 x 10° mol L.
Irradiation was at the Q band.
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Figure 4.12: Percentage selectivity plots of cyclohexene products in toluene using
complex 29a-AuNPs where (i) is cyclohexene oxide, (ii) 2-cyclohexen-1-ol, (iii) 2-
cyclohenene-1-one and (iv) 1,2-cyclohexanedione. Irradiation was at the Q band.
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4.3.4.2. Tetrasubstituted TiPc and TaPc complexes (25, 26 and 28)

The highest percentage selectivity value in Table 4.7 is for cyclohexene oxide
for complexes 24 and 25 and their corresponding AuNPs conjugates. The percentage
selectivity values increased from 28.4 and 32.4 % for 24 and 25, respectively, to 40.3
and 36.9 % for 24-AuNPs and 25-AuNPs, respectively. The highest selectivity for
complex 28 was for 1,2-cyclohexanediol. The values were 24.5 % for 28 and 17.6 %
for 28-AuNP, again showing a decrease for complex 28 as opposed to an increase for
all MPc-AuNPs. As already mentioned, the percentage selectivity values for
cyclohexenol were also impressive for complexes 24 and 25. Alcohol is one of the
desired products derived from oxidation of alkenes in the petrochemical industry.
The values for cyclohexenol were 22.9 % and 24.4 %, for complexes 24 and 26,
respectively and for complex 28 a low value of 11.6 % was obtained. Fig. 4.13 shows
the percentage selectivity values over a period of 180 minutes for complexes 25, 25-
AuNPs and 28, respectively. The cyclohexene photo-transformation products, as
shown in Figs. 4.13 was marked by a drastic increase in percentage selectivity for the
tirst 30 minutes, followed by slowing down until photolysis was stopped at 180
minutes. For complex 24, at 90 minutes, a drastic increase of 1,2 cyclohexanediol
followed by its low production until 180 minutes was observed. The same was
observed for complex 25-AuNPs where 1,2-cyclohexanediol increased sharply after

120 minutes.
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Figure 4.13: Percentage selectivity plots of cyclohexene products in toluene using
complex (a) 24, (b) 25- AuNPs and (c) 28-AuNPs; where (i) is 1,2 - cyclohexanediol,
(ii) 2-cyclohexen-1-ol, (iii) 2-cyclohenene-1-one and (iv) cyclohexene oxide. [24] =
4.30 x 10> mol L-1. [25] = 4.30 x 10> mol L. [28] = 4.82 x 105 mol L1 Irradiation was
at the Q band.
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In literature, two major pathways are suggested for the sensitisation reactions by
phthalocyanines. One is the energy transfer from an electronically excited complex
to ground state molecular oxygen that subsequently yields singlet oxygen (Scheme
1.5). Another is the electron transfer from the excited complex to ground state
molecular oxygen or reacting substrates thereby generating radicals such as
superoxide radicals, Type I mechanism. As stated above, the percentage conversion
of cyclohexene was slowed down in the presence of DABCO, Figs. 4.6 and 4.7,
implying that singlet oxygen played a major role in photocatalytic oxidation. The
mechanism proposed in this work is shown in Scheme 4.1 and is similar to that
proposed by Sehlotho et al. [19]. Several reports [217 - 220] have shown that
zwitterions, biradicals, endo-peroxides, peroxiranes are formed when ethylene

interacts with singlet oxygen, hence the proposed mechanism in Scheme 4.1.

+ OH
o= (B — (X
OH

peroxirane

/ Cyclohaxanediol
oL O
@ @ Cyclohexene oxide

cyclohexenol Cyclohexene-one

Cyclohexene

Scheme 4.1: Proposed mechanism for the formation of the photooxidation

products.
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4.4. Conclusion

The stability of the newly synthesised MPcs complexes and MPc-AuNPs has
been studied. The complexes were more stable under Q band irradiation. The
singlet oxygen production was improved significantly by the presence of AuNPs
and this was attributed to the good triplet quantum yields. Photocatalytic oxidation
of cyclohexene was carried out successfully. The percentage conversion of
cyclohexene was improved by the presence of gold nanoparticles. Percentage
selectivity values were generally improved when compared to literature values;
however photobleaching was experienced during the photocatalytic conversion of
cyclohexene. The percentage yields for products were improved significantly

compared to literature.
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Chapter 5: Electrochemical characterisation
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In this chapter the electrochemical characterisation of the newly synthesised MPc
complexes (Figs. 1.4 and 1.5 and Schemes 3.1 and 3.2) are discussed. These
experiments were performed on a glassy carbon electrode (GCE) in order to compare
with the reported data on phthalocyanines. GCE was chosen due to its wide range

usable potential.

5.1. Titanium phthalocyanines.

Cyclic (CV) and square wave (SWV) voltammograms for complexes (24 to 25)
are shown in Figs. 5.1 and 5.2. Fig. 5.1(a) and (b) show the SWV and CV for complex
24. The CV shows two reduction processes labelled II and III and a split irreversible
oxidation process labelled I at half-wave (Ei1,2) potentials of -0.46, -0.85 and 0.78V
(Ep) vs Ag|AgCl, respectively, Table 5.1. The anodic to cathodic current ratio
(Ipa/Ipc) was near unity for the two reduction couples. The couples were reversible
with cathodic and anodic peak separations (AE) of 84 and 97 mV for couples II and
III, respectively (when compared to ferrocene standard with AE =70 mV)). Couple I
was assigned to ring oxidation, proven by spectroelectrochemistry below. The split
nature of couple I could be due to aggregation at the concentrations used for cyclic
voltammetry [221]. The pyridine groups encourage oxidation due to their electron
donating nature hence oxidation is observed in 24, while oxidation was not observed
for a-OTiPc(SPh)s and B-OTiPc(SPh)s [70], Table 5.1. This makes the pyridine ligand
to be useful for applications which require ease of oxidation as is the case in

electrocatalytic oxidations.

119



Results and discussion

(a)

$ 1u

A
I11 I I
«—

-1.5 -1 -0.5 0 0.5 1 1.5
E/V (vs. Ag| AgCl)

(b)

$1uA

I
11
111 <«

-1.5 -1 -0.5 0 0.5 1 1.5
E/V (vs. Ag| AgCl)

Figure 5.1: Square wave (a) and cyclic (b) voltammograms for complex 24 in DMF

containing 0.1 M TBABFs. Scan rate = 100 mV/s.

Similarly, the corresponding TiPc complex (25), Fig. 5.2, with susbtituents in the
peripheral positions exhibits two reduction processes (II and III) and one oxidation
process labelled 1. These were observed at half-wave (E1,2) potentials of -0.40, -0.74
and 0.75 V (Ep) vs Ag|AgCl for processes II, III and I, respectively, Fig. 5.2 and

Table 5.1. Reduction couples II and III were quasi reversible in that AE was 112 mV
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for both. For all the reduction couples for the TiPc derivatives, plots of peak currents
(ip) versus the square root of scan rate (v1/2) were linear suggesting that the processes

were diffusion controlled.
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Figure 5.2: Square wave (a) and cyclic (b) voltammograms for complex 25 in DMF

containing 0.1 M TBABFs. Scan rate = 100 mV/s.

Pyridine groups seemingly make reduction more difficult hence more negative Ei1/2

values for TilVPc2/TillPc-2 and Ti"Pc2/TillPc3 compared to the phenyl groups in
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Table 5.1; oxidation is easier because of the electron donating nature of N hence
observed in Table 5.1. The non peripherally substituted TiPc complexes {24, (-
OTiPc(SPh)s} are more difficult to reduce than the peripherally substituted
complexes {25, B-OTiPc(SPh)4}; this is as a result of the increased electron cloud
around the phthalocyanine complex caused by the electron donating substituents on
the non-peripheral position closest to the Pc ring compared to substituents on the
peripheral position.

Table 5.1: List of redox potentials of TiPc complexes studied in this work in

dimethly formamide (DMF) using tetrabutyl ammonium tetrafluoroborate

(TBABEF,) half-wave potential (Ei2) as V vs. Ag| AgCl.

MPc I11 II I

TilllPc-2/ TillPc-3 TilVPc?/ TillPc2 TilVPc%/ TilVPc1

24 -0.85 -0.46 0.78
25 -0.74 -0.40 0.75
a-OTiPc(SPh)4 [70] | -0.46 -0.07 No oxidation
B-OTiPc(SPh)4[70] | -0.37 -0.07 No oxidation

In order to further determine the nature of the redox processes for all the new
complexes in this work, spectroelectrochemistry was performed on an optically
transparent thin layer electrochemical (OTTLE) cell. The 3 (peripheral, 25) and their
corresponding a (non-periphera, 24) substituted complexes showed similar
behaviour, thus only one set of spectral changes for each set of complexes is

discussed. Fig 5.3 (a) shows the spectral changes for complex 24 at potentials more
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negative of processes II for 24 and 25 (-0.46 or -0.40V vs Ag|AgCl) in DMF
containing TBABFa. The first spectrum shows aggregation at the concentrations used
for the OTTLE cell. On reduction, the spectral changes that were observed include a
shift of the Q band from 716 to 691 nm, accompanied with disaggregation of the TiPc
complex (24) with an increase in the intensity of the Q band, a change of colour of
the solution in the OTTLE cell from green to a blue occurred, Fig. 5.3(a). The
isosbestic points were not too defined, due to aggregation and also due to the
possibility of exchange of axial ligands (with the electrolyte) on reduction. The
spectral changes observed in Fig. 5.3(a) are typically associated to central metal
redox processes [13], as judged by the shift in Q band without a drastic decrease in
intensity. The n value calculated for both complexes 24 and 25 was approximately ~1

using Equation 5.1:

Q=nFCV (5.1)

where n is the number of electrons involved; F, Faraday’s constant; C, solution

concentration and V, volume of the solution.

It was deduced from the above discussion that, process II is the reduction TilVPc2 to
TiPc-2. Further reduction at more negative potentials of process III (-0.85 or -0.74 V
vs Ag| AgCl, for 24 or 25, respectively) was undertaken. A decrease in the intensity
(without shifting in position) of the Q band and the appearance of new peaks
between 500 and 600 nm together with a clear isosbestic points at 649 and 448 nm
were noticed, Fig 5.3(b). Typically, these changes are associated with ring reduction

processes [222], associated with reduction of TiPc? to TiPc?3 as observed in
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literature [70, 72]. The regeneration (to 78 %) of the initial species was achieved,
confirming the reversibility of the couples and ~ 1 electron was transfered using
Equation 5.1. Application of the potentials more positive of process I, resulted in
spectral changes shown in Fig. 5.3(c) consisting of a decrease in the Q band with no
new peaks being formed indicative of the degradation of the complex confirming
irreversibility of the oxidation processes. However the oxidation peaks are attributed
to the Pc ring and the substituents, since no oxidation is expected on the central

metal. Process I is assigned to ring oxidation, where the assignment is TilVPc

2/ TilVPc, Fig. 5.3(c), Table 5.1.
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Figure 5.3: Observed UV/Vis spectral changes for complex 24 at potentials (a) -0.5
V (process II), (b) -0.9 V (process III) and (c) 0.8 V (process I), in DMF with 0.1 M
TBABF..
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Based on the electrochemical observations described above, for both TiPc complexes

(24 and 25), the assignments for processes I - III are as follows:

TiVPc2 — TilVPc! + e (Process I)
TiVPc?2 + e — TilllPc?2 (Process 1I)
TilPc2 + - — TilllPc3 (Process III)

5.2. Vanadium phthalocyanines

Similar to titanium complexes, the electrochemistry of vanadium complexes
has not received a lot of attention. There have been few reports [67, 115, 116] and this
work further explores their electrochemistry. Fig. 5.4(a) and (b) show the CV and
SWV for complexes 27 (representative of both 26 and 27). There are two main
reduction processes labelled II and III and one oxidation process (I). The broadness
in process II is attributed to aggregation. The couples were observed at half-wave
(E1/2) potentials of -0.24, -0.58 and 0.99V (for 27) and at -0.36, -0.82 V and 1.11 vs
Ag| AgCl (for 26), Table 5.2, for processes II, III and I, respectively. Process III was
reversible {AE ~ 81 mV (26), and 93 mV (27)} and II quasi reversible {AE 127 mV (26)
to 185 mV (27)}. The split nature of couple II is related to aggregation [221]
tendencies of the Pc. For all the redox processes for the VPc complexes (26 and 27),
plots of peak currents (ip) versus the square root of scan rate (v1/2) were linear
signifying that the processes were diffusion controlled. Again the non-peripherally
(26) substituted complex is more difficult to reduce than peripherally (27)

substituted derivatives.
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Figure 5.4: Square wave (a) and cyclic (b) voltammograms for complex 27 in DMF

containing 0.1 M TBABF.. Scan rate = 100 mV/s.
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Table 5.2: List of redox potentials of VPc complexes studied in this work in
dimethly formamide (DMF) using tetrabutyl ammonium tetrafluoroborate

(TBABEF4) half-wave potential (Ei2) as V vs. Ag| AgCl.

MPc I11 II I

VIVPC'3/ VIVPc+4 VIVPC-Z/ VIVPc3 VIVPC-Z/ VIVPc1

26 -0.82 -0.36 1.11

27 -0.58 -0.24 0.99

In the same way as TiPc complexes, spectroelectrochemical experiments were
performed for the further investigation of the redox processes observed for OVPc
complexes 26 and 27. Fig. 5.5 shows the observed spectral changes for complex 27
(representing both 26 and 27) at potentials more negative of process II (-0.36 V vs
Ag| AgCl), Fig. 5.5(a). The spectral changes consist of a gradual decrease of the Q
band, an emergence of news peak between 500 and 600 nm and a clear isosbetic
point at 660 nm. The green colour of the solution changes to blue in the OTTLE cell.
These spectral changes were very similar to those observed before for
OVPC(SCsHi3)s and other VPc derivatives [67, 115], and these were attributed to ring
reduction. Similarly in this work, the observed spectral changes for process II can be
attributed to ring reduction: VIVPc2 to VIVPc3. Further reduction at potentials of
process III (-0.82 V vs Ag|AgCl), Fig. 5.5(b), resulted in a further decrease in the
intensity of the Q band and the appearance of new absorptions between 500 and 600
nm. This process shows further reduction to give VIVPc3 to VIVPc4. Oxidation is
expected only on the ring for VPc complexes, hence process I is assigned to the

formation of VIVPc1,
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Figure 5.5: Observed UV/Vis spectral changes for complex 26 at potentials (a) -0.4
V (process II), (b) -0.9 V (process III) in DMF with 0.1 M TBABF4.

Based on the electrochemical observations described above, for (26 and 27),

the assignments for processes I - III for both complexes are as follows:

VIVPc2 —  VIVPcl + e (Process I)
VIVPc2 + e — VIVPc3 (Process II)
VIVPc3 + e — VIVPc4 (Process III)
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5.3. Tantalum phthalocyanines

Tantalum phthalocyanines are rare and their scarcity stems from the difficulty
in synthesising them due to the large tantalum metal which does not fit perfectly
into the cavity of a Pc ring. Cyclic voltammogram experiments were performed in
de-aerated DMF (for complex 28) and DCM (for complexes 29a and 29b) with
TBABEF; as the supporting electrolyte. The oxidation of these complexes is expected
to occur at the ring and this was confirmed by spectroelectrochemistry as discussed
below. For unsubstituted TaPc complex no oxidation peaks were observed [65] due
to the fact that TaV has a high oxidation state, which makes ring oxidation more
difficult. The electro-rich alkylthio and mercaptopyridine substituents in this work
resulted in the ease of oxidation of the ring, since these substituents enhance electron
density on the ring thus making it easy for oxidation to occur. Hence oxidation

peaks are observed, Table 5.3.

The CV of TaPc complex (28) is shown in Fig. 5.6 Reduction processes labelled III
and IV at half-wave (E1/2) potentials of -0.57 and -0.99 V vs Ag| AgCl, respectively
were observed, Table 5.3. The numbering is designed for comparison with other
TaPc derivatives in Table 5.3. The AE values of 84 and 90 mV for couples III and IV

suggests reversibility. Process I is irreversible and is observed at 0.86 V.
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Figure 5.6: Cyclic voltammogram for complex 28 in DMF containing 0.1 M
TBABFs. Scan rate = 100 mV/s.

The cyclic [CV(a)] and square wave [SWV (b)] voltammetries for complexes 29a and
29b are shown in Figs. 5.7 and 5.8, respectively. These were performed in de-aerated
DCM with TBABFs as the supporting electrolyte. The cyclic and square wave
voltammograms of complex 29a, Fig 5.7(a) and (b), show two reduction processes
labelled III and IV at half-wave (E1,2) potentials of -0.74 and -1.13 V vs Ag|Ag(Cl,
respectively, Table 5.3. The ratio of anodic to cathodic current (Ipa/Ipc) was near
unity for the two couples. The cathodic and anodic peak separations (AE) of 70 mV
(similar to that of the ferrocene standard) for couples, III and IV, suggests
reversibility due to fast electron transfer process. For both the reduction couples, the
plots of peak currents (ip) versus the square root of scan rate (v1/2) were linear

suggesting that the processes were diffusion controlled.
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Table 5.3: List of redox potentials of TaPc complexes studied in this work in DMF

or DCM using tetrabutyl ammonium tetrafluoroborate (TBABFs;) half-wave

potential (Ei2) as V vs. Ag| AgCl.

MPc \% IV III I/1
TalVPc?/ | TalVPc?/ | TaVPc?/ | Ring oxidations
TalVPc4 | TalVPc3 | TalVPc?2

28 (DMF) - -0.99 -0.57 0.86

29a (DCM) - -1.13 -0.74 0.37,0.99

29b (DCM) -1.48 -1.02 -0.67 0.47,0.59, 0.99

TaPc (DMF) | -0.98 -0.43 -0.31 -

afrom ref [65]

The oxidation of 29a consists of irreversible processes with sharp peaks due to

adsorption processes, Fig 5.7. Process II has a broad pre-peak followed by a sharp

peak typical of adsorption [112, 221]. It is known [112] that the adsorption of a

product of the electrode reaction results in the formation of a sharp peak preceded

by a more regular peak, the latter being due to the diffusion of the electroactive

species from solution to the electrode. On return scan, a sharp peak appeared for

process II, Fig. 5.7(b). Smaller mainly irreversible oxidation peaks are observed at

larger oxidation potentials (processes I).
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Figure 5.7: Square wave (a), cyclic (b) voltammograms for complex 29a in DCM
containing 0.1 M TBABF;, (c) cyclic voltammgrams observed when recording from

0V to negative or (d) positive potentials. Scan rate =100 mV/s.

There was no change in the shape oxidation processes when the potential was

scanned from 0 V to negative or positive potentials, Fig. 5.7(c) or (d).

Three reduction processes labelled III, IV and V were observed at E1/2 of -0.67, -1.02
and -148 V vs Ag|AgCl, respectively, for complex 29b, Fig. 5.8, Table 5.3. The

anodic and cathodic peak separations (AE) for couples III was 60 mV, suggesting
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reversibility. The reduction currents for III and IV are larger than for V, suggesting
the possibility of different number of electrons transferred. However
chronocoulometric analysis did not show significant differences in the number of
electrons involved. The lower currents for V could be a result of the fact that this
couple is at high negative potentials and hence near the limits of the
electrode/ electrolyte system, which may affect this peak. The effects of the limits of

the system are clearer on the SWV.

(a) 01HA I

k) J2pa

2 1 E/V (vs. gg | AgCl)

Figure 5.8: Square wave (a) and cyclic (b) voltammograms for complex 29b in

DCM containing 0.1 M TBABFs. Scan rate = 100 mV/s.
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Comparing the reduction potentials of 29b with those of 29a, Table 5.3, shows that it
is easier to reduce hence 29b since an extra process V is observed. The ease of
reduction of 29b is accompanied by difficult oxidation compared to 29a (in terms

process II), possibly due to the differences in chain length.

Spectroelectrochemical experiments were performed for further investigation of the
redox processes observed for complex 28. The changes are shown Fig. 5.9, where on
applying potentials more negative than potentials of couple III (-0.57 V vs
Ag| AgCl), a shift of the split Q band from 667 and 701 nm to 601 and 664 nm was
observed. The combination of aggregation and loss of symmetry may have resulted
in broadening of the spectra in Fig. 5.9(a). Isosbestic points were rather diffuse,
possibly due to axial ligand exchange and aggregation as discussed above for
complex 24. Typically, the changes in Fig. 5.9(a) are due to redox processes occurring
at the central metal [13], since there is no drastic decrease in intensity of the Q band.
Therefore, process III is attributed to the reduction TaVPc? to TalVPc2. Further
reduction at potentials of process IV (-0.99 V vs Ag|AgCl), Fig. 5.9(b), resulted in a
decrease in the intensity of the Q band and the appearance of new peaks at ~ 560
nm. The appearance of new bands between 500 and 600 nm is typical of ring
reduction processes [222], i.e. TalVPc? is reduced to TalVPc3. Oxidation is expected
only on the ring for Ta(IV)Pc complexes, hence process I is assigned to the formation

of TalVPc1,

136



Results and discussion

(@)
S
=
(2]
S
-
%
Q
<
400 500 600 700 800
Wavelenth (nm)
(b)
S
=
(2]
S
-
S
Q
<
Wavelength (nm)

Figure 5.9: Observed UV/Vis spectral changes for complex 28 at potentials (a) -0.6
V (process III) and (b) -1.0 V (process IV) in DCM with 0.1 M TBABFu. (i) starting,

(ii) intermediate and (iii) final spectra

Fig 5.10 (a) shows the observed spectral changes for complex 29a at potentials more
negative of process III (-0.74 V vs Ag|AgCl) in DCM containing TBABF; as a
supporting electrolyte. Upon reduction, the spectral changes observed include a shift
of the Q band from 808 to 770 nm, with a slight decrease in the intensity of the Q
band. There was also an emergence of new peaks at ~ 450 nm and a slight change of
colour of the solution in the OTTLE cell from purple to blue. Diffuse isosbestic points

were observed suggesting the presence of more than one species in solution. The
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lack of clear isosbestic points could be a result of change of axial ligands during the
reduction process. In related Ta porphyrin derivatives, axial ligand exchange
reactions readily occur in slightly acid media [223]. The spectral changes observed
in Fig. 5.10(a) consist of a shift in the Q band to shorter wavelengths, without the
drastic decrease in intensity. These spectral changes are typical of redox processes
occurring at the central metal [13], whereby the Q band shifts without a drastic
decrease in intensity. The n value calculated for reduction of 29a at potentials of

process III processes was approximately ~1 using Equation 5.1.

From the discussion above, process III can be associated with the reduction TaVPc-2
to TalVPc2. Further reduction at potentials more negative of process IV (-1.2 V vs
Ag| AgCl), Fig. 5.10(b), resulted in a decrease in the intensity (without shifting in
position) of the Q band and the appearance of new peaks between 500 and 650 nm
together with diffuse isosbestic points near 665 and 490 nm. These changes are
typical of ring reduction processes [222], i.e. TalVPc? is reduced to TalVPc3. The
regeneration (to ~ 72 %) of the initial species was achieved, confirming the
reversibility of the couples. Application of the potentials more positive of process II,
resulted in spectral changes shown in Fig. 5.10(c) consisting of a decrease in the Q
band with no new peaks forms indicative of the degradation of the complex
confirming irreversibility of the oxidation processes. However the oxidation peaks
are attributed to the Pc ring and the substituents, since no oxidation is expected on

the central metal.
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Figure 5.10: Observed UV/Vis spectral changes for complex 29a at potentials (a) -
0.8 V (process III), (b) -1.2 V (process IV) and (c) 1.1 V (process II), in DCM with
0.1 M TBABF.. Solid red line; before and dotted red line; after application of the

appropriate potential. The last scan in (a) is the same as the first scan in (b).

Similarly, spectroelectrochemical experiments were performed for the further
investigation of the redox processes observed for complex 29b. Fig 5.11 (a) shows the
observed spectral changes for complex 29b, at potentials more negative of process III
(-0.67 V vs Ag| AgCl). The changes consisted of a shift of the Q band from 814 to 765
nm, with an increase in the intensity, the emergence of new peaks at ~ 460 nm and a
change of colour of the solution in the OTTLE cell from purple to blue were
observed. Again isosbestic points were diffuse, due to possible axial ligation as
discussed above for 29a. The observed changes are typical of redox processes
occurring at the central metal [13] as discussed for 29a. Therefore, process III can be
attributed to the reduction TaVPc? to TalVPc?2. Further reduction at potentials of

process IV (-1.01 V vs Ag| AgCl), Fig. 5.11(b), resulted in a decrease in the intensity
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of the Q band and the appearance of new absorptions in the 600 nm region, together
with clear isosbectic points at 670 nm. These spectral changes are typical of ring
reduction processed [222], i.e. TalVPc2 is reduced to TalVPc3. Again, the regeneration
of the initial species of ~ 69 % was achieved, confirming some reversibility of the

couples. Process IV is attributed to further ring reduction.
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Figure 5.11: Observed UV/Vis spectral changes for complex 29b at potentials (a) -
0.7 V (process III) and (b) -1.1 V (process IV) in DCM with 0.1 M TBABF,. Solid
red line; before and dotted red line; after application of the appropriate potential.

The last scan in (a) is the same as the first scan in (b).
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Based on the electrochemical observations described above, for TaPc complexes the

assignments for processes I - III for complex 28 are as follows:

TaVPc?2 — TaVPc! +e (Process 1)
TaVPc? + e — TalVPc2 (Process III)
TalVPc2+ e — TalVPc?3 (Process IV)

Oxidation is expected to occur only on the ring for these complexes. The assignments

for processes I - IV for complex 29a are as follows:

TaVPcl — TaVPcl +e- (Process 1)

TaVPc?2 — TaVPcl! +e (Process 1I)
TaVPc? + e — TalVPc?2 (Process I1I)
TalVPc2 + e — TalVPc3 (Process IV)

Similarly, processes for complex 29b are assigned as follows:

TaVPc?2 — TaVPc? +e (Process I)
TaVPc?2 — TaVPcl +e (Process 1I)
TaVPc?2 + e — TalVPc2 (Process III)
TalVPc2+ e  — TalVPc?3 (Process IV)
TalVPc2 + e  — TalVPc# (Process V)

5.4. Conclusions

The reduction couples for all the complexes were reversible to quasi-

reversible and oxidation processes are irreversible. The vanadium complexes (26 and
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27) did not show any metal based processes. Spectroelectrochemistry confirmed
metal reduction processes for the TiPc (24 and 25) and TaPc (28, 29a and 29b)
complexes, with the rest of the redox processes being centered on the

phthalocyanine ring.
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Chapter 6: Electrocatalytic properties
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In this chapter the electrocatalytic activity of NiTAPc, TiPc, VPc and TaPc complexes
toward the oxidation or detection of BPA and PNP (the latter, only for NiTAPc) is
discussed. These experiments were done on Au electrode because they display
insignificant background currents, are sensitive and show good reproducibility. The

size of the AulNPs used in this section was ~ 10 nm.

6.1. Electrode modification and surface coverage

6.1.1. Electropolymerisation of NiTAPc

Even though NiTAPc is a known complex, it was chosen in order to compare
it with the new complexes for the detection of BPA. The modification of the working
Au electrode was achieved via electropolymerisation of NiTAPc in DMF by
repetitive cycling at a constant scan rate of 0.1 Vs to form poly-NiTAPc. The
electropolymerisation of tetraamino substituted Pcs such as MnTAPc on glassy
carbon electrodes is now well known [224]. The formation of self assembled
monolayers (SAMs) of CoTAPc, CuTAPc and FeTAPc on Au and Ag has been
reported [225]. The formation of SAM is not expected to be significant during the
time used for electropolymerisation because it takes hours for significant coverage
for SAMs. The Au oxide and stripping peaks were not observed under the

conditions (organic media) of the electropolymerisation process in this work.

6.1.1.1. Cyclic voltammetry

Fig. 6.1 shows a series of CVs (20 scans) during electropolymerisation of
Ni(II)TAPc. The number of scans was increased to 30 scans, but as has been observed

before [148], the polymer film tends to lose conductivity with an increasing number
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of scans. The main aim was to form O-Ni-O oxo bridges for the catalytic oxidation of
BPA. The formation of O-Ni-O oxo bridges was based on the optimum number of
scans of 20. It is well known that repetitive cyclic voltammetry scanning of amino
substituted MPc complexes results in polymer formation of the MPc onto the
electrode surface [223 - 227]. This is as a result of the formation of radicals on
oxidizing the amino substituents [226], whereby the formed radicals attack the
vulnerable amino groups on the phenyl rings of neighbouring molecules thus
forming a polymer [226]. The CV evolution shown in Fig. 6.1 is similar to that
reported in literature [226]. A general increase in currents together with the
formation of new peaks was observed. The polymer formed on the electrode was
clearly noticeable on the surface of the electrode as a dark green surface. Poly-
NiTAPc will be used to represent the Ni(II)TAPc polymer on Au electrode surface. A
slight shift on the positive potentials with increase in scan number was observed.
This is indicative of an increase in electrical resistance of the polymer film and thus

over-potential is needed to overcome resistance [228].

-0.6 -0.2 0.2 0.6 1

E/V (vs. AglAgCl)

Figure 6.1: Repetitive cyclic voltammogram of 1 x 103 mol L' NiTAPc in DMF
containing 0.1 mol L1 TBABF; at the gold electrode. Scan rate = 100 mVs-1.
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Following the electropolymerisation of Ni(II)TAPc, transformation of the poly-
NiTAPc into ‘O-Ni-O oxo bridges” was done by cycling repetitively in 0.1 mol L1
solution of NaOH between -0.2 and 1.2 V. Fig. 6.2 shows the formation and increase
of both the anodic and cathodic peaks between -0.2 and +0.5 V. These peaks are
documented as Ni'l/Nil redox process and are similar to literature [146, 229]. The
insert in Fig. 6.2 shows a cyclic voltammogram of the transformed polymer in pH 12
phosphate buffer, which is the pH employed for the detection of BPA. There is only
a small shift to more positive potential values in pH 12 compared to 0.1 mol L
NaOH. The cyclic voltammetry peaks between -0.2 and +0.5 V can be explained by
the formation of ‘O-Ni-O oxo bridges” in alkaline aqueous solutions and are

indicative of transformation of the poly-NiTAPc into O-Ni-O oxo bridges [228 - 231].

0.6 =01 0.4 0.9
[ 2.4 E/V (vs.Ag|AgCl)

0.6 04 0.2 0 0.2 0.4 0.6 0.8 1 1.2
E/V (vs. AglAg(l)

Figure 6.2: Repetitive cyclic voltammograms of poly-NiTAPc in 0.1 mol L' NaOH.

Insert is the polymer in buffer. Scan rate 100 mVs1.

The modified electrode will now be represented as poly-Ni(OH)TAPc-Au. Although

the mechanism of transformation is not fully known, it has been suggested [231, 232]
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that the transformation is initiated by the electrooxidation of the OH~ in the
electrolyte solution to the hydroxyl radical (OH’). The high current observed
between 0.7 - 1.2 V has been attributed to the electrooxidation of the OH™ in the
electrolyte solution to the hydroxyl radial (OH") [233]. The OH" radicals assist with
the insertion of the oxygen atom (O) between the NiPcs. With increase in scanning,
more OH' radicals are generated thus leading to the interlinking of the Ni atoms to

form “O-Ni-O oxo bridges’. There are no peaks due to Au alone at the pH employed.

The thickness of the films is governed by the number of scans during
polymerisation. The more the number of scans, the thicker the film. Ideally a thicker
film should give better catalytic behaviour than a thinner film. This is expected
because of the availability of more catalytic sites. However, it has been shown before
that the accessibility to the redox centres within the electropolymerised films is
limited to the external layers [223]. Fig. 6.3 shows the cyclic voltammograms of Au
electrode (insert), (i) poly-30-Ni(OH)NiTAPc, (ii) poly-50-Ni(OH)NiTAPc, (iii) poly-70-
Ni(OH)NiTAPc, (iv) poly-90-Ni(OH)NiTAPc in 1 x 103 mol L1 Kj[Fe(CN)s]
containing 0.1 mol L1 KCl where the number represents the number of scans. The
bare electrode in Fig. 6.3 (insert) shows a redox couple at half-wave potential, (E1/2)
of 65 mV and an anodic to cathodic peak separation (AE) of 60 mV. Figs. 6.3 (i) - (iv)
show reversible cyclic voltammograms with Ei/2 values decreasing with increase in
polymer thickness from Ei/2 = 135 mV for poly-30-Ni(OH)NiTAPc, 130 mV for poly-
50-Ni(OH)NiTAPc, 120 mV for poly-70-Ni(OH)NiTAPc and 115 mV for poly-90-
Ni(OH)NiTAPc. The decrease in AE values was also observed with polymer

thickness (with the exception of poly-90-Ni(OH)NiTAPc) as follows: 120 mV for poly-
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30-Ni(OH)NiTAPc, 80 mV for poly-50-Ni(OH)NiTAPc, 60 mV for poly-70-

Ni(OH)NiTAPc and 70 mV for poly-90-Ni(OH)NiTAPc. This order suggests

improved kinetics with increase in polymer thickness.

¢ 1pa
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Figure 6.3: Cyclic voltammograms of (i) poly-30-Ni(OH)NiTAPc, (ii) poly-50-
Ni(OH)NiTAPc, (iii) poly-70-Ni(OH)NiTAPc, (iv) poly-90-Ni(OH)NiTAPc in 1 x
10-3 mol L1 K3[Fe(CN)e] containing 0.1 mol L1 KCl, insert is Au bare electrode.

The surface coverages were calculated for the NiTAPc polymers and adsorbed

complexes by first determining the effective area of the Au electrode using the

[Fe(CN)g]3/4~ redox system and applying the Randles-Sevcik {Eq. (1.19, now 6.1)}

for a reversible process [128]

L, = (2.69 x 10%)n3/2DY/2y'/24(,

6.1)
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where D and G, are the diffusion coefficient and bulk concentration of the redox
probe (1 mM Ks[Fe(CN)g]), respectively. n is the number of electrons transferred (n =
1), v is the scan rate and A is the effective surface area. From the D value for
Ks[Fe(CN)e] = 7.6 x 1076 cm? s71 [127], the surface roughness of the electrode was
found to be 1.36 (ratio of I, experimental/I,, theoretical) corresponding to a real
electrode area of 0.0274 cm? (roughness factor x theoretical surface area, =0.0201

cm?).

The surface coverages (I'poiyniTarc) of polymer modified electrodes were estimated by
integrating the charge under the reduction peak in Fig. 6.2 (inset), using equation
(6.2).

[ oiynape =% (6.2)
where Q (C) is the charge under the metal oxidation peak, n (=1) is the number of
electrons, A is the effective area of the electrode (calculated from equation 1) and F is
Faraday’s constant (95485 C mol1). Using the effective area of the electrodes, the
calculated surface coverage values for the various polymers are listed in Table 6.1.
The determined values range from 1.11 x 10-10 to 5.46 x 10-1° mol cm-? for different
poly-NiTAPc modified Au electrode. These values are in the range for monolayer

coverage in MPc complexes [234], suggesting multilayer coverage except for 1.11 x

10-19 mol cm-2 obtained for poly-90-Ni(OH)TAPc-Au.
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Table 6.1: EIS parameters and surface coverage values for poly-NiTAPc films, and

Recovery values for detection of BPA and PNP in pH 12 buffer.

Electrode Surface coverage | AE vs. Rer (x 102 | Rs (kQ) | Cai
) Ag|AgCl | Q) (UF)
mol cm?2 (mV)
(MPc)

poly-30- 1.79 x 10-10 120 9.3 0.19 0.373

Ni(OH)NiTAPc-

Au

poly-50- 2.20 x 10-10 80 57 0.19 0.532

Ni(OH)NiTAPc-

Au

poly-70- 5.46 x 10-10 60 4.3 0.18 0.822

Ni(OH)NiTAPc-

Au

poly-90- 1.11 x 10-10 70 4.5 0.15 0.816

Ni(OH)NiTAPc-

Au

6.1.1.2. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was employed for further
characterization of the modified electrodes. The Nyquist plot (-Z” vs Z’) was fitted
and analyzed using the Randles equivalent circuit (Fig. 6.4 insert) which takes into
consideration the diffusion and kinetic control parameters [235 - 237]. The Randles
equivalent circuit used for fitting impedance data consisted of the solution or
electrolyte resistance (Rs) connected in series to the parallel combination of the
capacitance and charge-transfer resistance (Rcr) in series with Warburg impedance

(Zw)-

Fig. 6.4 shows the Nyquist plots for (i) poly-30-Ni(OH)NiTAPc, (ii) poly-50-
Ni(OH)NiTAPc, (iii) poly-70-Ni(OH)NiTAPc and (iv) poly-90-Ni(OH)NiTAPc

modified Au electrodes recorded in 1 x 103 mol L1 [Fe(CN)s]3/4- in 0.1 mol L1 KCL
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The Nyquist plots of all the modified electrodes [Fig. 6.4 (i) - (iv)] resemble a semi-
circle pattern (due to barrier to the interfacial electron-transfer) followed by a

straight line in the low frequency region (the Warburg line).

Figure 6.4: Nyquist plots of electrodes of this work recorded in 1 x 103 mol L1
[Fe(CN)g]?>”*+ in 0.1 mol L1 KCIL: (i) poly-30-Ni(OH)NiTAPc, (ii) poly-50-
Ni(OH)NiTAPc, (iii) poly-70-Ni(OH)NiTAPc, (iv) poly-90-Ni(OH)NiTAPc
modified Au electrodes. The insert shows the Randles equivalent circuit of the

electrodes.

The charge transfer resistance (Rcr), Table 6.1, decreases with film thickness, except
for poly-70-Ni(OH)NiTAPc and poly-90-Ni(OH)NiTAPc, whose values are almost the
same. The behaviour of poly-70-Ni(OH)NiTAPc and poly-90-Ni(OH)NiTAPc implies
that the increase in film thickness in this case does not necessarily mean less charge

transfer resistance or better catalytic activity as reported before [232]. The general
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decrease in Rcr values with film thickness could be attributed to the catalytic nature
of the surface confined polymer films as has been observed before [238, 239]. This
behaviour may be interpreted as the result of decreased electrical resistance to mass
transport through the film. The decrease in Rcr values confirm the cyclic
voltammetry results which showed improvement in ferrocene peak separation with
film thickness. The Rs values (Table 6.1) between the different polymers on Au
electrodes were not significantly different (0.15 - 0.19 kQ). The polymers on the
electrode surfaces are not expected to change the solution resistance significantly,
hence this was expected. The Cai values were different, with poly-70-Ni(OH)NiTAPc
showing the highest value of 0.82 pF, the differences show the different conducting

abilities of the films.

6.1.2. Adsorbed TaPc complexes

The cyclic voltammograms of all the complexes used in this work were
obtained in pH 7.4 and 12 phosphate buffer but BPA was mainly determined at pH
12. The bare or modified electrodes were scanned between -1.2 V and 1.0 V vs.
Ag | AgCl for the drop-dry modified electrodes. Gracia et al. [240] have reported the
use of adsorbed AuNPs onto Au disk electrode where they observed no gold
oxidation for AuNPs below 0.6 V on indium tin oxide coated glass (ITO). Similarly,
AuNPs do not show any gold oxidation on Au disk electrodes [241, 242] below 0.6 V.
The oxidation peak of AulNPs has been reported at 1.28 V (versus saturated calomel

electrode) and the reduction peak at 0.81 V [240].
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Fig. 6.5 (a) shows the cyclic voltammogram of the Au disk electrode and the AuNPs
adsorbed on gold disk. The gold oxide peak is observed at 0.99 V and its subsequent
reduction at 0.36 V at pH 7.4. In the presence of AuNPs, the peaks decreased in
intensity, suggesting passivation of bulk gold by AuNPs. Fig. 6.5(b) shows a cyclic
voltammogram of gold electrodes with AuNPs adsorbed onto the electrode surface
in pH 12 phosphate buffer. The gold oxide peak was slightly shifted compared to
observations in pH 7.4, the peak was at 1.1 V and the reduction peak was at 0.43 V.
Fig 6.5 (c) shows a cyclic voltammogram of bare electrode in 0.1M KOH. The well
defined reversible peaks on Fig. 6.5(c) illustrate the ‘crystallinity” of gold and the
absence of oxidizable particles or contaminants [128], hence the observed

voltammograms in Fig. 6.5(a) are not due to contaminants on the gold disk electrode.
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-1 -0.5 0 0.5 1 1.5 2
E/V (vs. Ag| AgCl)

-1 -0.5 0 0.5 1 1.5
E/V (vs. Ag| AgCl)

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

Figure 6.5: Cyclic voltammogram of (a) bare gold disk electrode and AuNP on
gold disk electrode, in pH 7.4 phosphate buffer, (b) cyclic voltammogram of
AuNPs in pH 12 phosphate buffer and (c) bare gold electrodes in 0.1M KOH
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6.1.2.1. Complex 28 and AuNPs conjugates

Fig. 6.6 shows cyclic voltammogram of adsorbed complex 28 on Au disk in
pH 12 phosphate buffer. The broad peak at ~ 0.5 V on the Au electrode confirms the

presence of 28 even though the peak is broad.

$ 1pA

0 0.5 1 1.5
E/V (vs. Ag| AgCl)

Figure 6.6: Cyclic voltammograms of adsorbed complex 28 in pH 12 phosphate
buffer. Scan rate 100 mVs-1.

The surface coverage values of complex 28 and 28-AuNPs on Au electrode disk were
determined using the methods discussed earlier (following Egs. 6.1 and 6.2). The
surface coverage values were 1.54 x 1010 and 5.25 x 101 mol cm™ for 28 and 28-
AuNPs, respectively, Table 6.2. These values were higher than monolayer value of 1
x 1019 mol cm2 for Pcs. A noticeable increase on the surface coverage of 28-AuNPs
was observed indicating that there was conjugation between complex 28 and

AuNPs.
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Table 6.2: Table 1: EIS parameters for poly-Ni(OH)NiTAPc and selected TaPc and

their AuNPs conjugates; and BPA detection potentials.

Electrode Rer (x103Q) | AE vs. Ag|AgCl | n Surface coverage
(mV) (T, mol cm)
AuNPs 20.9 233 0.90 2.87 x 1010
29a 0.72 75 0.80 1.98 x 10-10
29a-AuNPs | 2.25 93 0.85 4.51 x 1010
29b 1.84 125 0.79 2.47 x 1010
29b-AuNPs | 2.81 80 0.82 9.94 x 10-10
28 - - - 1.54 x 10-10
28-AuNPs | - - - 5.25 x 10-10

6.1.2.2. Complexes 29a and 29b and their AuNPs conjugates

Fig. 6.7 shows cyclic voltammogram of adsorbed complexes 29a and 29a-

AulNPs on Au disk.
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29a

29a-
AuNPs

Figure 6.7: Cyclic voltammogram of complexes 29a, 29a-AuNPs and AuNPs. Insert
= bare gold disk electrode and AuNPs on gold disk electrode in pH 7.4 phosphate
buffer.

The Au oxidation and reduction peaks were observed at 0.92 V and 0.35 V for
adsorbed 29a-AuNPs, Fig. 6.7. The peaks near 0.5 V are due to complex 29a, see Fig.
5.7, (for 29a alone in solution). These peaks are not evident on adsorbed complex
29a. Also for adsorbed 29a without AuNDPs, the Au oxidation peak is shifted to more
positive potentials and there is no clear gold oxide reduction peak near 0.35 V. It is
also possible that the adsorbed 29a (without the AuNPs) passivates the Au disk
electrode and the peak near 1.2 V is due to ring processes of complex 29a. The

behaviour shown in Fig. 6.7 was also observed for complex 29b and 29b-AulNPs.

Fig. 6.8 shows the cyclic voltammograms of (a) (i) 29a, (ii) 29b; (b) (iii) 29a-AulNPs,
(iv) 29b-AuNPs and (v) AuNPs in 1 x 10-3 mol L1 K3[Fe(CN)g] containing 0.1 mol L
KCl. The cyclic voltammograms shown in Fig. 6.8 (ii) - (vi), for the modified

electrodes have Ei1/2 values that range from 121 to 157 mV. The AE values were 233
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mV for AuNPs, 75 mV for complex 29a, 93 mV for 29a-AuNPs, 125 mV for complex
29b, and 80 mV for 29b-AulNPs. For bare Au electrode, AE = 60 mV (Fig. 6.3 insert).
The largest AE value was obtained for AuNPs on gold (AE = 233 mV), showing slow

electrode kinetics followed by the 29b modified electrode, Table 6.2.

(@) (i) 29a

$ 4pA (i) 29

4 0.6 0.8

0 0.2 0
E/V (vs. Ag| AgCl)

(b) (iii) 29a ~AuNPs
(iv) 29b -AuNPs

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

Figure 6.8: Cyclic voltammograms of (a) (i) 29a, (ii) 29b; (b)(iii) 29a-AuNPs, (iv)
29b-AuNPs, (v) AuNPs in 1 x 103 L1 K3[Fe(CN)¢] containing 0.1 mol L.; KCl.

For 29b (containing longer chain than 29a), slower electrode kinetics were observed

when adsorbed onto Au electrode compared to 29a, but improved in the presence of
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AuNPs. It is possible that the long alkyl chain in 29b affects its ability to absorb onto
the electrode compared to 29a. The surface coverage values were determined as
described above and using Eqgs. 6.1 and 6.2. The surface coverage values for TaPc
complexes and their conjugates ranged from 1.98 x 10710 to 9.94 x 10-1° mol cm?,
Table 6.2. An increase in the surface coverage values after conjugation with AuNPs
is observed (Table 6.2) thus confirming the success of conjugation. These values are
larger than 1 x 10-1° mol cm™? suggesting that the films were more than monolayer

surfaces.

Shown in Fig. 6.9 are Nyquist plots for selected MPcs and AuNPs, 29a, 29a-AuNPs,
29b and 29b-AuNPs modified Au disk electrodes. The Nyquist plots of all the
modified electrodes resemble the characteristic semi-circle pattern (as a result of
barrier to the interfacial electron-transfer) followed by a straight line in the low

frequency region (the Warburg line) [129].

Figure 6.9: Nyquist plots for bare and AuNPs, 29a, 29a-AuNPs, 29b, and 29b-
AuNPs modified Au electrodes; in 1 x 103 mol L [Fe(CN)¢]374 in 0.1 mol L-1M
KCl.
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The Rcr values for AuNPs for complexes 29a and 29b are 0.72 and 1.84 kQ,
respectively, Table 6.2. The values increased for the 29a-AuNPs and 29b-AulNPs,
showing more resistance and decreased electrode kinetics. Complex 29a shows
lower Rer compared to 29b, confirming cyclic voltammetry (CV) studies which
showed 29a to have better electrode kinetics than 29b. The n values were less than 1

suggesting that the electrodes are not ideal capacitors.

6.1.2.3. 28-SWCNT conjugates

These studies were only done for complexes 28 and 29a as they showed the
best catalytic activity for BPA detection. Fig. 6.10(a) shows the cyclic voltammogram
of 28-SWCNT in pH 12 phosphate. A broad peak starting at ~ 0.4 was observed and

can be attributed to the oxidation of complex 28.

To probe whether the 29a (or 28)-SWCNT formed a ‘film’ on the gold electrode
surface, the inhibition of faradaic processes associated with the bare gold were
studied, Fig. 6.10(b) in 1 x 103 mol L1 Ks[Fe(CN)s] containing 0.1 mol Lt KCI. The
inset to Fig. 6.10(b) shows the cyclic voltammograms of bare gold electrode (solid
line) and SWCNT (dashed line) also in 1 x 10 mol L Ks[Fe(CN)s] containing 0.1
mol L1 KCl. There is a larger increase in AE value on SWCNT and 29a-SWCNT with

a much distorted shape, showing slow electrode kinetics on these electrodes.
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Figure 6.10: Cyclic voltammograms of adsorbed (a) 28-SWCNT in pH 12 phosphate
buffer and (b) adsorbed 29a-SWCNT in 1 x 10-3 mol L1 K3;[Fe(CN)s¢] containing 0.1
mol L1 KCIl. Insert bare Au bulk electrode (solid line), and SWCNT (dashed line)
in 1 x 103 mol L-! K3[Fe(CN)s] containing 0.1 mol L1 KCl. Scan rate =50 mVs-.
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Surface coverage values were determined using Eqgs. 6.1 and 6.2 and by integrating
the peak under ~ 0.4 V peak to get charge (Q). Table 6.3 summerises the surface
coverage values for SWCNTs and TaPc-SWCNTs modified electrodes. An increase in
the surface coverage of TaPc-SWCNTs is seen and the coverages were more than a
typical monolayer value. The surface coverage value for SWCNTs alone, Table 6.3,
was slightly lower than that of AuNPs.

Table 6.3: Surface coverage values for selected TaPc complexes and their SWCNT's

conjugates; and BPA detection potentials.

Electrode Surface coverage (I', mol cm?)
SWCNTs 1.88 x 10-10
28 1.54 x 10-10
28-SWCNTs 3.39 x 1010
29a 1.98 x 10-10
29a-SWCNT 2.55 x 1010

6.1.3. TiPc and VPc-AuNPs conjugates

Fig. 6.11 shows cyclic voltammogram of adsorbed complexes 24 and 24-
AuNPs, 25-AuNPs and 26, 27, 27-AuNPs on Au disk. The gold oxidation and
reduction peaks for the titanium complexes and their AuNPs conjugates {Fig.
6.11(a)} were seen at ~ 0.43 V and -0.14 V, respectively. In both the presence and
absence of AuNPs, for both complexes 24 and 25, Fig. 6.11(a), two couples, although
not too pronounced for complex 24, at - 0.75 V and -1.02 V were observed. In
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comparison to solution electrochemistry, the peaks at ~ -0.75 V can be attributed to
TilVPc2/TilPc2. No reduction processes were observed for adsorbed VPc complexes

and their AuNPs conjugates, Fig 6.11(b).

, 25-AulNPs . . .
-1.2 -0.7 -0.2 0.3 0.8
E/V (vs. Ag| AgCl)

Y o7 27-AuNPs

-1.3 -0.8 -0.3 0.2 0.7
E/V (vs. Ag| AgCl)

Figure 6.11: Cyclic voltammograms of (a) complexes 24, 24-AuNPs and 25-AuNPs
and (b) complexes 26, 27 and 27-AuNPs.

The surface coverage values for TiPc and VPc modified electrodes listed in Table 6.4
were determined following methods described earlier and Eqs. 6.1 and 6.2. A

significant increase in the surface coverage on introducing AuNPs was observed and
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the values showed multilayer coverage as they were more than the expected for

monolayer coverage.

Table 6.4: Surface coverage values for selected TiPc and VPc complexes and their

AuNPs conjugates; and BPA detection potentials.

Electrode Surface coverage (I', mol cm?)
AuNPs 2.87 x 10-10
24 2.29 x 10-10
24-AuNPs 3.54 x 10-10
25 3.31 x 1010
25-AuNPs 6.63 x 10-10
26 1.87 x 10-10
26-AuNPs 3.40 x 10-10
27 2.46 x 1010
27-AuNPs 6.25 x 10-10

6.2. Electrocatalysis of BPA

6.2.1. NiTAPc polymers

Fig. 6.12(a) shows the cyclic voltammograms of 2 x 10 mol L1 BPA in pH 12
phosphate buffer (which was prepared from NaHPOs and NaOH) on poly-n-
Ni(OH)NiTAPc (containing O-Ni-O bridges, where n is the number of

polymerization scans).
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E/V (vs. Ag|AgCl)

E/V(vs. Ag|AgCl)

Figure 6.12: Cyclic voltammograms in 2 x 10-® mol L1 BPA in pH 12 phosphate
buffer: (a) (i) poly-30-Ni(OH)NiTAPc, (ii) poly-50-Ni(OH)NiTAPc, (iii) poly-70-
Ni(OH)NiTAPc, (iv) poly-90-Ni(OH)NiTAPc, (iv) bare gold electrode; (b) of poly-
Ni(OH)TAPc (i) and poly-NiTAPc (ii) modified electrodes. Scan rate: 100 mV s-1.

As shown in Fig 6.12(a), the modified electrodes showed peaks for BPA
oxidation, indicating that the NiPc species catalyses the oxidation. While there were
no BPA peaks on bare Au electrode, the peak for the oxidation of BPA was observed
at 0.45 V (vs. Ag|AgCl), Table 6.5, which is 0.41 V vs. saturated calomel electrode
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(SCE) (using a -0.045 V correction factor [221]). This value is slightly less positive
than the value of 0.45 V vs. SCE obtained on CoPc-carbon paste electrode (CPE)
[137]. However, since no oxidation peak for BPA is observed on bare Au electrode in
the current work, the detection of this species is more convenient compared to its
detection on CPE. The return peak near 0.28 V in Fig. 6.12(a) is attributed to the
reduction of the oxidation products of BPA. It is expected that a thicker film should
be the most sensitive (due to the availability of more catalytic sites). However, this
was not the case in this study. It has also been shown before that catalysis by
polymerized films is only limited to external layers [233]. Poly-70-Ni(OH)NiTAPc
was the most sensitive in terms of current towards the oxidation of BPA of all the
polymers. This could be explained by the fact that the Rcr value of poly-70-
Ni(OH)NiTAPc showed less resistance, making the polymer more catalytic. Table 6.5
also shows that the largest surface coverage was by poly-70-Ni(OH)NiTAPc of all

NiTAPc derivatives.

167



Results and discussion

Table 6.5: BPA oxidation parameters by different electrode surfaces at pH 12

unless otherwise stated.

Electrode

Ep (V) vs. Ag| AgCl

Surface coverage

(BPA oxidation) (T, mol cm-2)
poly-NiTAPc 0.64 -
poly-30-Ni(OH)NiTAPc-Au | 0.45 1.79 x 10-10
poly-50-Ni(OH)NiTAPc-Au | 0.45 2.20 x 10-10
poly-70-Ni(OH)NiTAPc-Au | 0.45 5.46 x 1010
poly-90-Ni(OH)NiTAPc-Au | 0.45 1.11 x 1010
AuNPs 0.45 (0.51, pH 7.4) 2.87 x 1010
SWCNT 0.20 1.88 x 1010
TaPc complexes
28 0.22 1.54 x 1010
28-AuNPs 0.38 5.25 x 1010
28-SWCNT 0.16 3.39 x 1010
29a 0.19 (0.41, pH 7.4) 1.98 x 10-10
29a-AuNPs 0.41 (0.51, pH 7.4) 4.51 x 10-10
29a-SWCNT 0.19 2.55x 1010
29b 0.26 2.47 x 1010
29b-AuNPs 0.41 9.94 x 1010
TiPc complexes
24 0.21 2.29 x 1010
24-AuNPs 0.38 3.45 x 1010
25 0.14 3.31 x 1010
25-AuNPs 0.36 6.63 x 10-10
VPc complexes
26 0.20 1.87 x 10-10
26-AuNPs 0.34 3.40 x 10-10
27 0.21 2.46 x 1010
27-AuNPs 0.35 6.25 x 10-10
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Fig. 6.12(b) demonstrates that poly-Ni(OH)TAPc modified electrode (i) shows good
catalytic activity to bisphenol A compared to poly-NiTAPc modified electrode (ii)
without ‘O-Ni-O” bridges. This is judged by the fact that poly-Ni(OH)TAPc displays
less positive potential for bisphenol A detection (0.45 V vs. Ag| AgCl) compared to
poly-NiTAPc which detected bisphenol A at ~0.62 V vs. Ag| AgCl, Fig. 6.12 (b). Also,
a higher peak current in the detection of bisphenol A was obtained on the poly-
Ni(OH)TAPc (i) relative to poly-NiTAPc (ii), Fig. 6.12(b). Furthermore, a sharper and
better defined bisphenol A detection peak was displayed by the poly-Ni(OH)TAPc (i)
relative to poly-NiTAPc (ii), Fig. 6.12(b). Compared to the rest of the electrodes in
Table 6.5, the oxidation of BPA is less favoured on poly-NiTAPc since it shows the

most positive potential.

$5pA

0.2 04 0.6 0.8 1
E/V (vs. AglAQCl)

Figure 6.13: Cyclic voltammograms of 2mM PNP in pH 12 phosphate buffer: (i)
poly-30-Ni(OH)TAPc, (ii) poly-50-Ni(OH)TAPc, (iii) poly-70-Ni(OH)TAPc, (iv)
poly-90-Ni(OH)TAPc and (v) bare gold electrode.

Fig. 6.13 shows the cyclic voltammograms of 2 x 10-3 mol L-! p-nitrophenol (PNP in
pH 12 phosphate buffer on poly-Ni(OH)TAPc (containing O-Ni-O bridges) for
comparison purposes with BPA. There was a significant potential shift (peak at ~0.76
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V) for the catalytic oxidation of PNP compared to BPA (peak at 0.45 V). The peak
observed at ~0.5 V for PNP catalysis by poly-30-Ni(OH)TAPc and poly-90-
Ni(OH)TAPc is most likely due to Nil/Ni in comparison with Fig. 6.2. Poly-30-
Ni(OH)TAPc and poly-50-Ni(OH)TAPc were the most sensitive towards the
oxidation of PNP, Fig. 6.13 in terms of current, while, as stated above, poly-70-
Ni(OH)TAPc was the most sensitive for BPA. There was a decrease in current after

poly-70-Ni(OH)TAPc for BPA and after poly-50-Ni(OH)TAPc for PNP.

The mechanism for the oxidation of BPA is expected to be similar to that proposed
for its oxidation on CoPc-CPE [137], Scheme 6.1, but catalysed by Ni'Pc/Ni"Pc
instead of the corresponding CoPc couple. Catalysis was carried out in basic media
where BPA deprotonates (step 1). The catalytic oxidation occurs at potentials where
Ni'l exits for poly-Ni(OH)TAPc, hence it catalyses oxidation of BPA to form radicals
(step 3) which subsequently dimerises to form polymers as indicated in steps (4 - 5).
For poly-NiTAPc, only ring based processes will be involved since, without
transformation to Ni-O-Ni bridges, NiPc complexes do not show the Nil/Nill

couple.
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R-OH + OH - R-O-+H,0 step 1
Ni'lPc = [NiPg* + e step 2
R-O +[Ni'"'"Pc]* —— R-O- + Ni''Pc step 3
H, H, Q
HO \3 0O —— HO 2 o step 4
CH, L CH,
step 5

Scheme 6.1: Proposed reaction mechanism for the electrooxidation of BPA, where

R (in steps 1 and 3) represents the rest of the BPA molecule.

6.2.2. AuNPs conjugates
6.2.2.1. Octasubstituted TaPc complexes (29a and 29b)

In order to improve the electrocatalytic oxidation of BPA, octasubstituted
TaPc complexes (29a and 29b) were employed together with their AuNPs conjugates
and will later be compared to tetrasubstituted TiPc and TaPc complexes. The
catalytic nature of the modified electrodes is shown in Fig. 6.14. The bare electrode
showed no sensitivity towards BPA detection. The Au oxide formation and its
stripping are not expected at the potential range shown in Fig. 6.14, thus all the

peaks are due to BPA.
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0.2 0 0.2 0.4 0.6 0.8
E/V (vs. Ag| AgCl)

Figure 6.14: Cyclic voltammograms recorded in 7 x 10 mol L1 BPA in pH 12
phosphate buffer: (i) 29a, (ii) 29b, (iii) 29a-AuNPs, (iv) 29b-AuNPs, (v) AuNPs and

(vi) bare gold electrode, at scan rate of 100 mVs-1.

This means that 29a and 29b are able to catalyse the oxidation of BPA with high
current responses and peaks at 0.19 and 0.26 V, respectively, Table 6.5 at pH 12, were
obtained, whereas peaks were not observed for bare. Catalytic behaviour is
characterised by an increase in currents and improvement in the potential (that shifts
to less positive values during oxidation). For 29a and 29b, the potential for BPA
detection is lower than obtained on NiTAPc containing ‘O-Ni-O” oxo bridges (poly-n-
Ni(OH)TAPc), CoPc-CPE [137] and MWNTs-CoPc [138] with BPA oxidations peaks

at0.45V, 041V and 0.58 V, respectively.

Complexes 29a and 29b catalysed BPA oxidation at less positive potentials compared
to their AuNPs conjugates and AuNPs alone, Table 6.5. The established trend based

on shifting of catalytic peak potentials to less positive values is as follows: 29a > 29b
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> 29b-AulNPs = 29a-AuNPs > AuNPs. The MPc-AuNPs conjugates showed
enhanced sensitivity (in terms of current and potential) towards BPA compared to
AuNPs alone. This indicates the involvement of TaPc complexes in catalysis.
Nanoparticles are quite different from their bulk materials [154]. Their electronic,
optical, and catalytic properties originate from their quantum dimensions. AuNPs
function as “electron antennae”; they tunnel electrons between the electrodes and
analyte [243, 244]. Given the fact that the ‘bulk’ Au electrode was not sensitive
towards the oxidation of BPA, it was interesting to see that Au in its nanosize could
catalyse the oxidation of BPA. This thus confirms that indeed AuNPs have extra-
ordinary catalytic properties. In terms of surface coverage, 29b-AuNPs and 29a-
AuNPs gave large values compared to 29a or 29b alone, Table 6.5, hence it would be
expected that they would give the largest current enhancement, however Fig. 6.14
does not show much difference in BPA currents on the electrodes, suggesting that it
is only the top layer which is involved in catalysis as reported before for MPc

polymers [233].

The biological effects of BPA are quite detrimental hence the interest in investigating
the catalytic nature of these electrodes at pH 7.4 (physiological pH for mammals).
Complex 29a exhibited the best results at pH 12, in terms of shifting the potential to
less positive values, Table 6.5. It was therefore chosen together with its conjugate
(29a-AulNPs) and AulNPs for detection at pH 7.4 phosphate buffer. Fig. 6.15 shows
the cyclic voltammograms of BPA in pH 7.4 phosphate buffer, on complex 29a, (ii)

29a-AuNPs, (iii) AuNPs and (iv) bare electrode.
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(1)29a

(ii)29a-AuNPs

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

Figure 6.15: Cyclic voltammograms recorded in 7 x 103 mol L' BPA in pH 7.4
phosphate buffer: (i) 29a, (ii) 29a-AuNPs, (iii) AuNPs and (iv) bare gold electrode,

at scan rate 100mVs1.

The potentials were however more positive compared to electrocatalytic oxidation at
pH 12, Table 6.5. Complex 29a was more sensitive, as shown by enhanced peak
currents and lower potential, compared to 29a-AuNPs and AuNPs. The sharp rise

in current for 29a and 29b for both pH 7.4 and 12, confirms good catalytic activity.

6.2.2.2. Tetrasubstituted complexes

The electrocatalytic investigation of BPA was carried on using the
tetrasubstituted newly synthesised TiPc, VPc and TaPc complexes and their AuNPs
conjugates. Figs. 6.16 and 6.17 show the CVs for the electrocatalytic oxidation of BPA
in basic media, pH 12 phosphate buffer. The Au oxide formation and its stripping
are not expected at the potential range shown in these figure, thus all the peaks are
due to BPA oxidation. The bare electrode, Fig. 6.17(iv), showed no detection of BPA,

as already stated.
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(iii)

E/V (vs. Ag| AgCl)

Figure 6.16: Cyclic voltammograms recorded in 7 x 10 mol L' BPA in pH 12
phosphate buffer: (i) 28, (ii) 25, (iii) 26 and (iv) 27 at scan rate 100mVs-1.
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Figure 6.17: Cyclic voltammograms recorded in 7 x 10 mol L1 BPA in pH 12
phosphate buffer: (i) 28, (ii) 28-AuNPs, (iii) AuNPs, (iv) bare gold electrode, at

scan rate 100mVs-1,

The TiPc complexes (24 and 25) showed good catalytic oxidation with in terms of

potentials with complex 25 having the lowest oxidation potential of 0.14 V, Fig. 6.16

and Table 6.5. VPc complexes (26 and 27) oxidised BPA at 0.20 and 0.21 V,

repectively and the TaPc complex (28) oxidation potential was at 0.22. However

complex 28 showed the best catalysis in terms of current as shown in Fig. 6.16(i)
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compared to complexes 25, 26 and 27. The TiPc, VPc and TaPc complexes were not
very sensitive in the abscence of AuNPs (Figs. 6.17) in terms of current. However,
TaPc (28) gave larger currents relative to TiPc and VPc complexes, Fig. 6.16. On
conjugating complex 28 to AuNPs, Fig 6.17, there was a drastic increase in current
signifying importance of AulNPs in enhancing sensitivity. The same increase in
current was observed for complex 25, 26 and 27. On comparing different MPcs in
this work, they were all more or less in the same potential range for BPA oxidation
with TiPc complex (24) showing the best catalysis in terms of potentials, Table 6.5. In
all cases, there was a large increase in oxidation potential for MPc-AuNPs, showing
resistance to oxidation in the presence of AulNPs, Table 6.5. All the detection

potentials were again improved compared to NiTAPc containing ‘O-Ni-O” bridges.

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

Figure 6.18: Cyclic voltammograms recorded in 7 x 10 mol L BPA in pH 12
phosphate buffer: (i) 28-AulNPs, (ii) 27-AuNPs, (iii) 25-AuNP, and (iv) 24-AuNPs,

at scan rate 100mVs1.

Comparing the MPc-AuNPs electrodes, Fig. 6.18, 28-AuNPs showed large currents
compared to the rest of the tetra substituted complexes. TiPc-AuNPs conjugates (24-

AuNPs and 25-AuNPs) showed the least currents.
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6.2.3. TaPc - SWCNT conjugates

TaPc complexes (28 and 29a) were chosen as representatives of tetra- and
octasubstituted complexes studied in this work. Complex 28 was chosen because it
showed good catalytic activity towards BPA oxidation (Fig. 6.16) in terms of current
compared to the rest of the tetrasubstituted complexes and 29a due to lower
potential value compared to 29b, Table 6.5. Fig. 6.19 which compares cyclic
voltammetric responses of (i) 29a-SWCNT, (ii) 28-SWCNT and (iii) SWCNT towards
the oxidation of BPA. The oxidation potential for the three species were more or less
the same although the oxidation potential by 28-SWCNT was slightly less at 0.16 V.
In terms of sensitity, 29a-SWCNT was by far the most sensitive toward BPA thus
making it a better catalyst. It was interesting to note that the SWCNT alone
improved BPA oxidation significantly Fig 6.19 {insert (iii)}, compared to bare

electrode which shows no BPA peak.

E/V (va. Ag| AgCl

Figure 6.19: Cyclic voltammograms recorded in 7 x 10 mol L1 BPA in pH 12
phosphate buffer: (i) 29a-SWCNT, (ii) 28-SWCNT and (iii) SWCNT. Insert: (ii)
28-SWCNT and (iii) SWCNT, at scan rate 100mVs-1.
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6.2.4. Mechanism

The mechanism (in basic media) for the oxidation of BPA is expected to be similar to
that proposed for its oxidation on CoPc-CPE [137] and shown Scheme 6.1, but ring
based catalysis. Catalysis was carried out in basic media where BPA deprotonates
(step 1). The broad peaks due to ring oxidation observed in Figs. 6.6, 6.7, 6.10 and
6.11 are in the range for the oxidation of BPA, hence the oxidation was catalysed by
the complexes (step 3), following their oxidation in step 2. The BPA oxidation

subsequently dimerize to form polymers as indicated in steps (step 4).

R-OH + OH- -~ R-O- + H20 Step 1
MPc2 . MPc1 + e Step 2
MPc? + R-O- - R-O" + MPc?2 Step 3
R-O"+ R-O" - dimers Step 4

Scheme 6.2: Proposed reaction mechanism for the electrooxidation of BPA, where
R (in steps 1, 3 and 4) represents the rest of the BPA molecule and M represents

the different metals TaV, TilV or VIV,
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6.2.5. Electrode stability

Phenolic type compounds are known for fouling electrode surfaces. This is

due to the fact that when they are oxidized, phenol polymerization and

hydroquinone formation take place [142, 143] and thus block the electrode surface.

6.2.5.1. NiTAPc polymers

Passivation is indicated by a decrease in current with scan number. Fig. 6.20

shows a decrease in current responses of BPA and PNP cyclic voltammetry scan

number on poly-n-Ni(OH)TAPc. There is a decrease in current after the first scan

followed by stabilization of the current. The electrodes could be partially

regenerated by rinsing in pH 7.4 buffer, with percentage recovery values that ranged

from 16 to 72 % for BPA and 65 to 91 % for PNDP, Table 6.6.

Table 6.6: Percentage recovery values for the detection of BPA and PNP by poly-n-
Ni(OH)NiTAPc on a Au electrode.

Electrode % Recovery for BPA | % Recovery for PNP
Poly-30-Ni(OH)NiTAPc-Au | 16 76
Poly-50-Ni(OH)NiTAPc-Au | 25 91
Poly-70-Ni(OH)NiTAPc-Au | 61 91
Poly-90-Ni(OH)NiTAPc-Au | 72 65

It was also observed that percentage recovery values increased with increase in

polymer thickness, Table 6.6 for BPA. These studies showed that it was easier to

regenerate surfaces with PNP oxidation products than those of BPA.
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Figure 6.20: The variation of peak currents with scan number for the voltammetric
responses of 2 x 103 mol L1 (a) BPA and (b) PNP at (i) poly-30-Ni(OH)NiTAPc,
(i) poly-50-Ni(OH)NiTAPc, (iii) poly-70-Ni(OH)NiTAPc, (iv) poly-90-
Ni(OH)NiTAPc modified gold electrode, scan rate 100 mVs-1.
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6.2.5.2. AuNPs TaPc conjugates

As stated above, passivation is indicated by a drastic decrease in current,

shown Fig. 6.21 (a) where (i) shows the first BPA electrooxidation scan and (ii) shows

passivation after the 8™ scan for complexe 29a. The electrodes could be partially

regenerated by rinsing in a fairly concentrated solution of NaOH, shown in Fig. 6.21

(b), where (i) is the first scan and (ii) the cyclic voltammogram of BPA after rinsing in

NaOH.

(a)

v

(i) First scan

(ii) Last scan

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

0.8

(b)

(i) First scan

¢1pA

(ii) After regenaration

0.8

Figure 6.21: (a) Cyclic voltammograms recorded in 7 x 10 mol L1 BPA in pH
phosphate buffer (on 29a) showing (i) the first and the (ii) last 8t scan (b)
voltammograms recorded in 7 x 10 mol L1 BPA in pH 7 phosphate buffer

showing (i) the first scan and (ii) the effects of regeneration. Scan rate: 100 mVs-1.
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As shown in Fig. 6.22(a), there was a drop in I, with increase in scan number,
indicating passivation, on both 28-AuNPs and 28. In the presence of AulNPs,
however, the drop in current was gradual, implying that the presence of AuNPs
reduces passivation. The electrodes could be partially regenerated by rinsing in a
rather concentrated solution of NaOH (2.0 M) as shown in Fig. 6.22(b) which is
illustrative of recovery, where (i) is the first scan and (ii) is the cyclic voltammogram

of BPA after rinsing in NaOH for complex 28. The recovery was roughly 22 %.

@ 207 m
< 16 - o (i) 28-AuNPs
=12 - .
= m
— i
3. 8 .
= 4 7@ -
0(11)28. 0?!!!' .
0 2 4 6 8 10
Scan number
0 0.1 0.2 0.3 0.4 0.5
E/V (vs. Ag| AgCl)

Figure 6.22: Variation of peak current with scan number for the voltammetric
responses in 7 x 103 mol L1 BPA in pH 12 phosphate buffer for (a) (i) 28-AuNP
and (ii) 28, and (b) are the (i) first scan and (ii) the scan following re-use and

rinsing in concentrated NaOH (2.0 M), respectively.

182



Results and discussion

6.2.5.3. TaPc SWCNT conjugates

Fig. 6.23(a) showed virtually no passivation on 29a-SWCNTs as opposed to
28-AuNPs, Fig. 6.22(a). This reiterates the fact mentioned earlier that less fouling is
experienced in the presence of SWCNTs. Furthermore, recovery by rinsing in
concentrated NaOH solution was almost up to ~ 98 % {Fig. 6.23(b)}, again proving

that SWCNT are remarkable in preventing passivation.

(a) 40 -
® ¢ o  29a-SWCNT
< 30 - ® o o *
3
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(b)
iI; 1pA
7
0 0.1 0.2 0.3 0.4 0.5 0.6
E/V (vs. Ag| AgCl)

Figure 6.23: Variation of peak current with scan number for the voltammetric
responses in 7 x 103 mol L1 BPA in pH 12 phosphate buffer for (a) (i) 29a-
SWCNTS and (b) are the cyclic voltammograms recorded in 7 x 10 mol L1 BPA
for the re-use 29-SWCNT, the first scan (solid line) and the scan following re-use
(dotted line) and rinsing in concentrated NaOH, respectively.
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6.2.6. Sensivity and limit of detection (LOD) values

The limit of detection (LOD) was obtained, according to literature [233], by
tirst recording the chronoamperometry of the modified electrode in pH 12 buffer.
The LoD was then calculated by multiplying the standard deviation of the
chronoamperometry current by three and then dividing the result by the gradient of
the calibration curve. The MPc complexes that showed the best activty towards BPA

(TaPc derivatines) were selected for LOD values and are summerised in Table 6.7.

Table 6.7: Selectivity and limits of detection for the detection of BPA on TaPc

complexes and NiTAPc
Electrode modifier Sensitivity (LA mmol! L' | LOD (mol L)
cm?)
Poly-70-Ni(OH)TAPc 6.56 x 10-¢ 3.68 x 10
28 3.21 x 105 1.02 x 10-10
28-AuNP 3.30 x10° 1.87 x 10-10
28-SWCNT 3.47 x 104 1.90 x 1010
29a 420 x 107 4.78 x 1010
29b 1.84 x 103 2.76 x 1010
29a-AuNP 4.29 x10° 2.03 x 10-10
29a-SWCNT 212 x 10+ 1.16 x 10-10

A linear variation of the electrocatalytic currents plateaus (steady-state currents)
with BPA concentrations in the range of 7x10# to 3x102 mol L for Au poly-70-
Ni(OH)NiTAPc is shown in Fig. 6.24. The calculated sensitivity (obtained from the

slope of the linear plot) was 6.56 x 10-¢ A mol! L1.
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Figure 6.24: Calibration curves for BPA detection by poly-70-Ni(OH)NiTAPc (pH =
12).

The LoD of Au poly-70-Ni(OH)NiTAPc for BPA (30 criteria, based on signal to noise
ratio, from chronoamperometry as explained above) was 3.68 x 10 mol L-1, Table
6.7. This value is better than that reported for CoPc-CPE (LoD = 1.0 x 108 mol L)
[137] and carbon electrode which had been modified with a multi-walled carbon
nanotubes-gold nanoparticles hybrid film [138]. Thus the poly-Ni(OH)NiTAPc on
gold shows improved sensitivity for BPA. Fig. 6.25 (i) shows chronoamperograms of
pH 12 phosphate buffer followed by the addition of BPA solution of concentration 1
x 108 mol L-1. The observed increase in current illutratrates the sensitity of the poly-

70-Ni(OH)NiTAPc electrode toward BPA at that concentration.
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Figure 6.25: Chronoamperograms of (i) pH 12 phosphate buffer and (ii) BPA

solution of concentration 1.08 x 10-8 mol L-1.

Fig. 6.26 shows the linear variation of the cyclic voltammetry currents with BPA

concentrations in the range of 1 to 8 mM for 29a and 29b.
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Figure 6.26: Calibration curves for BPA detection (i) 29a and (ii) 29b in pH 12
phospahte buffer.
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The LoD of 29a and 29b for BPA (30 criteria, based on signal to noise ratio) was 4.78
x 1010 and 2.76 x 1019 mol L, Table 6.7. These values are improved compared to

poly-70-Ni(OH)NiTAPc which had an LOD of 3.68 x 10 mol L.

The limits of detection (LoD) for complexes 28, 28-AuNP, 28-SWCNT, and 29a-
SWCNT in pH 12 buffer are listed in Table 6.7 and they ranged from 1.02 x 10-10 to
1.90 x 1010 mol L1, Table 6.7. Quiet noticeable are the LOD values for 28-SWCNT

and 29a-SWCNT which were improved compared to all the complexes.

The sensitivity values for selected TaPc, TaPc-AuNPs and TaPc-SWCNTs conjugates
are listed in Table 6.7. The presence of AuNPs increased the sensivity and the

conjugation with SWCNTs significantly improved sensivity, for example sensivity

for 28-AuNPs increased from 3.30 x 105 to 3.47 x 104 for 28-SWCNTs.

6.2.7. Real samples

BPA concentrations were calculated in the two types of plastics that were
obtained from a local food store for practical analysis using poly-70-Ni(OH)TAPc
which was the most sensitive towards the oxidation of BPA amongst the poly-n-
Ni(OH)NiTAPc. This was performed to determine the possible potential of the
modified gold electrodes in the detection of BPA in real sample applications. A
standard addition method was employed, where it was discovered that the
microwave oven plastic had more BPA concentration (2.55 pM) than the soft drink
bottle which had a BPA concentration of 0.585 uM. Values in the UM range were

obtained for similar samples [137]. For analysis using complex 28 BPA

187



Results and discussion

concentrations in the plastic was found to be 1.89 pM. No BPA was detected on the

feeding bottle.

6.3. Conclusions

The electrooxidation of BPA in pH 12 buffer by different poly-NiTAPc of
different thicknesses was investigated. It was also demonstrated that thicker films do
not necessarily give better catalysis. Poly-70-Ni(OH)NiTAPc was the most sensitive
for the electrocatalysis of BPA. The stability of the electrodes increased with polymer
thickness. The poly-70-Ni(OH)TAPc modified electrode (which showed the largest
sensitivity) could reliably detect bisphenol A in a concentration range of 7x10+ to
3%10-2 mol L1 . The electrocatalytic oxidation of BPA was improved on TiPc, VPc
and TaPc complexes modified electrodes and their AuNPs or SWCNT conjugates in
terms of potential, compared to poly-n-Ni(OH)TAPc. The presence of AuNDPs
increases sensitivity and interestingly AuNPs alone showed BPA detection which
was not obtained on the bare Au electrode. Passivation was inevitable; however, in
the presence of AuNPs the process of passivation was gradual. Regeneration of the
electrode surface was achieved partially by rinsing the passivated electrode in a
solution of concentrated NaOH. The modified electrodes showed improved
sensitivity towards BPA catalytic oxidation compared to what has been previously
studied and NiTAPc. 28- and 29a-SWCNT showed very high activity towards BPA

analysis with minimal fouling, hence improved recovery.
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7. General conclusions

TiPc, VPc and TaPc derivatives substituted with mercapto-pyridine or
alkylthio on thea andf positions were successfully synthesized. Their
photochemical, photophysical parameters and electrochemical properties in the
absence and presence of AuNPs and SWCNTs (for selected TaPc complexes) were
studied. The Q band of the complexes shift to the red with the change in the central
metal as follows: Ta > V > Ti. The reduction couples for all the complexes were
reversible to quasi-reversible and oxidation processes are irreversible.
Spectroelectrochemistry confirmed one metal reduction, with the rest of the redox
processes being centered on the phthalocyanine ring, except the VPc complexes,

where all processes are ring based.

Photocatalytic oxidation of cyclohexene was carried out successfully on the TiPc and
TaPc complexes due to the singlet oxygen production that was improved
significantly by the presence of AuNPs. The improved singlet oxygen quantum yield
was attributed to the good triplet quantum yields. The percentage conversion of
cyclohexene was improved by the presence of gold nanoparticles. Percentage
selectivity values were generally improved when compared to literature values, but
photobleaching occurred with increased time during photolysis. The percentage

yields were improved significantly compared to literature values.

The electrooxidation of BPA in pH 12 buffer by different poly-NiTAPc of different
thicknesses was investigated. It was also demonstrated that thicker films do not

necessarily give better catalysis. Poly-70-Ni(OH)NiTAPc was the most sensitive for
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the electrocatalysis of BPA. The stability of the electrodes increased with polymer
thickness. The electrocatalytic oxidation of BPA was even more improved by TiPc,
VPc and TaPc complexes and their AuNPs or SWCNT conjugates. The presence of
AuNPs increases sensitivity significantly and interestingly AuNPs alone showed
BPA detection which was not obtained on the bare Au electrode. Passivation was
inevitable; however, in the presence of AuNPs the process of passivation was
gradual. Regeneration of the electrode surface was achieved partially by rinsing in a
solution of concentrated NaOH. The modified electrodes showed improved
sensitivity towards BPA catalytic oxidation compared to what has been previously
studied 28- and 29a-SWCNT showed very high activity towards BPA analysis with

minimal fouling, hence improved recovery.
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