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GENERAL STATEMENT

PART A:

Synthesis, photophysicochemical and electrochemicstudies of
Titanium and Tantalum phthalocyanines, and their ug as catalysts

for the transformation of 1-hexene

This section of the thesis describes the synthesitnew Titanium and Tantalum
phthalocyanines. The first characterisation of thecatalysts using spectroscopic
methods, photochemistry, photophysics, and electrbemistry was undertaken.
The catalysts are further investigated for their plotocatalytic and
electrocatalytic properties. For photocatalysis, -hexene which is useful in
industry, is transformed to more useful fine chemials such as epoxide and allylic

alcohol, while electrocatalysis is employed to detenitrite by oxidation.

PART B:

Synthesis and electrochemical investigation of Chroium and

Titanium catalyst systems

This section of the thesis was an industrially funeld project with
CONFIDENTIALITY agreements, hence is presented sepately. An
industrially important ethylene trimerisation to 1-hexene using Chromium and
Titanium organometallic complexes is discussed. Ehchoice of metals is
influenced by the effectiveness of these complexashe selective trimerisation of
ethylene. The aim is to investigate the mechanisnof trimerisation by

electrochemical methods.




ABSTRACT

PART A

The syntheses, spectroscopic and electrochemicalacterisation of a series of
titanium and tantalum phthalocyanine complexesraported. The complexes are
unsubstituted and substituted at either the pergblue non-peripheral positions with
sulphonates, aryloxy, arylthio or amino groups. e domplexes mostly exhibit Q-
bands in the near-infrared region as well as isterg properties in different solvents.
The interaction of differently sulphonated titaniuamd tantalum phthalocyanine
complexes with methyl viologen (MV), and hence the stoichiometry and association
constants are evaluated. Detailed photophysicoia¢mproperties of the complexes
were investigated and are for the first time presgrwith fluorescence lifetimes
easily obtained from fluorescence quenching studidse transformation of 1-hexene
photocatalysed by aryloxy- and arylthio-appendedmexes is also presented for the
first time. The electrochemical properties of doenplexes are unknown and are thus
presented. Cyclic (CV) and square wave (SWV) voltestties, chronocoulometry
and spectroelectrochemistry are employed in thdysti the complexes. Two one-
electron reductions and a simultaneous 4-electemtuation are observed for the
unsubstituted GTaPc. Reduction occurs first at the metal followssdring-based
processes. The tetra- and octa-substituted deegathowever exhibit peculiar
electrochemical behaviour where a multi-electroansgfer process occurs for
complexes bearing certain substituents. For alipdexes, the first two reductions are
metal-based followed by ring-based processes. Apemative study of the
electrocatalytic activities of the complexes toveattie oxidation of nitrite is also
investigated. The complexes are immobilised orgtaasy carbon electrode either by

drop-dry or electropolymerisation methods. All theodified electrodes exhibit

Vi



improved electrocatalytic oxidation of nitrite thére unmodified electrodes by a two-
electron mechanism producing nitrate ions. Catalgtrrents are enhanced and
nitrite overpotential reduced to ~ 0.60 V. Kineparameters are determined for all

complexes and a mechanism is proposed.

PART B:

The syntheses and electrochemical characterisatforchromium and titanium
complexes for the selective trimerisation of ethgléo 1-hexene are presented. The
synthesis of the chromium complex requires simf@pswhile tedious steps are used
for the air-sensitive titanium complex. The spestopic interaction of the chromium
complex with the co-catalyst methylaluminoxanengeistigated. The complexes are
characterised by electrochemical methods such adiccwoltammetry and

spectroelectrochemistry.

vii
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0.1vs™

UV/Vis spectral changes observed during controtletential reduction of (a)
38c at an applied potential of couple(—0.14 V) and (b)39b at an applied
potential of couplé (—=0.08 V) in DMF containing 0.1M TBABf-

UV/Vis spectral changes observed during controtletential reduction of (a)
38c at an applied potential of couple (-0.6 V) and (b)39b at an applied
potential of couplél (-0.4 V) in DMF containing 0.1M TBABE

UV/Vis spectral changes observed during controtletential reduction of (a)
38c at an applied potential of couple (-1.4 V) and (b)39b at an applied
potential of coupléll (-1.3 V) in DMF containing 0.1M TBABF

UV/Vis spectral changes observed during contrglieténtial reduction 038c
at an applied potential of coupl¥ (-1.71 V) in DMF containing 0.1 M
TBABF..
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Cyclic and square wave (inset) voltammogram8#&din DMF containing 0.1
M TBABF,. Scan rate 0.1 V'$

UV/Vis spectral changes observed during controtletential reduction of (a)
37e(b) 37f (c) 38eand (d)38f in DMF containing 0.1 M TBABE Applied
potential just above couple | (-0.13 V).

UV/Vis spectral changes observed during controtletential reduction of (a)
37e(b) 37f (c) 38eand (d)38f in DMF containing 0.1 M TBABE Applied
potential at coupld (-0.60 V).

UV/Vis spectral changes observed during controtletential reduction of (a)
37e(b) 37f (c) 38eand (d)38f in DMF containing 0.1 M TBABE Applied
potential at couple Il (=1.35 V).

Cyclic and square wave (inset) voltammograms of glemn41l in DMF
containing 0.1 M TBABE. Scan rate 0.1 Vs

Cyclic voltammograms o88c adsorbed on GCE in phosphate buffer solution,

pH 7.4. Scan rate 0.1 Vs

Cyclic voltammograms of bare GCB8a 38c and 38d for 1 mM nitrite
oxidation in phosphate buffer solution, pH 7.4.a$cate 0.1 V.

Cyclic voltammograms of bare GCB7aand37d for 1 mM nitrite oxidation

in phosphate buffer solution, pH 7.4. Scan rate\G:".

Plot of E, vs. logv for the electrocatalytic oxidation of 1 mM nitrig®lution
in phosphate buffer, pH 7.4 on: @Ya (ii) 37d, and (iv)38h.

Plot of Iy vs.v for the electrocatalytic oxidation of 1 mM nitriselution in
phosphate buffer, pH 7.4 &8a, (ii) 37b, and (iii) 38b.
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6.9

6.10

6.11

6.12

6.13

6.14

Plot of Inet VS. t Y2 for GCE modified with38a for the electrocatalytic
oxidation of 1 mM nitrite solution in phosphate feuf pH 7.4. Scan rate 0.1
Vst

UV/Vis spectral changes observed on addition ofitaitto 38b in DMSO,
where (i) is38b in absence of nitrite withmax = 700 nm and (ii) in the

presence of nitrite

Evolution of cyclic voltammograms &8f (1 mM) in DCM containing 0.1 M
TBABF, during cathodic repetitive cycling on a glassybcar electrode
(GCE). Scanrate =0.1 Vs

Cyclic voltammograms38f (1 mM) at GCE in DCM containing 0.1 M
TBABF, showing (i) first and (ii) last scans.

Cyclic voltammetry of modified GCE with comple38f phosphate buffer
solution, pH 7.4. Inset = Plot of current verscarsrate. Scan rate 0.1 Vs

Anodic electrodeposition @d8f (1 mM) in DCM containing 0.1 M TBABE
Scan rate 0.1 V5

Cyclic voltammograms of unmodified GCpoly-37¢ poly-37f, poly-38e and
poly-38f, for 1 mM nitrite oxidation in phosphate bufferlwmon, pH 7.4.
Scan rate 0.1 V5

Repetitive cyclic voltammogram of 1 mM nitrite at3&8F modified GCE in
phosphate buffer, pH 7.4. Scan rate 0.1.Vs

Plots of variation of peak currents with scan numtog the voltammetric

response of 1 mM nitrite in phosphate buffer solutipH 7.4 on (apoly-38¢
(b) poly-37¢ (c) poly-38f and (d)poly-37f.
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6.19
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6.22

6.23

Plot of I, vs.v*? for the electrocatalytic oxidation of 1 mM nitrigslution in
phosphate buffer, pH 7.4 on: (bly-38¢ (ii) poly-37¢ (iii) poly-38f and (iv)
poly-37f.

Plot of Iv? vs.v for the electrocatalytic oxidation of 1 mM nitriselution in
phosphate buffer, pH 7.4 on: (bly-38¢ (ii) poly-37¢ (iii) poly-38f and (iv)
poly-37f.

Plot of E, vs. logv for the electrocatalytic oxidation of 1 mM nitrig®lution
in phosphate buffer, pH 7.4 on: @ply-37f, (i) poly-38f, (iii) poly-37e and
(iv) poly-38e

Plot of variation of peak currenit) vs. nitrite concentration ([NQ) for poly-
38fin phosphate buffer, pH 7.4 on. Scan rate 0.1 Vs

UV/Vis spectral changes observed on addition ofitaitto 38e in DMSO,
where spectrum of (a38e (OTi'VPc) in absence of nitrite and (b) in the

presence of nitrite.

Schematic diagram illustrating the three limitingocdination modes of the

nitrite ligand.

Evolution of CVs during the electropolymerisatiohcomplex41 on GCE in
DMF containing 0.1 M TBABE.

Redox activity of polymer in terms of cathodic @nt, | as a function of the
electropolymerisation scan number of compddxin DMF containing 0.1 M

TBABF,.

Cyclic voltammetry ofpoly-41-modified GCE in phosphate buffer solution
(pH 7.4). Scanrate 0.1 Vs
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6.28

Variation of the cathodicEpC) and anodic Epa) peak potentials with the log

of scan rate fopoly-41in phosphate buffer (pH 7.4).

Cyclic voltammograms of electrooxidation of 1 mMrite at (i) the bare GCE
and (ii) poly-41-modified electrode in phosphate buffer (pH 7.4).

Plot of variation of peak currents with scan numbar the voltammetric
response of 1 mM nitrite in phosphate buffer soluijpH 7.4) orpoly-41.

Plot of (i) I, vs.v? (ii) Iv*? vs.v (iii) E, vs. logv for the electrocatalytic

oxidation of 1 mM nitrite solution in phosphate tauf(pH 7.4) orpoly-41.

Plot of .4/l derived from chronoamperometric data for 1 mM tatrin

phosphate buffer (pH 7.4) solution poly-41.
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Synthesis, photophysicochemical and electrochemicstudies
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catalysts for the transformation of 1-hexene
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Introduction
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1.1 Discovery and history of phthalocyanines

In 1907, Braun and Tscherniac accidentally disceddhe first sample of a
highly coloured phthalocyanine (Pc) [1]. The btighuish compound, later known as
metal-free phthalocyaning,(Scheme 1.1), was obtained as a by-product dumg
attempted synthesis af-cyanobenzamide2] from phthalamide 1). Braun and
Tscherniac however failed to appreciate the sigaifte of their discovery and thus
never attempted to characterise the compound.adtnot until 20 years later that de
Diesbach and von der Weid discovered other Pc alives by accident, during an
attempted synthesis of phthalonitrile frosadibromobenzene and cuprous cyanide
[2]. The researchers from Switzerland observed rdmarkable stabilities of the
copper phthalocyanine derivatives, however, thep &iiled to fully characterise the

blue complexes.

?¢ Oy

Scheme 1.1: First synthesis of metal-free phthalganine, where A¢O = acetic

anhydride.

The initial investigation of the structure of phthalecynes began when
Scottish Dyes Ltd employees accidentally produeed phthalocyanine during the
transformation of phthalic anhydride to phthalimideThe reaction of phthalic
anhydride and urea was carried out in a glass-lméd steel vessel, which was later
found to be lined with a bluish-green impurity eetl of an expected white product.

They thus concluded that the formation of the ltapurity was as a result of phthalic
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anhydride, phthalimide and urea coming into contaith iron found on the mild
steel. This thus incited them to successfully Isgsise the blue impurity by
replicating the vessel reaction conditions in thbokatory, i.e. reacting phthalic
anhydride, ammonia and iron fillings. In 1929 itlescovery led the company to file
for a patent which described the preparation ofhglocyanine from phthalic
anhydride, ammonia and a metal salt [3].
The discovery was followed on by Linstead and cokecs [4-9] who

performed extensive chemical studies to resolve rttwecular structure of the

unmetallated phthalocyanine. They concluded that rholecular structure of the

~

phthalocyanine derivatives fitted the model in Hid..

-~

o0
ZITO

o /

Figure 1.1: Schematic representation of the phthaktyanine parent compound of

chemical formula Cs;HigNg, i.e. 32 carbon atoms in cyan, 8 nitrogen atoms in
blue and 16 surrounding hydrogen atoms and 2 hydragn atoms in the centre of

the ring in red.

The parent compound had the chemical formul#d¢Ng or (GHaN2)4H>, i.e.
it had 16 surrounding hydrogen atoms and 2 hydr@gems in the core of the ring.
Linstead first used the word phthalocyanine whigdmes from two Greek terms

naphtha (rock oil) andcyanine (blue). Later on, the crystal structure of th&sge
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organic molecules was confirmed by X-ray diffrantiexperiments performed by
Robertson [10-12].

Despite the serendipitous discovery of phthaloayesii the interest in their
chemistry ceased dismally when Linstead and hisgraoved on to other synthetic
challenges. Most potential researchers were piglaikcouraged to further continue
with phthalocyanine chemistry due to their low &ality in most organic solvents.
This limitation thus made it impossible for the pedties of these macrocycles to be
fully exploited. In the 1960’s the preparation loighly soluble phthalocyanine
derivatives was revived and nowadays, phthalocgmnimare the best studied

macromolecules in chemistry.

1.2 Structure and nomenclature of phthalocyanines

Phthalocyanines3], Fig. 1.2, belong to a class of compounds known a
tetrapyrrolic macrocycles which includes tetraazpphgrins also known as
porphyrazins 4), tetrabenzoporphyrin®d) and porphyrinsg). The macrocycles are
structurally similar exce@ and4 have imino nitrogen atoms at each of the foaso
positions, commonly known as azamethine bridgesjewh and 6 have methine
bridges. The type of bridges connecting the ingamidoline units determines the
size of the cavity, thus macrocycles with azamethimidges are known to have
smaller inner cavities than macrocycles with meghlandges [13,14]. Macrocycl&s
and 5 additionally have four benzo-subunits which alléw addition of functional
groups onto their respective framework. The artmanaof the Pcs greatly affects
their electronic spectra and therefore they tendawe much stronger absorbances at

longer wavelengths than do porphyrins.
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%ﬂ?ﬁv ‘

5 6

Flgure 1.2: A class of tetrapyrrolic macrocycles.

Since four iminoisoindoline units make up the dimue of a phthalocyanine, a
symmetrical macrocycle with a conjugated systenml®fr electrons that exhibits
exceptional stability is formed. The extended agation is responsible for the blue-
green colour of these macrocycles. Phthalocyanaes considered as fused
porphyrin analogs and using the known Internatiddalon of Pure and Applied

Chemistry (IUPAC) nomenclature of tetrapyrroles][ithey are formally known as

tetrabenzdj,g,l,q][5,10,15,20]tetraazaporphyrins, Fig. 1.3.

Figure 1.3: IUPAC nomenclature for point of fusionin a heterocyclic system (A)
and an assignment of external numbering to a macrgtic system (B).

There are 16 possible sites of substitution onéoftised benzene rings (red),
l.e. peripheral substitution (carbon number 2, 310, 16, 17, 23, 24) and non-
peripheral substitution (carbon number 1, 4, 8,13, 18, 22, 25). Change in the

central metal ion or substitution onto the fusedzeme rings results in modification
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in the properties of the molecule, e.g. colourstal structure, solubility, electronic

and catalytic properties.

1.3 Metallophthalocyanines and their general applicatios

Phthalocyanines are versatile systems in thatwioecentral hydrogen atoms
can be substituted by metallic atoms - such asetsbswn in red, Fig.1.4 - to form
over 70 different metallophthalocyanines (MPcs).FL.4 (insert). In MPc, the
macrocycle is dianionic, i.e. Bcand thus acts as a ligand which complexes with
most metal ions due to its rich coordination chéyis Two Pc nitrogens (N and
N3;, Fig. 1.3) covalently bond with the central atohrough loss of the central

hydrogens, and two other nitrogensdEnd N) have a co-ordinate linkage with the

metal.
1
H
Hydroges
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3 4
Li Be
Litheuss Beryiiun
5941 9.012182
11 12
Na | Mg
Solun | Mgnesus
089770 | 2430

37 38 39 40

58 59 60 61 62 63 64 65 66 67 68 69 70 71
Ce Pr | Nd |Pm | Sm | Eu | Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu
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Figure 1.4: Periodic table showing metals (in redjhat have been used in the
metallophthalocyanine synthesis.
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A metal-free phthalocyanine ¢Ac) is generally considered to be of square
planar geometry, with a-electron system db,, symmetry. Most metal ions in an
oxidation state +2, which snugly fit inside the itgwof the ring, complex with the Pc
ring to form a stable 1:1 planar metal-ligand cosmplthus increasing the symmetry
from Dy, to D4 These types of phthalocyanine complexes, e§ciii6] and CuPc
[17], are generally strong such that removal ofedaiion results in the destruction of
the Pc ring. They are also not affected by stracigs such as concentrategSQ, or
strong bases; however, they can be broken dowmttealimide or phthalic acid by
strong oxidising agents such as dichromate or caits [4,8,18]. Larger metal ions
tend to distort the geometry of the macrocycleama extent as they do not fit into
the cavity of the ring. The molecular symmetrydiscreased tdC4, (i.e. square
pyramidal) and thus the metal ions tend to lie a&bthwe ring to adopt a ‘shuttlecock-
shaped’ configuration [19,20], Fig. 1.5()). MPashk as PP [21], Sif* [22,23] and
Ge** [24], form these non-planar structurestaf symmetry as a result of the rotation
of the rigid isoindole units that reduce the intdrstress induced by the large metals.
It is worth mentioning that the introduction of tvebloride ions to SnPc and GePc

leads to both change of valence as well as molesyimmetry fromCy, to Dyy, Of

Cl,SnPc and GGePc as shown in Fig. 1.5(ii).

Figure 1.5: MPc structures showing (i) ‘shuttlecok-shaped’ C,, symmetry and

(ii) Dgnh Symmetry.



Chaptl: Introduction

On the contrary, 2:1 metal-ligand derivatives ofaier monovalent ions such
as Li", Na', K" are formed where both metal ions lie on each ¢d¢be Pc plane [25-
29], Fig. 1.6(i). The protrusion enhances thelulsiity in polar organic solvents by
disrupting the intermolecular forces between theifgs [28,29]. The Li Na', K"
ions are also labile such that they are eithefdyeesplaced by robust metal ions that
have stronger interactions with the ring or areilgagmoved by dilute acids to
produce metal-free phthalocyanines. Hence theyuaesl as precursors for the
synthesis of novel MPcs such as tetra-, octa-dubsti and sandwich-type MPcs [30-
32]. The use of the “dilithium-method” in MPc foation is advantageous over many
other routes in that MPc that require low boilingit solvents and stoichiometric

amounts of Pc and metal salts can be preparedge &mounts.

MPc M,Pc MPc,
1:1 complex 2:1 complex 1:2 complex
L L L r L
O d> =
L  trans
L L

cis
k Axial ligation: L = Cl, O, OH j

Figure 1.6: (i) Various forms of MPc complexes (ii)MPc in which metals in

oxidation states greater than +2 are bonded to axidigands.

Trivalent, tetravalent or pentavalent metal ionshsas Af*, Sri**, Ti*" and

Ta " require axial ligands (throughteans- or cis-coordination) in order to maintain
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the neutrality of the metal complex, Fig. 1.6(ilkome of these metals (e.g. Ti, Nb,
Ta) are not fully accommodated into the cavity loseaof their large size. They are
thus displaced from the ring such that they lievabthe plane of the Pc [33-35].
Titanium phthalocyanines (TiPcs) may additionallgopt different coordination
geometries, depending on whether the axial ligan®i or ‘CI'. OTiPc is square
pyramidal with aC,, symmetry [36] while GITiPc has a trigonal prism geometry of
Dsn symmetry [33]. MPcs with coordination number Zlswas in the case with
ClsTaPc [35], have &,, symmetry and exhibit a capped trigonal prism gegmen
the case of rare-earth metals such as lutetiun2 angtal:ligand complex (known as
sandwich complex or bisphthalocyanine) is formedemvhthe large metal ion
complexes with two Pc units [37,38]. The formatadrbisphthalocyanines is possible
through metal coordination to all isoindole nitragen each Pc macrocycle. The Pc
macrocycles are rotated by a staggering ang)e With the sandwich complexes
either adopting a cubic geometry € 0°), or square antiprism geometiy € 45°) as

in the case wittbis(phthalocyaninato)M (llI) complexes (M = neodymiyB©] and
lutetium [40]).

Due to their physical and chemical stabilities, khiécs have been extensively
investigated for their potential use in a varietyapplications. For example, MPcs are
valued for their colour and therefore are importamwisible applications such as
electrophotography [41,42], ink-jet printing [43]44nd xerography [45]. In
electrophotography, light and electricity are ugedproduce an image, a process
familiar in photocopying and laser printing. A &pV polymorph of oxotitanium
phthalocyanine (OTiPc) has been found [46] to leelibst material to generate the

latent image in laser printers through its excellompatibility with the
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semiconductor infrared lasers. In colour photoempithe cyan toner used to produce
images is based on CuPc pigment, namely Cl PigBieet 15.

Ink-jet printing produces images by using electrgnedic fields that guide
electrically charged ink streams onto a page. €pppthalocyanines [47] are cyan
dyes of choice as they possess all-round propentiamely, high chroma, high
strength and high light-fastness. Xerography imesla photocopying process which
forms a negative image by a resinous powder onlextrieally charged plate, such
that the image is transferred to and thermallydigs positive on paper. Use of Pcs,
e.g. OTiPc, NiPc, CuPc [48], as active componenfavoured because they are less
toxic and many absorb in the infrared (IR) regioichsthat use of infrared lasers is
possible.

Pcs have also attracted much attention in oncolg\photosensitisers for
malignant tumour treatment by photodynamic ther@dT). In PDT, Q, light and a
photosensitising drug, e.g. phthalocyanines, aesl iis combination. Briefly, PDT
involves the selective uptake and retention of atgdensitizer in a tumour, followed
by irradiation with light of a particular wavelemgt Tumour necrosis is then initiated,
through the formation of singlet oxygen, the cykitospecies. Biochemical
molecules [49] can suffer significant damage thatyriead to death through singlet
oxygen ingestion. In vitro/vivo studies utilisindiode laser and using axially
substituted silicon naphthalocyanine (formed thtoagnulation of further benzene
units on MPc) have been found to be effective il akestruction [50].
Phthalocyanine research activity in the PDT fieds lexpanded tremendously during
the past 20 years [51-54]. For example, comméycialailable Photosehs

composed of differently sulphonated aluminium pldbganines has been
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successfully used for both diagnosis and clinidall Pof various cancers including
small lung tumors.

Since Pcs strongly absorb light in the red regiotroduction of electron
donating substituents can shift their main absormptband to the near-IR region.
Infrared-absorbing Pcs such as sulphur-substitBt=dfind use in energy conversion
and optical applications for laser thermal transéedar screens, optical data storage
(ODS) as in CD-RW and security, e.g. brand provectPcs absorbing at around 780
nm to match the 780 and 830 nm semiconductor lasersised for ODS whilst for
security applications; Pcs are used in lasers yercine 700-1000 nm range. Near-IR
Pcs have also been investigated for their nondlinptical (NLO) applications needed
for eye protection against pulsed lasers, photoarts photoelectronics. Lead [55]
and indium [56] Pcs have shown to be very good nads$efor optical limiting as their
heavy atom effect reveal enhanced optical limibegaviours.

MPcs are well known as catalysts for both homogesemd heterogeneous
reactions, which in most cases involve the transfelectrons. Both the catalyst and
analyte are in solution for homogeneous cataly$isreas for homogeneous catalysis,
the catalyst is in solid form. For both homogerseand heterogeneous systems,
reactions are possible through usage of oxidartis as hydrogen peroxide {&) or
may be light-driven and thus promote reactions @tettlytically. In homogeneous
reactions, MPcs exhibit enzyme-like catalytic ateg since they are similar in
structure to protohemes found in heme-enzymes #nat important for many
biological reactions [57]. The degree of impor&ans extended to heterogeneous
systems in which MPcs catalyse a nhumber of envienmtially toxic pollutants such
as chlorophenols by being immobilised or supporetb resins [58] or polymer

matrixes [59]. Oxidative decompositions of polhita such as chlorophenols have
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been observed with iron, manganese and cobalt3¢s Furthermore, MPcs may be
insoluble in water-based reactions and thus catlelpesited onto electrodes in order
to electrochemically catalyse reactions [60]. Hehe surface of the electrode is
modified in some way such that reactions are acateld at the electrode and
overpotentials significantly reduced. Modificatiancludes adsorption on the
electrode surface thus forming an electroactiven fibf a chemically modified

electrode (CME). Also mixing MPcs with micropaléis such that they become part
of the electrode constituents, results in the faiomaof a composite paste electrode,
e.g. carbon paste electrode. Oxygen electroremutti hydrogen peroxide or water
[61-63], electrooxidation of mercaptans [64-66]drazine [67-69] and nitrite [70-

72], are some of the reactions catalysed by MPtiseaglectrode surface.

1.4 Phthalocyanine syntheses

As mentioned before, a phthalocyanine macrocyclesists of four
iminoisoindoline units. Regardless of the condit@ased, Pc macrocycles are formed
by the cyclotetramerisation of the precursor unit§he synthetic strategy would

therefore start from the molecules which make @sehunits.

1.4.1 Unsubstituted metal-free and metallophthalocyanines

The preparation of unsubstituted phthalocyaninegolues a one-step
condensation reaction of a precursor which is gdlyederived from phthalic acid’).
Other derivatives include-cyanobenzamide?), phthalic anhydride8), phthalimide
(9), o-dibromobenzenel(), diiminoisoindoline {1) and phthalonitrile ¥2), Scheme
1.2. Often, one type of precursor is an intermedia the cyclotetramerisation

reaction of another.
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Scheme 1.2: Synthesis of metallophthalocyanines Bds) from typical starting

\J

solvent, A\

materials.

For example:
)] a stepwise progression from the aci through to anhydride8], imide
(9) and amide X), finally ends in the desired product, i.e. phdimatrile
(12) [73,74]
i) 12is an intermediate in the cyclotetramerisatiow-odibromobenzenel()
in the presence of cuprous cyanide [75,76]
i) reaction of 12 with ammonia results in the preparation of

diiminoisoindoline 1) [77,78]
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As phthalic acid derivatives are cheaper, theynarenally used for industrial
scale syntheses of Pcs, however rigorous condisoch as high temperature, high
pressure or use of catalyst are required. Forébry scale syntheses, phthalonitriles
are more commonly used. In the presence of a laasestal salt and a high boiling
point solvent, good yields of MPc43) are obtained after cyclisation 012 [79].
Preparations of unsubstituted MPcs and/gPd4 follow basic methods which may
have common features and mechanisms.

H,Pcs are usually prepared by a method derived fhenohe used by Linstead
[4] in the 1930’s. The cyclisation of the phthatale is induced by a solution of
lithium [80], sodium or magnesium alkoxides ofteengratedn situ in an alcohol
(e.g. 1l-pentanol, 1-octanol). Baumaenal. [81] suggested that the phthalonitrile
cyano group undergoes a nucleophilic attack byatkexide anion 14), thus forming
a l-alkoxy-3-iminoisoindolenine intermediate5), which gets reduced and cyclised

to 3, Scheme 1.3.

- D
(

RO OR
=N N
oo I
=N =N
N

\_ 12 14 15 -

Scheme 1.3: Nucleophilic attack of €N of phthalonitrile by an alkoxide leading

to formation of H,Pc.

Demetallation of MPc (M = L N& or K;) by a solution of dilute acid results in
metal-free Pcs [32,82,83]. This method is oftenefgred over the
cyclotetramerisation of phthalonitrile in high-bog solvents such as 1-

chloronaphthalene and quinoline [84,85], which ararried out at elevated

14



Chaptl: Introduction

temperatures. Replacement of the “Linstead methiog”the commonly used
“Tomoda method” [86,87] has proved to be successfuhe preparation of J#Pcs.
The “Tomoda method” is an alternative method thatolves use of a non-
nucleophilic base such as 1,8-diazabicyclo[5.4.0dan7-ene (DBU) [88], which
avoids side-products usually obtained with otheorgj bases. Furthermore, the
extremely rare preparation of unsubstitutegPés under non-alkaline conditions is
known [89-92]. Organic reducing agents such agdgulnone are used to enhance
the formation of these macrocycles by donating gmetin the reaction. A recent
report [93] also describes the general approachth® preparation of these
macrocycles, with cerium (lll) salt as a promotaggent. The new methodology gives
moderate yields that are comparable to those dtaly typical base-catalysed
cyclisation methods.

Moreover, metal-free analogs serve as precursarsvdoous MPcs, thus
addition of a metal salt in a reaction, leads ® fitrmation of MPc in good vyields.
This method is however limited as the core of tleeriRg is rather small. A pre-
existing Pc ligand will thus readily complex withetal ions which fit into the core of
the ring. VG*, C&*, Ni**, Pd*, PE*, CU*, zr**, AI** and G&" are examples of such
metals. Pcs with metals of larger radii can orgyftrmed via the template reaction,
thus causing the resulting Pc to strain in ordeadocommodate the large metals and
hence some planarity is lost.

The most highly used diiminoisoindolinglj has been vital in the preparation
of Pcs. Purdl can be exclusively obtained froh2 and ammonia, in the presence of
sodium methoxide [94-96], Scheme 1.4. The mairaathge ofl1 is that it readily
cyclises such that Pcs are formed under mild camdif even at room temperature.

Therefore, due to its high reactivityl is very useful in cases where phthalonitriles
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are resistive towards template formation, henceecessary loss of precursors is
avoided. Solvents such as trichlorobenzenecadidhlorobenzene are generally used
in the synthesis of Pcs. Also, treatment of plohigtile with N,N-

dimethylethanolamine (DMEA) performed under ammoatenosphere is another

common procedure for the preparation gPEs [97].

(i, N
) ,

N

)—N 1.NH, /NH,

|

—N 2.H" source
~7 NH NH

QZ 11 )

Scheme 1.4: Preparation of diiminoisoindoline fronphthalonitrile.

MPcs may be prepared by the “Wyler method” whictiolaes the use of
phthalic acid 7) [98], phthalic anhydride8] [99] or phthalimide §) [100]. The
reactions may be carried out as a melt or in aeswlguch as nitrobenzene, with urea
as a non-volatile source of nitrogen and ammoniuotybdate as a catalyst. Most
commercial processes are based en9because the substrates are less expensive and
are more accessible than the phthalonitrdl@) (or diiminoisoindoline 11). Other
appropriate precursors although less used @yanobenzamide 2 and o-
dibromobenzenel(). o-Cyanobenzamide2] has been successfully used for the
preparation of unsubstituted MPcs such a$i®c [101], OsPc [102] and FePc [103]
as it is not normally used in the synthesis of stuisd derivatives. In reactions of
10, cuprous (I) cyanide is typically a source of dpan which generate$2 as an
intermediate via am situ Rosenmund-von Braun reaction [75] (converts aajides
into aryl nitriles by cyano-dehalogenation). Tlhmstfuse of10 in conjunction with

cuprous (1) cyanide in pyridine to form CuPc in@3yield was observed in 1927 [2].
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MPc complexes are usually obtained in yields higivan that of their metal-free
derivatives 8). This is because the template effect whichfisrdéd by the metal ion
favours the cyclotetramerisation of the precursor.

Unsubstituted Pcs exhibit poor solubility in commanganic solvents due to
intermolecular interactions between theisystems, therefore, a strong crystal lattice
is favoured. Nevertheless, these materials hawn [seiccessfully purified using
Soxhlet extraction, repeated sublimation in vacuoegrystallisation from sulphuric
acid and water to yield highly pure unsubstituted.PIntroducing substituents at the
two different positions on their benzenoid rings. ia (non-peripheral) and3
(peripheral) positions greatly improves phthaloégansolubility. Several synthetic
methods for the preparation of substituted Pcs bhaen developed over the last two

decades and they will be described below.

1.4.2 Substituted phthalocyanines

Highly stable crystal structures with high molecuédtice energies are formed
by unsubstituted Pcs. They are thus extremelylubs®in most organic solvents and
water, due to the high degree of hydrophobicityt tlsaexhibited by the aromatic
macrocycle core. Use of sulphuric acid at conegioins greater than 8 M in
dissolving unsubstituted Pcs seems to be effestivee solubility in universal organic
solvents such as dimethylformamide (DMF) and diyistiiphoxide (DMSO) is
negligible. In this instance a major disadvantafjesing the acid is the fact that it
changes the properties of the Pc by protonatingritige therefore its usefulness is
extremely limited. In order to increase the sditipbf these macrocycles, different
substituents which include aliphatic chains, aracsatamines, thiols, halides and

acids can be added to the Pc framework.
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1.4.2.1 Tetra-substituted phthalocyanines

Two basic methods are used to prepare substituts] . either by
substitution on a preformed Pc ring or by condeosaif an appropriately substituted
precursor (usually phthalonitrile). The former hasen successfully used in for
example sulphonation [104] or chlorosulphonatioQ5]lof unsubstituted Pcs with
respectively 20 — 30 % oleum and chlorosulphoniad.ac With this method,
purification and isolation of the desired productimost impossible, since complex
iIsomeric mixtures with varying degrees of substiutare formed. The use of
phthalonitrile is however generally preferred sincentrol of the formation of
specifically substituted products is permitted tiglo phthalonitrile substitution at the
3- or 4-position. Although far cleaner than thstfimethod, constitutional isomers of
tetrasubstituted Pcs are obtained. Monosubstitudiothe 3-position leads to four
single isomers of G4y 1,8,15,22-, D,y 1,11,15,25-, €,) 1,11,18,22- andQy)
1,8,18,22-tetrasubstituted complexes, Fig. 1.Afjile at the 4-position, single
isomers of Can) 2,9,16,23-, Do1) 2,10,16,24-, C») 2,9,17,24- and@y) 2,9,16,24-
tetrasubstituted complexes are obtained, Fig.iL.7(i

The separation of these regioisomers can be tedhaugh it has been shown
that separation is possible by chromatographicnigcies such as high performance
liquid chromatography (HPLC) [106,107]. A statisii mixture of 12.5 %Q4y), 12.5
% (D2n), 25.0% (C,,) and 50.0 % @5 has always been found in the separation of
tetrasubstituted compounds in bathand 3 positions, i.e. the ratio of 1:1:2:4 is
expected [106,107]. Selective formation of the,1582-isomer C4) has been
observed, for example, during the cyclotetramaosabf 3-alkoxyphthalonitriles
[106,108]. For botln and positions,C4n can be isolated due to its generally poor

solubility [82].
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Figure 1.7: Constitutional isomers from (i) 1,(4)- and (i) 2,(3)-

tetrasubstituted MPcs.
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Furthermore, Hanack and co-workers [106,107,108y¢xl that the less symmetrical
isomers have a higher dipole moment that is derfvech the more unsymmetrical
arrangement of the substituents in the periphethi@fing.

The presence of substituents is especially advaateyas they address the
problem of insolubility. Substituents confer themplexes soluble in most organic
solvents as opposed to unsubstituted Pcs, whick hanted applications and thus
cannot be fully exploited. Although soluble in hosganic solvents, phthalocyanines
tend to aggregate. This limitation can be addae$seintroducing bulky or long-
chain substituents which will render them solubjechusing substantial disruption of
the strong interactions of the parent Pc ringslulSlity is more enhanced for tetra-
substituted Pc derivatives than the correspondetg-substituted derivatives due to
their lower degree of order in the solid state 118 well as the formation of
constitutional isomers and the high dipole momehatt results from the
unsymmetrical arrangement of the substituentseapénipherary [110-112].

It can also be envisaged that the presence of isudds alters the intrinsic
properties of the molecule since they alter thetedaic distribution of the Pc ring
[113]. In this way, the bulk characteristic of thelecule may be tailored. With
substitution, new materials which may show improved more functional
characteristics may also be developed. For exampl,ge network of conjugated
electrons confers a high electrical polarisability the ring, thus offering the
possibility of several kinds of electronic transits in the ultraviolet/visible (UV/Vis)

spectral range [114].
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Scheme 1.5: Synthesis of 3-nitrophthalonitrile (21and 4-nitrophthalonitrile
(22).

A strategy for the preparation of tetrasubstituBck uses the nucleophilic
aromatic substitution of 3-2() or 4-nitrophthalonitrile Z2) with alcohols or thiols,
Scheme 1.5. Although commercially available, thhplonitrile derivatives can
easily be prepared from inexpensive commercialbilalale starting materials in good
yields. The synthetic steps for the two phthalideg are similar, except for the initial
steps. The first step in the synthesi2af is the transformation of 3-nitrophthalic
acid (@6) in acetic anhydride to afford 3-nitrophthalic gdhde (@7). The
dehydration oflL6is rapid and yields are sufficient (95 %). Anhwgriformation can
also be obtained by refluxing in other dehydratggnts such as methoxyacetylene,

dicyclohexylcarbodiimide (DCC) or diphosphorus memtie. The anhydridel{y) can
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additionally be obtained by direct nitration of phalic anhydride. However, the
iIsomeric 4-nitro compound is also formed, thus mgkisolation of the desired
compound difficult. 3-Nitrophthalimidel@a) is afforded by refluxing the anhydride
in formamide, which acts as both solvent and soaf@nmmonia. A feasible reaction
for the preparation of 4-nitrophthalimid&9p) is achieved by nitration of phthalimide
in an acid mixture of concentrated sulphuric andmacids at temperatures slightly
below room temperature [115,116]. Reacting imidesconcentrated aqueous
ammonium hydroxide affords the 3- and 4-nitroprdh@tes 20a and 20b)
respectively, dehydration of which results in tleeresponding phthalonitriles.

For the synthesis of substituted phthalonitrilesjcleophilic aromatic
substitution reactions, known ag/, are employed. A base catalysed nucleophilic
displacement of the nitro group from an activatesh®atic substrate has been well
investigated [117]. In general, a variety of sgamcleophiles under polar aprotic
solvent conditions, effectively displace the nigmup from an activated aromatic
substrate. Nucleophiles such as alcoholates [198,And thiolates [118,120]
effectuate a nitro displacement from cyano activetebstrates in dry polar aprotic
solvents such as DMF or DMSO at room temperati@thermore, nitro groups are
comparable to fluoro groups as leaving groups, thithapproximate order of leaving

group ability as: F>Ne@OTs>0OPh>Cl, Br>1[117,121].

1.4.2.2 Octa-substituted phthalocyanines

Due to their position, symmetrically disubstitut@pdecursors either form
1,4,8,11,15,18,22,25- or the 2,3,9,10,16,17,23@4substituted phthalocyanines.
The former are formed by substitution at the ergrt-peripheral positions, while the

latter at the eight peripheral positions. The stlied Pcs studied in detail are the
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ones octasubstituted at the peripheral positidng in this work, the discussion will
be limited to these Pcs. A major advantage ingmag octasubstituted Pc derivatives
is that isomerically pure products are produceccbgositional isomers formed as in
the case of tetrasubstituted Pcs are avoided. eldrer their purification is much
easier than with the tetrasubstituted compounds thed molecular geometry is
especially fundamental in applications such as lm@ar optics. 4,5-Disubstituted
phthalonitrile derivatives are prerequisites sirtheir condensation results in the
formation of peripherally substituted octasubséitutPcs. In this work, 4,5-
dichlorophthalonitrile 27) is employed and it is strategically prepared frtime
inexpensive commercially available 4,5-dichlorogtit acid €3), which undergoes
the reaction steps similar to those b8, Scheme 1.6. This affords the 4,5-
dichlorophthalic anhydride2@) which in turn undergoes nucleophilic addition of
ammonia upon heating in formamide to afford 4,5icophthalimide 25).

ﬁ coor Ac,0 c [ HCONH, \
ClmCOOH _A—’ clmo A

23 g

(0]
“ NH4OH c CONHZ SOC] Cl CN
NH _— 2 J@:
cl cl CONH , DMF cl CN
O
k25 26 27 /

Scheme 1.6: Synthesis of 4,5-dichlorophthalonitel (27).

The phthalimide can also be prepared directly frphthalic acid using
aqueous ammonia for example, though the formanodéeraffords overall yields
(~80 %) that are higher than the single step amtysiso The imide is then

transformed to the corresponding 4,5-dichloroplaimadie 26) by ammonolysis in
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concentrated aqueous solution of ammonia. Theiogatmes are prolonged since
they are carried over 48 hours compared to otredihalophthalimides such as 4,5-
diiodophthalimide which only takes 1.5 hours tooatf 4,5-diiodophathalamide at 50
°C [122]. Eventual dehydration of the diami@® affords the dinitrile27 in
undesirable yields of ~ 49 % [123] due to the nundfenultistep processes, Scheme
1.6. Dehydration of 4,5-dichlorophthalonitrile @iy uses the thionyl chloride-DMF
mixture while 4,5-diiodophthalonitrile uses triflig@acetic anhydride-pyridine
mixture.

Substitution reactions are quite similar to thoseduwith nitro leaving groups,
though the majority involve thiols than alcohols the former are more reactive
nucleophiles than the latter. Substitution witholh readily takes place at room
temperature, while substitution with alcohols regsi heat. A variety of 4,5-
disubstituted phthalonitriles have also been pexbdry Pd-catalysed Heck [124],
Stille [125] and Suzuki [126] cross coupling rean8. Thus a large number of
octasubstituted phthalocyanines have been synéuesisd studied in the context of
molecular devices [127], liquid crystalline derivas [128] and as already

mentioned, their non-linear optics applications.

1.4.2.3 Water-soluble phthalocyanines

Introduction of hydrophilic groups such as sulpfit29], carboxy- [130] or
phosphono- [131] substituents at the peripheryhefring affords water-soluble Pcs.
Sulphonated CuPcs were first reported in 1929 amdevihe first examples of
substituted phthalocyanines [132]. TetrasulphahatéPc @9) are synthesised
according to the popular Weber and Busch metho@][Mherein the monosodium

salt of sulphonic acid2@) and metal salt are heated in nitrobenzene iptesence of
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urea and ammonium molybdate as catalyst, Scheme Animonium molybdate is
found to be most effective [133], compared to otbatalysts such as boric acid,

molybdenum oxide, zirconium and titanium tetraciaer

/ NaO 3S

/@(:OOH metal salt, urea
NaO 55 cooy Ccatalyst, nitrobenzene, A

28

.

Scheme 1.7: Synthesis of tetra-sulphonated MPc fmo4-sulphonic acid.

A preformed unsubstituted MPc represents a diftesgnthetic approach to

preparing phthalocyanines. Direct sulphonatiomltesn the formation of complex

product mixtures, formally calleMPc(SO;),, (30), [134] - represented as MRciB

this work -, Scheme 1.8. As the degree of sulptionas uncontrollable during the
preparation of the complexes, the MRefay contain a mixture of sulphonates, i.e.
mono-, di-, tri- and/or tetra-, which have slightifferent polarities and solubilities.
In some cases, the reaction can be controlled toesextent by varying the
temperature and reaction time and the central iasa been known to play an

important role in the product distribution [135].

20 - 30 % oleum

>

o
80-100 C

Scheme 1.8: Synthesis of a mixture of differentlgulphonated MPc, i.e. MPc$

wheren=1,2,30r4. & SO3
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The degree of sulphonation will thus vary from batc batch depending on
these factors. For example, varying hydrophobid agdrophilic properties are
exhibited, in especially PDT, depending on the degof sulphonation [136]. A
decrease in photocytotoxicity under bathvivo andin vitro conditions with increase
in the degree of sulphonation of Zn, Ga and Al plabyanines [135] was observed
and the decrease was directly correlated to theopyalicity of the Pc [137,138]. Of
all the water-soluble Pcs, derivatives of Al and &mplexes are the most studied
photosensitizers for PDT [54]. Sulphonated Pcs t®naggregate in agueous media
which leads to photochemical inefficiencies, witfgeegation effects increasing in the
sequence S< §. Thus the solubility as well as the extent of raggtion greatly
affects the cell uptake and intracellular distribntpattern, depending on the degree
of sulphonation, isomeric composition and the retof the central metal ion
[135,139,140]. However, their photoactive monorwems exhibit photosensitising
effects [141]. Grafting phthalocyanines with iomsigbstituents, e.g. sulphonates can
also form stable ion pairs with complexes of opgosharges, e.g. cationic methyl
viologen (MV?). In most cases, the properties of the mixed dexes may notably
differ from those of the parent compounds. Thepairs of differently sulphonated
MPc and methyl viologen will be discussed in debailow.

Another form of preparing water-soluble Pcs is tiglo quaternation.
Replacement of benzenoid rings by the electrondsaving pyridine 81) and
guaternation of the pyridine nitrogen to obtainraeationic Pcs 32), confers
solubility in aqueous media. Linstea al. [142] were the first to synthesise
tetrapyridoporphyrazines3{), which were later quaternised with agents such as
monochloroacetic acid (MCAA), diethyl sulphate (DE8Snd dimethyl sulphate

(DMS) [143,144], Scheme 1.9. These compounds @vedded advantage over
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tetrasulphonated Pcs in that aggregation, whichldvatard photochemical activities

[ _4N
.

in aqueous solutions, is prevented [145].

AX =MCAA
DES
DMS

»
>

o 2 /

Scheme 1.9: Quaternation of tetrapyridoporphyrazires (31) with AX:

monochloroacetic acid (MCAA), diethyl sulphate (DE$ or dimethyl sulphate
(DMS).

1.4.2.4 Survey of the synthesis of TiPcs and TaPcs

In this thesis, TiPc and TaPc derivatives are ®gitfed to be used as catalysts
for applications such as photocatalysis and eleatabysis. Unsubstituted
oxotitanium phthalocyanine (OTiPc), a well knownanéR-active photoconductive
dye, was first synthesised by Taube in 1963 [146bnvenient methods were later
developed in order to produce ‘pure’ OTiPc [33,147Eimilarly, unsubstituted
dichloro(phthalocyaninato)titanium (V) complex {(TiPc) was first reported in 1965
[148]. Owing to the poor solubility of OTiPc and,TiPc in common organic
solvents, their spectroscopic data is extremelytdidhthus introduction of unlimited
substituents render them soluble in most orgariests. Since then, the chemistry
of OTiPcs has been growing, Table 1.1. For exameldensive work on the
chemistry of axially substituted TiPcs has beenedonThe CITiPc complex is

extremely sensitive to moisture and is thus hydmedyto OTiPc. The ancillary
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ligands of complexes OTiPc and,TlPc can however be displaced by strongly
chelating oxygen and sulphur bidentate donor ligaofl 1,2-arrangement such as
oxalic acid, catechol or 1,2-dithiocatechol, Talild. Axially substituted TiPcs

exhibit high photoconductivities and excellent noe&r optical properties.

Table 1.1: A list of selected TiPcs and TaPcs thdtave been synthesised in

literature
Complexes Reference
Unsubstituted OTiPc [33,146,147]
Cl,TiPc [33,148]
ClsTaPc [35]
OTaPcCl [149]
Tetra-substituted OTiPc - C(CHy)s [150]
- S@H2N(CH3)3 [151]
- SEHis [152]
- CHOCsH1; [153]
- OCHo [153]
OTaPc - C(CHy)s [149]
Octa-substituted OTiPc - SGHoN(CHj)s [151]
- OGHn [154],[155]
- SGHi3 [152]
Axially substituted e XTiPc
X = catechol, dithiocatechol [156]
= 2,3-dihydroxynaphthalene | [157]
o XTiPc-[C(CH 3)3]4
X = 2,2'-biphenol [158]
= 4-tert-butylcatechol [159]
¢ XTiPc-(C7H1s)s
X = catechol [154]
» XTiPc-[SCeH1gla0rs
X = catechol [152]
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OTiPcs are known to be non-planar with the titaggdup (Ti=O) located
perpendicular to the macrocycle [160]. Substitutio the axial position breaks the
centrosymmetry of the Pc, thus enhancing the otanmpbharacter of the molecule by
adding on a dipole moment. It is these featurasytield interesting nonlinear optical
properties [161].

The properties of OTiPcs are relatively unexplarechpared to other first row
transition MPcs. The complexes have however bewmsively investigated for their
electrical properties especially as thin films [1633]. There is thus a considerable
potential and interest in the full development lo¢ ichemistry and applications of
these complexes.

Tantalum phthalocyanines (TaPcs) are relativelynomin, except for the
unsubstituted GIaPc [35] complex, the crystal structure of whichshbeen
thoroughly investigated [35,164]. The difficulty obtaining substituted TaPcs stems
from the fact that the molecule is highly distortedd hence unstable. A tetra-
substituted 4ert-butyl OTaPc has been reported [149] although ysthesis is

difficult to reproduce and yields less than 15 % alotained after purification.

Aims of thesis

The synthesis of TiPcs is somewhat underdevelopsgecially at non-peripheral
positions. The syntheses of unsubstituted TiPcTaRL (Fig. 1.8) will be carried out
and sulphonated such that the first differentlypeohated water-soluble derivatives
TiPcS, and TaPc$are obtained respectively, Fig. 1.9. Most ofrieorted TiPcs are

substituted with long-chains (alkoxy or alkylthiaogps), Table 1.1. To our
knowledge there are no reports on OTiPcs with awgyl@rylthio, nitro and amino

substituents. Therefore, the purpose of this shissio prepare a number of new and
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pure oxotitanium phthalocyanines that are tetrasstibed (peripheral and non-
peripheral positions) and octa-substituted withegitaryloxy or arylthio groups at the
periphery, Fig. 1.10 - 1.12. The nature and pasidf substituents tend to influence
the properties of MPcs. Therefore, specific plabghnines can be tailored such that
they consist of certain properties which are regplifior various applications since the
possibility of combining an unlimited number anghayof substituents with a great
number of central metals is infinite. Hence the d¥iFused in this thesis are
investigated for their exceptional and interestsmution photophysicochemical,
photocatalytic and electrochemical properties wiiakie never been explored before
in contrast to those of other first row transitimetals. Also, the choice of Ti and Ta
as metals of investigation stems from the fact bwh metals bear ligands in this
configuration. Thecis coordination has a particular significance sinteisi a
prerequisite for many catalytic processes. Asieramhentioned, electrical properties
such as photovoltaic, photoconductivity, xerograpmd gas sensing to name a few,
have been investigated for OTiPcs, especially msfiims, thus there is an avenue to

investigate properties that have not been explbeddre.

Figure 1.8: Structures of ChTiPc (33) and CkTaPc (34) studied in this thesis.
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Figure 1.9: Structures of OTiPcS (35) and CkTaPc§, (36) studied in this thesis.
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Figure 1.10: Synthesised tetra-substituted OTiPcamnplexes that are substituted

at the non-peripheral (37a — f) and peripheral (38a- f) positions.
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Where R = o—@ &

Figure 1.11: Synthesised octa-substituted OTiPc nwplexes that are substituted
at the peripheral (39a — d) positions.

Figure 1.12: Synthesised tetra-substituted nitro (40) and aming41) OTiPc

complexes.
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1.5 UV/Vis spectroscopic properties of phthalocyanines

1.5.1 Basic concepts

Fig. 1.13 shows ultraviolet/visible (UV/Vis) spextthat are typical of Pcs. A
strong, sharp and isolated absorption found ar@@@nm, with a corresponding high
molar extinction coefficients(> 1 M~ cm?) is systematically known as a Q-band,
Fig. 1.13. The next absorptions are much lesssat@nd lie at considerably higher
energies. Around 340 nm is a band called the Bavet band. Unique to Pcs, the B-
band is broad due to the superimposition of theaBd B bands [165]. The next
lowest energy bands are called the N, L and C baiish commonly appear around
290 nm, 240 nm and 190 nm respectively. The QBB N, L and C bands (in order
of increasing energy) are primarily duettat electronic transitions in the Pc ligand.
Because of interesting spectral properties, sevim@bretical calculations for the
molecular orbitals of Pcs have been obtained [1&#;1in order to understand the

origin of spectra.

Absorbance \

250 350 450 550 650 750 /

k Wavelength (nm)

Figure 1.13: UV/Vis spectra of typical phthalocyame complexes that are

peripherally (red) and non-peripherally (black) substituted at the periphery.
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To help explain the first two allowed transitiomsthe UV/Vis region of the
spectrum, an easily understood theory involvingpar-orbital model is employed.
The model considers the top two highest occupietecntar orbitals (HOMO) and
the degenerate lowest unoccupied molecular orl§iteIMO) [168]. Fig. 1.14
diagrammatically displays this theory, with symmetdements on the left of each
orbital referring to the symmetry of the orbitalaived. For Pcs, a transition from
the HOMO with a, symmetry to the LUMO with gsymmetry results in the Q-band
absorption whiles a transition fromp,aand b, to the LUMO gives the B-band
absorption. The splitting of the B-band into twanmponents, namelyBand B is
predicted by the model. The components have sirafargies and thus appear broad

as seen in spectra of phthalocyanines.

e, e,
bzu b2u
blu blu
LUMO e, LUMO e, X
Q B Qf |B,
1 (Soret)
B,
HOMO 214 HOMO a
2u
alu
s
a2u
b2u eg
b2u
a2u a2u
Phthalocyanine Porphyrin

Figure 1.14: Phthalocyanine and porphyrin electroit transitions showing the

origin of Q and B absorption bands.
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As can be seen in Fig. 1.14, the large energy gawden the @ and a,
orbitals of the HOMO leads to the isolation of Qeband in the UV/Vis spectra of
Pcs. This is brought about by either the benzailation or aza groups significantly
breaking the accidental degeneracy of these tdgdfibrbitals. The result is the
significant red shift and intensification of the b@nd relative to the B-band. In
contrast, according to Gouterman’s four-orbitalotlye[169,170], the g and a,
orbitals of porphyrins (Fig. 1.14) are accidentatlggenerate as they are close
together. This leads to the extensive configuraiideraction of the Q and B-bands,
giving rise to an intense B (Soret) band, and alognergy state giving rise to a weak
Q-band.

In addition, for every electronic state there ait@rational levels. A feature
that is characteristic of Pcs is vibrational ovees of the Q-band in the blue, namely
Quib with absorbance that is less than 10 % of the nbaind, Fig. 1.13. Other
absorption bands usually occurring in the 400 — 5@ region with moderate
absorptions, as well as weak absorptions in the mé@ared (NIR) are assigned to
charge-transfer (CT) transitions, Fig. 1.13. Cansitions usually occur when metal
d-orbitals lie within the HOMO-LUMO gap of the Ping [168,171]. A charge
transfer from an electron rich ligand to an eletfpoor metal is known as a ligand-to-
metal charge transfer (LMCT) while charge tran$fem metal to ligand is termed a
metal-to-ligand charge transfer (MLCT).

The UV/Vis spectrum of the less symmetricPd — due to the two core
protons — is slightly different from that of MPcFig. 1.15 shows a typical JRc
spectrum with a split Q-band, with one of the comgids found at slightly longer

wavelengths than is the case with MPcs. The poesehthe core protons causes the
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LUMO to become non-degenerate, thus giving risevim allowed transitions (x or y

polarised) of varying energy such that a splithe Q-band is observed.

/ 1) — (i)\

Absorbance

270 370 470 570 670 770
Wavelength (nm)

Figure 1.15: Typical ground state absorption speca of (i) metal-free

phthalocyanine and (ii) metallated phthalocyanine.

Furthermore, the position of the Q-band varies ating to the position, type
and number of substituents at the periphery. Tifecteof substituents at the
position is much larger than at tBeposition. Electron donating substituents such as
alkoxyl or alkyl(phenylthio groups at the positions tend to significantly shift the
spectrum to the red exemplified in Fig. 1.13 [17Zlectron-withdrawing groups
such as nitro or sulphonyl groups shift the Q-btmdhorter or longer wavelengths
with substitution atx or 3 positions respectively [173].

The above model explains UV/Vis spectra that apgctl of monomeric Pcs
however effects of aggregation on the spectra sfdadn further be explained by the
model. The propensity of phthalocyanines to forggragates due to the strong
interactions between planar macrocycles in soluti®well-known [174-179]. The
relative geometry of the macrocycles determines ghectroscopic behaviour of

aggregates, i.e. co-facial arrangement (commondst iac aggregates) yields a blue-
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shifted Q-band absorption called H-aggregates, @dsan edge-to-edge arrangement
(rare in Pc aggregates) yields a red-shifted altisorpcalled J-aggregates. The
former arrangement is primarily due to the hydrdpbmature of the benzene rings
which readily allows Pc macrocycles to stack on abgach other, thus leading to a
stabilised overlap of them electron cloud. The effect is the broadeningh&f Q-
band with a corresponding blue-shift in thiivalues, typically to around 630 nm,

Fig. 1.16.

~

Absorbance\

500 600 700 800

\ Wavelength (nm) /

Figure 1.16: Two examples of broadened absorptiospectra of aggregated MPcs

where (i) is less aggregated and (ii) is highly agegated

The overlap oftelectron clouds of dimers results in the degeneofthe two
LUMO orbitals to be lifted, causing them to spfita different energies. According
to the exciton coupling theory [180,181] only triosis to the higher energy state
(*E,) are allowed, therefore a blue-shifted absorptiesults, whereas transitions to
the lower energy state are forbiddelvEg][, Fig. 1.17. A few factors govern the
broadening of the bands. A transition to the loemergy LUMO can still occur to a
small extent even though it is forbidden, thus Itesy in a broad absorption, Fig.

1.16. The overlap position, tilt angle, extincticoefficient of the absorption bands
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involved, the closeness of the rings, are otheéofaavhich determine how well the

electron clouds overlap and will thus vary for eaglgregate in solution.
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Figure 1.17: Interaction between molecular orbitad showing the effect of

aggregation on the LUMO of Pcs. The solid and dasld arrows indicate allowed

and forbidden transitions respectively.

For J-aggregates, the tilt angle approacliean@d the transition intensity of the
exciton accumulates in the red-shifted directiorg. A.18(i) [182]. The exciton
coupling model was employed to explain the occuresrof the blue and red spectral
shifts from the formation of H- and J-aggregatespeetively, Fig. 1.18(ii) [183].
Since dimers have two possible excited energystatee state corresponds to parallel
transition moments as in a co-facial arrangemerttilewthe other to transition
moments that are anti-parallel as in an edge-t@@dgngement. The former results
in a strongly allowed blue-shifted transition tdigher energy state while the latter

results in a red-shifted low energy transition.
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H-aggregate J-aggregate
(blue-shifted) (red-shifted)
(ii)
= =
=== = SEDRSE
F —————
— g = > >
A F
A A
Monomer Dimer
co-facial edge-on
H-aggregates J-aggregates

Figure 1.18: (i) Orientation of transition momentsfor linear H- and J-aggregates
[182] and (ii)) Exciton model correlating energy leels on dimer formation with
co-facial and edge-on orientations of the H- and adggregates [183]. A =

Absorbance.

Photophysical properties are extensively affected dggregation. For
example, significant quenching of the usually str&t fluorescence is induced by the
modification of the absorption or emission bandsxial substitution such as in the
case with SiPcs [184], and bulky substituents [186] at the peripherary of MPcs are
able to prevent aggregation, thereby giving riseharply defined UV/Vis absorption

peaks.
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1.5.2 Survey of the UV/Vis properties of TiPcs

OTiPcs are well-known near-IR active materials biseatheir light sensitivity
in the IR region makes them useful for various pkensitive applications. These
features are stronger when compared to other MPdgeir absorption spectra are
typical of MPcs with Q-bands in the 700 nm regiard éB-bands in the 350 nm
region. Ways of shifting Q-bands of OTiPcs inte tiear-IR involve substitution at
the periphery with electron donating groups such-@R, —SR and —NH The
presence of Ti&J in the core of the ring also causes a Q-band, sfofably so when
compared to other transition metals. For examplnRc that is tetra- or octa-
substituted with dimethylaminoethylsulfanyl groulpas Q-band absorptions at 685
nm and 715 nm respectively. Q-band absorptionsOf6iPc that is tetra- or octa-
substituted with dimethylaminoethylsulfanyl groume however observed at 723 nm
and 739 nm respectively, Table 1.2 [151]. Alsocamparison to substitution at the
2,(3) positions, the 1,(4) analogues show a sicgmii bathochromic shift, thus
substitution offers a useful way of regulating teevelength of the Q band [187,188].

Long chain substituted OTiPcs tend to aggregatess polar solvents such as
hexanes. Axially-substituted TiPcs however prewaggregation in solution, and do
not significantly shift in spectra, i.e. 1 — 3 nrhifss to red/blue are observed.
Moreover, exciton interactions between the Pc ardl digand tend to cause
broadening of Q-bands, which tend to split in caglesre large axial dipole moments

are exhibited [158].
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Table 1.2: UV/Vis data of some selected OTiPc congxes in chloroform
(CHCl3)

Complex Substituent / position Amax (NM) [Ref]

OTiPc - 686 [147]
OTiPc(SCeH13)4 hexylthio / 720 [152]
OTiPC[SCH:N(CH3)sls | dimethylaminoethylsulfanyl / B 723 [151]
OTiPc(OC4Ho)s butyloxy / o 791 [153]
OTiPc(SCsH13)s hexylthio / B 739 [152]
OTiPc[SCH2N(CH3)3ls | dimethylaminoethylsulfanyl / 8 739 [151]
OTiPc 2,3-dihydroxynaphthalene / axial | 703 [156]

OTiPc 2,2’-biphenol / axial 699, 722 [158]
OTIiPc[SCH2N(CH3)s]4 | dimethylaminoethylsulfanyl / axial | 720 [151]

Although MPc complexes have been extensively stljdtbeir properties
cannot be fully exploited as they have low soltpiln most organic solvents and they
tend to aggregate. In the thesis, the OTiPc coxegldhave been substituted with
bulky groups ata and 3 positions to render them soluble as well as preven
aggregation. Substitution at the more stericallipwdled a position also reduces
aggregation tendencies more than substitution & [(h position [189-191].
Furthermore, the choice of substituents for the Ra$iin this thesis is to shift the

complexes into the red since they have interegiiogerties in that region.

41



Chaptl: Introduction

1.5.3 UV/Vis spectral studies of ionic interactions

Interactions of water-soluble TiPc and TaPc wittthgeviologen (MVZ*) will
be studied in this thesis and hence the followagaw.

Tetrapyrrole macrocycles such as porphyrins andhgbbtyanines can be
grafted with ionic substituents of opposite chargesrder to form stable ion pairs.
These individually charged components are heldthegeby coulombic attractions.
Often, the properties of the mixed complexes fornutfier from those of the
individual components. The mixed complexes maypldis different and
complementary absorption spectra, thus spectrosecopthods can be used to study
their properties. Complexation plays an importaote in catalysis, genetic
information, enzyme-substrate interactions and mather important processes.
Biological processes such as photosynthesis fampleaand oxidative processes that
involve the degradation of biological material imirig cells, show an important role
that the ion-pairs, and hence electron-transfeati@as, play in such systems [192].

Pcs are in fact extensively used in PDT where eladransfer reactions
occurring in living cells take place. Electronigatharged phthalocyanines such as
sulphonated phthalocyanines, are commonly usedatsrasoluble electron-transfer
photosensitisers, often used in conjunction wittcebn-acceptor molecules such as
dicationic methyl viologen, Table 1.3 [193,194]. umNerous photochemical
investigations have been performed on the reductidvVV>*, which is a typical one-
electron transfer acceptor. Following reductioh)\é radical is produced which then
cleaves water to produce hydrogen for energy séomaghe presence of a catalyst in

these donor-acceptor systems [195-197].
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Table 1.3: lonic interactions between anionic phthlocyanines and cationic

methyl viologen

Complex Association constantk (M™) | Reference
ZnPc(SG3)4 1.40%10° [198]
Si(OH)2Pc(SG)s | 6.60x10° [198]
H2Pc(SGs)4 1.30x10° [198]

Formation of supramolecular assemblies can be Iyeadetected by
spectroscopic techniques, more specifically UV/Sfiectroscopy. It is obvious that
UV/Vis spectroscopy is important in the charactgren of ground state interactions
or charge transfer reactions within the ion paiGomplexation of the ions can be
monitored by UV/Vis spectrophotometric titrationSpectrophotometric titration
involves keeping an ion (e.g. MPc) constant andirepdh variable amount of
complexing agent (e.g. M¥). A simple and effective approach which has been
successfully used for tetrapyrrole systems [199520tmely Job’s method, is

commonly employed to determine the stoichiometrthefmixed complexes.

Analysis of ionic interactions

Job’s method works on the assumption that the Absce of the mixture of
the solutes which do not interact is the sum of #tsorbance of each solute
separately. As the composition of the solutiosaatinuously varied, the departures
from additivity (i.e. the presence of interactiopstween the solutes) can thus be
interpreted as evidence of the formation of theglem Therefore the composition at
which the deviation from additivity is a maximumtelenines the stoichiometry of the

complex that is responsible for such effects.
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At a given wavelength for mixtures with variousioatof cationic M\#* and

anionic MPc, the measured absorptions are usedld¢alate the functior(x) in Eq.

1.1 [202].
F(X) =d(X) = (g2 ~ Empc)X ~ Evpe (1.1)
Abs .
where d(x) = and Abs is the absorbance of the sampig,, -» and
[MV 2] +[MPc]

empe are the molar extinction coefficients of WSMV 2 = 1.84x10% M™.cm™) and

MPc, respectively, ank=[MVZ']/((MV]+[MPd) is the mole fraction of M%.
Deviation from additivity of the absorption of axtire of x M (MV?") and (1- x )M
(where M is the concentration) of MPc is thus repreed by F(x )in molar
absorption units. Job plot§(x Vvk. mole fraction of M¥" for titration of MPawith

varying concentrations of MY/ show the stoichiometry of the mixed complexes.
Furthermore, association constants which are aumnead strength of interaction of
MV?2* with the MPc can be calculated from these UV/Vjsectrophotometric

titrations. The data obtained are analysed bylEy[203],

A A LA 11
AATAA. AA K, L,

(1.2)

where AA= A, — A, AjandA are the absorbances of the MPc in the absence and

presence of total MY concentration(L,) respectively, and\A,,is the maximum
change in absorbance. The association con{gnts obtained from the ratio of

A, /AA,,,, and the slope obtained from a plot&f/AA vs.1/L; .
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Aims of thesis

Water-soluble MPcs have been used for the photoptmih of hydrogen from
reduction of water in a donor-acceptor system.thla work, the interactions of ion
pairs of new anionic TiP¢Sand TaPc$ with the cationic methyl viologen are
investigated spectroscopically. The ion pairs maxolve charge transfer that is
crucial in designing devices where photoinducedtsda transfer is achieved. Such
donor-acceptor systems are important in perforniigigt induced functions such as
the photocatalytic reduction of water. The quenghof the singlet excited state of
the photoexcited MPgSomplexes by methyl viologen is also investigatette the
excited state deactivation is of importance in phatalytic processes. The choice of
Ta is based on the fact that the central metahrigel (and a % and will enhance
intersystem crossing to the triplet state, henceesse the yield of the triplet state.
TiPc containing a imetal will also have enhanced triplet yields. Bof these MPcs
have potential as photocatalysts but their propeittave not been explored compared

to other closed shell MPcs such as Zn and Al pbtyanines.

1.6 Photochemical and photophysical properties

The photochemical and photophysical properties #fc§ and TaPcs are
studied, more so for the former complexes as theyuaed as photocatalysts for the
transformation of 1-hexene.

Photochemistry is that branch of chemistry thatascerned with interactions
between molecules and light. The effect is a gaiactivation energy from light by
molecules such that they undergo a chemical or ighlyschange [204].
Photochemical reactions such as oxidative decortipogir transformation of organic

substrates (e.g. alkenes) by oxygen using photgstgasuch as MPcs are known.

45



Chaptl: Introduction

MPcs - which have excellent light-absorption prdijesr- absorb irradiated light and
may transfer the energy to another molecule, e.g. iy the process called
photosensitisation. A highly reactive oxygen, kmoas singlet oxygen@,), is thus
generated and reacts with a substrate to form@uptdhat may be useful in industry.

Photophysics is defined as the field that deal$ wetaxation processes such
as radiative and non-radiative pathways. Followmngdiation of MPc with light at
an appropriate wavelength, energy)(ls absorbed and subsequently excitation from
the singlet ground state d)Sto the vibronic level of the singlet excited std§)
occurs. Loss of excitation energy of the excite@dv(now *MPc) by physical
deactivation, via radiative (energy loss in thenfasf light) and radiationless (energy
loss in the form of heat) processes takes pladeoréscence (F), phosphorescence
(P), internal conversion (IC) and intersystem drasglSC) are some of the physical
deactivation processes that take place. A mole@ilsaid to fluoresce (strong
intensity) if photon emission occurs between stafethe same multiplicities, i.e.1 S
to §, Fig. 1.19. Furthermore, a molecule is said togporesce (weak intensity) if
energy loss occurs between states of differentiphigities, i.e. T, to §. Statistically,
fluorescence which is of short lifetimes (~ ns), nwore likely to occur than
phosphorescence while the probability of the lagdow, with lifetimes typically in
ms due to the spin-forbidden transition [205].

The number of routes that the MPc can take follgwphotoexcitation can be

conveniently represented by the Jablonski diagfag,1.19.

46



Chaptl: Introduction

a N

......,..ISC

hv F IC 2

s |4 0,/

Figure 1.19: A Jablonski diagram showing the photeensitisation of MPc, where

hv = absorption energy, F = fluorescence, IC = inter conversion, ISC =
intersystem crossing, P = phosphorescence S singlet ground state, $= singlet
excited state, T = triplet exited state and VR = vibrational relaxaion.

IC, ISC and vibrational relaxation (VR) are threenfradiative deactivation
processes that are also significant, Fig. 1.19.isl@ rapid radiationless transition
between states of the same multiplicity. On theohand, ISC requires a spin-flip as
the transition is between different spin statega¥y atoms in the molecular structure
or medium usually promote the ISC such that pomrabdf the lowest energy triplet

state is enhanced.

1.6.1 Mechanisms of triplet state deactivation

Since the lifetime of the triplet statgs] is much longer than that of the singlet
state (ns), this allows the photosensitiser triptate to follow two pathways, namely
Type | or Type Il.

Type | pathway involves the direct reaction ¥lPc, through electron
transfer, with a substrate that is in close progntherefore producing a reduced

sensitiser and an oxidised substrate, Scheme 1FL@Gthermore, the sensitiser may

a7



Chaptl: Introduction

react with ground state oxygen with subsequent &bion of superoxide anion
radical. Radical species are also formed by hylmogtom abstraction from the
substrate. This pathway usually takes place irgerypoor environments and may be
suitable for radical initiated reactions such a&dliperoxidation or photooxidation of

tyrosine [206].

/ MPc

+ Sub > MPE + Sub (|)\
MP + G > MPc + G (ii)
MPc + Q@ > MPc + Q (iii)
MPc  + Sub > MPc  + Sul (iv)
Sub-H + Q@ > HO, + Sub (v)
- Further reactions

\Subox, Sub, HO,

Scheme 1.10: Reactions showing the Type | mechamis

The Type Il pathway involves the triplet-tripletezgy transfer fromriMPC to
triplet oxygen with the formation of the energeliigaich and chemically more
reactive singlet oxygen@,), followed by oxidation of the substrate, Schem#11
[196,207]. Typically about £0- 1¢ molecules ofO, can be produced by a sensitiser
molecule [54]. Provided that the sensitiser igmbropriate energy, i.e. triplet energy
(Er) = 94 kJ.mof, efficient energy transfer to ground state oxygerafford the
highly toxic singlet oxygen occurs. This pathwayespecially prevalent in oxygen-
rich or air saturated environments where the oxygemcentration is in the range of
102 to 10° M [208]. A variety of alkenes undergo photo-oxgggon reactions via
this pathway [209,210]. Biomolecules such as wragtd lipids, cholesterol, amino
acid derivatives and purine bases, are among othatseadily react with the singlet

oxygen, due to the presence of the double bonds.
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‘MPE + Q@ > MpPc + 'O, (i)
0, + Sub > Suh, (ii)

Scheme 1.11: Reactions showing the Type Il mecham.

Both Type | and Type |l processes may operate sanabusly as in the case
with tryptophan oxidation [211], since they takexq# independently of each other.
The pathways are constantly in competition withheather and thus to distinguish
between the two processes, several tests havednggioyed. For example, an anti-
oxidant 2,6-ditert-butyl-4-methylphenol (BHT) and electron spin resoce (ESR)
spectroscopy are employed to confirm radical Typerdcesses. Singlet oxygen
guenchers such as 1,4-diazabicyclo-octane (DABQW) sodium azide, as well as
singlet oxygen traps such as 1,3-diphenylisobemaof(DPBF) and tetrasodiumoa-
(anthracene-9,10-diyl) dimethylmalonate (ADMA) arged in the detection of singlet
oxygen in the Type Il pathway. Since Type Il matdbm is dominant in most alkene

photooxidations, it is essential to discuss thglsinoxygen in detalil.

1.6.2 Photochemical processes: Singlet oxygen

Almost all molecules are in singlet ground stateeugh oxygen constitutes a
rare case in that its ground state is a triplet,3£g. The triplet oxygen is somewhat
inactive to biological material due to spin consgion rules however; a more reactive
type of oxygen, namely, singlet oxyge®4) reacts rapidly with the material such as
amino acids, lipids and deoxyribonucleic ad@NA). There are various ways of
generating singlet oxygen, but the simplest waisugh energy transfer, facilitated

by a photosensitiser such as MPc.

49



Chaptl: Introduction

e I T T

1 k o ®e
., wig oo A

1270 nm

\n———w tE-8t A 4

Figure 1.20: Electronic configuration showing therteantibonding orbitals of

oxygen in the ground statetg) and electronically excited singlet states, i.é%Ag)
and (‘Zy)

As earlier proposed by Mulliken [212,213], two fanof singlet oxygen,
namely,'0, (*Ag) and'O; (*Z,) are generated through a spin allowed energyfeans
from *MPc, coupled with spin inversion of triplet oxygen. hél electronic
configurations of the two singlet states differyohly structure of theirrantibonding
orbitals, Figure 1.20. Th&D, (1Ag) is relatively long-lived surviving ~ £xollisions
due to the spin-forbidden transitiody, > >3 while 'O, (*Z) is short-lived due to a
spin-allowed transition,lzg > 1Ag only surviving up to 10 collisions [214,215].
Singlet oxygen is thus conventionally rendereﬂms

Upon relaxation, @(1Ag) can be detected at 1270 nm by luminescence [216]
or photochemical methods using DPBF as singlet exyguencher [217,218]. The
quencher quickly reacts with the singlet oxygea ilx1 ratio without side reactions or
decomposition products that may interfere withdikéection of singlet oxygen [219].
DPBF was employed in this work because of its edsvailability. The quencher is

also suitable in that it allows quantitative evdioma of the efficiency of singlet
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oxygen generation. The decay of the quencher ptisormaximum around 416 nm

is easily monitored. The efficiency of a sensitise generate singlet oxygen is
referred to as singlet oxygen quantum yield, . The yield is defined as the number
of singlet oxygen molecules generated per photsorded by the sensitiser.

Singlet oxygen can be deactivated via several ctingppathways depicted in
Scheme 1.12. DPBF is known to act exclusively abemical quencher in organic
solvents [220,221], thus reaction (ii) is insigo#nt and can be ignored. Additionally,
@, is independent of the sensitiser (MPc) concemnatherefore reaction (iv) is
ignored. Moreover, reaction (v) is ignored sine tate of reaction of sensitiser with
singlet oxygen is negligible compared to that wi#PBF. Thus the rate of

disappearance of singlet oxygen is dependent atioea (i) and (iii).

@%g) —kdb (=) (Natural decay) m

O (1Ag) + DPBF _kp’ Q(3Zg) + DPBF (Physical quenching) (i)

O, (1Ag) + DPBF — Products (Chemical quenchingiii)

0, ('a) + MPc —» Q%) + MPc  (Physical quenching)  (iv)

wlAg) + MPc — Products (Chemical quenchingw

Scheme 1.12: The fate of singlet oxygen followirige physical and chemical

pathways in the presence of sensitiser (MPc) and [BIF.
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The quantum yield is mathematically represente&dpyl.3:

_ number of molecules(x) disappearing/formed

D, (1.3)
number of quanta absorbed
therefore for disappearing molecules, Eq. 1.4 agpli
—d[x]/ dt
X = L (14)
| abs

where | 555 is the light absorbed by the sensitiser &gl the photolysis time. The

DPBF quantum yield can thus be expressed as Eq223:

Co-C
D@ ppgr :% (1.5)
Labs

where Cy and C; are the DPBF concentrations before and after iatiath at each

cycle respectively and V is the volume of the samplthe cell. | 55 is determined

by Eq. 1.6:

oS
I =— 1.6
abs NA ( )

wherea is the fraction of light absorbed, S is the ireddd cell areal is the light
intensity andNa is Avogadro’s constant. Ultimately, the singletyggn quantum

yields, ® 5 can then be calculated according to Eq. 1.7 [223]:

1 _ 1 1k 1
Dppge Pp Pp kg [DPBF]

(1.7)

where kg and kg are respectively, the singlet oxygen decay ratestamt and
reaction rate constant of chemical reaction of DRB#R singlet oxygen. From the
plot of /@y vs. I/[DPBF], the value ofl/® , is obtained from the intercept.

The efficiency of singlet oxygen generation is a kegperty of a sensitising
agent that is governed by various factors. Fommte, it is essential for energy

transfer to take place and thus MPc with®)d\I**, Zrn** or Sf* as central metal ions,
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l.e. those with closed shell or d orbital configioa, manifest long lifetimes in the
excited state. Also aggregation should be avoiedlissipation of energy of the

excited state occurs, thus resulting in lowlex values [196]. Also, the presence of

heavy atoms promotes ISC - such that the probglaifitsinglet oxygen formation is
high - due to increased spin-orbit coupling in theélecule. For most MPcs, quantum
yields of singlet oxygen range between 0.30 an@ @Bich are good enough to drive

cycloaddition reactions of alkenes and aromatiatyarbons.

1.6.3 Photochemical processes: Photobleaching

Photobleaching is a process by which Pc macrocyotetatively decompose
or degrade with time in the presence of singletgexyupon irradiation with visible
light [223]. Decomposition of MPcs is expectednid other species that may
otherwise react with the singlet oxygen is foundthe system. In practice, two
photobleaching processes predominate [224], i.e.

(1) photomodification where a chromophore is retained in a modified form
during absorbance loss, e.g. a main absorption pkalinishes at a
particular wavelength and a corresponding new ahisor peak is
observed at another wavelength

(i) true photobleaching where a chromophore undergoes a chemical change
such that smaller fragments with no absorptionhim Yisible part of the
spectrum result, i.e. the chromophore essenti@bpmes colourless

Phthalimide is most likely to be the product foliogy degradation of MPcs as
reported by Coolet al. [225] who isolated and identified 3t#s-decylphthalimide.

The singlet oxygen may add across the C=N bondeoirterior ligand followed by
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cleavage at theneso position (Scheme 1.13, mechanism A) [226] or addsscthe

carbons of the pyrrole by a [4 + 2] cycloadditi&@cleme 1.13, mechanism B) [227].

mechanism A

\ mechanism B

~n % { O<o

L0 ~

33 . / 34
\ -

HN

Scheme 1.13: Possible reactions of MPc with singlexygen.

Initial rates of photobleaching are often obseriete f order in the sensitiser [228],
as such quantum yields of photobleachidg. §, which are a measure of the stability
of the macrocycle, can be determined. MPc deg@uaian easily be followed by
UV/Vis spectroscopy. To determine how many moleswere degraded per photon

of light, ®p values are calculated from Eq. 1.8, similar to E§: 1

(Co-C) L.8)
t ops

Various factors affect the photobleaching rate. gridgated MPcs are much

more resistant to photobleaching than monomeric MR29,230] and at times they
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tend to phototransform into monomers [217]. Woland co-worker§231] examined
the effects of substituents on several MPcs. Hlaetvithdrawing substituents tend to
slow down the photobleaching process as they &abtihe ring by increasing the
redox potential. The opposite is true for electdomating substituents which
accelerate the photobleaching process by lowehegrédox potential. Also, MPcs
with low valent central metals such as’Zand Md* lower the redox potential of the
Pc, thus photobleaching rates are expected toasereMPcs will additionally display
different photobleaching rates in different sohgentor example, photobleaching is
faster in chlorinated solvents such as chlorofo@HCl;) and dichloromethane
(DCM) because radicals formed from C-ClI bond clgavaaid in the
photodecomposition. In deuterated solvents, thglei oxygen lifetime is longer,
thus the photodegradation rate is enhanced [23R,2BB°c stability is essential in
applications such as PDT. Therefore, the ratehaftgbleaching should be within
acceptable limits, e.g. rapid sensitiser bleachmllj result in incomplete tumour
destruction, though damage to surrounding nornmsdué is minimal [234]. In
photocatalytic reactions, catalyst decompositiory megult, leading to termination of
photocatalytic cycles. Photooxidation reactiores @so governed by MPc stabilities
which are determined from the decay of the Q-banthe visible region either in air
or oxygen-saturated solutions, i.e. photobleachikRgom the absorbance decay, the
photodecomposition rate constakt, can be determined [227] using Eq. 1.10 which
is obtained from the rearrangement of Eq. 1.9, i.e.

E; = Ep exp(-kt) (1.9)

E
In—2 = 1.10
£ (1.10)

t

where E, and E; are the extinctions measured at tine0 andt respectively.
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1.6.4 Photophysical processes: Fluorescence

Fluorescence is governed by three processes, xatagon of molecules,
vibrational relaxation to the lowest excited statieergy level, followed by the
emission to the ground state. The emission spactstnormally located on the long
wavelength side of the absorption spectrum, Fi@l.l. Also when the same
transitions are involved in both absorption andssion, the fluorescence may appear
as an approximate mirror image of the absorptibepending on the MPc, emission
spectra are observed at 660 — 710 nm [235,236].MRts, Stokes shifts of less than
10 nm mean that the excited state has a geomettystisimilar to that of the ground
state, i.e. the electronic energy levels are uredte The Stokes shift is obtained by
measuring the difference between the maximum wagghs in the absorption and

emission spectra.

4 (s A D) N
2
(7))
2
]
= JI
550 600 650 700 750 800

\ Wavelength (nm) /

Figure 1.21: Normalised absorption (i) and emissio (i) spectra of a typical
MPc.

The emission spectrum may be excited to give aftagian spectrum which
provides information about the absorption spectairtihe fluorescent molecules. An
excitation spectrum is usually compared to the esponding absorption spectrum

and should ideally closely resemble the latteraf@ne-component solution, e.g. ZnPc
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in DMSO. However, in a case where one componefitiggsescent in a mixture, the

excitation spectrum will be that of the fluorescit@mponent although the absorption
spectrum will contain additional bands. Thus diskir excitation and absorption

spectra will be obtained. Differently sulphonatd&@cs or monomers fluorescing in

aggregated solutions of MPc are such examples.

Phthalocyanine fluorescence properties are strongRuenced by the
presence and nature of the central metal. Spestiita, quantum yields and lifetimes
are some of the fluorescence properties that hauadf a niche in scientific and
analytical applications [237,238]. Although suidiat fluorescence that enables
detection and visualisation of MPc sensitiser dhistron in tumour cells is a
prerequisite [51,54, 239], little or none is delsieafor photocatalytic reactions. Thus

parameters such as fluorescence quantum yée|d)(and fluorescence lifetimes ()

are determined since they are in competition willeoprocesses.

1.6.4.1 Fluorescence quantum yields

The efficiency of the fluorescence process is,filmrescence quantum vyield

(@) is defined as the ratio of the number of photemstted and number of photons
absorbed. The&b values are usually determined by a comparativéroet similar
to that of Willamset al. [240] — which involves known®. values of well
characterised standard samples, e.g. unsubstifitBd in DMSO with® = 0.18
[241] or chlorophylla in ether with® = 0.32 [242]. The comparative method is

defined by Eq. 1.11, i.e.:

2
F 'Aﬂd n

! (1.11)
FStdAnStd

Qp =Dp(gq)
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where F and Fgq are the areas under the fluorescence curves o$ahwle and

standard respectivelyd and Ayq are the respective absorbances of the sample and

standard at the excitation wavelengths thi?eand ngtd are the refractive indices of

the solvents used for the sample and standardectgply. By definition, A and
F account for the number of photons absorbed andedméspectively.
A number of considerations must be taken into actavhen determining

values of @ , for example the presence of concentration effetiish result in self-

quenching or use of different solvents for the dengmd standard. At the excitation
wavelength, absorbance readings should be takénO&tin order to minimise re-
absorption effects [243] due to inner filter efe¢hat result in perturbed quantum
yield values. When the exciting or emitting liglgenetration through a
spectrophotometric cell is hindered by strongly cabgg solutions, an apparent

decrease ind values results. This phenomenon is known asaer filter effect.

Solvent refractive indices [244] are also used asreection measure within the ratio
calculation (Eq. 1.9) when different solvents fbe tstandard and sample are used.
Relative fluorescence quantum yields for most mogreenMPcs are similar, ranging
from 0.10 — 0.30 [245].

Aggregation extensively affects MPc fluorescencepprties [140]. For
example, selection rules, explained by exciton togp predict non-fluorescent
spectra and reduced quantum yields for aggregateédsNR46]. However recently,
aggregates in cooled solutions of MPcs have beewrsto fluoresce [247,248]. The
fluorescence efficiency may also be reduced byctiral features such as double-
bond torsion, low-energy n to levels, “heavy” atoms, weak bonds and photo-

induced electron transfer [249].
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1.6.4.2 Fluorescence lifetimes

The time it takes for a molecule to stay in itsiged state before emitting a
photon is referred to as fluorescence lifetime. e Tifetimes;t, are defined by the

exponential function

~t
F =Fye % (1.12)
where F; is the fluorescence at time and Fy is the initial fluorescence observed
immediately after excitation. Therefore the fliswence lifetimer., is formally

defined as the time taken for the fluorophore toageto 1/e or ~ 37 % of the initial

fluorescence intensity. Sophisticated techniquesh sas the steady-state and time-
correlated single-photon counting with laser exmta are usually employed to
determine fluorescence lifetime measurements [Z(],2 The former measures
fluorescence intensity as a function of wavelengthiles the latter as a function of
time.

The fluorescence quantum yield and lifetime arerofelated to what is called

the natural radiative lifetime, , in the absence of competing quenching processes

D =-F (1.13)

The radiative lifetime is not in a true sense ffetime of the excited state; it is rather

that lifetime if radiationless transitions were aws The values ofty can be
calculated from the absorption spectrum of the md&using Eq. 1.14 [252,253]:

_3417x10°

(1.14)
" vrznax.nz.A
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where Vrznax is the wavenumber of maximum absorption band iff,camdA is the

absorption band area. Theoreticatly, is related to the absorption band area, thus

using the absorbance and fluorescence specfrayalues can also be estimated by

the modified Strickler-Berg equation, i.e. Eq. 1.[Z54-256]:

F
1 _288x107° ZI kzx “ j ) 4) (1.15)
— =2.88x% ; Ko l¥N .
Ty i J'F(x (h)° »
where F()) and £(.) are the areas under the fluorescence and absorgpiectra

respectively. The actual fluorescence lifetimes tteen be evaluated using Eq. 1.11,

using experimentad . values.

Another method of determining the lifetime is byingsa software package,
PhotochemCAD, by Dt al. [257] which also utilises the Strickler-Berg eqoat
[258]. The program allows for rapid calculation ftuorescence lifetimes of
complexes using their absorbance and emission rapediccurate predictions of
fluorescence lifetimes of various MPc complexe$ipfGe and Sn within the error of
10 % have been obtained with the program [259, .260Jlorescence lifetimes which
may otherwise be impossible to obtain due to egamgniimitations, can thus be
obtained from simple routes.

Decay times of most MPcs are of the order of nacwses, usually shorter
than 10 ns [261]. MPcs with lighter atoms suclSakad to lower rates of ISC and
hence longer fluorescence lifetimes than those rebdewith MPcs with heavier
atoms such as Zn. Axially substituted SiPcs areersaited to fluorescence studies as
they are known to have longer lifetimes than ZnRé2]. Also, ring expansion as a

result of benzoannulation results in shorter Iifets [263,264].
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1.6.4.3 Fluorescence quenching

The decrease of the fluorescence quantum yield &dlorophore induced by
a variety of molecular interactions with a quencmetecule is known as fluorescence
guenching. There are several quenching mechamdnth are also competing with
the fluorescence process, namely, dynamic (cofledjoquenching, static quenching,
quenching by energy transfer and charge transfections [237]. Environmental
factors such as ionic strength, pH, solvent effeaggiregation, heavy atom effect and
high concentration reduce the emission efficiency.

Photoredox reactions involving the MPc singlet tedtistate and quenchers
such as methyl viologen [265,266], benzoquinond J268], hydroquinone [269,270]
and azaferrocene [271,272] are known. During photthesis, these photosensitised
electron transfer reactions are the primary praessid are vital for the conversion
and storage of solar energy. Reductive/oxidativenghing of the MPc singlet state
depends on the redox potentials of both the MPc qmencher. For example
reductive quenching of ZnPc; Sstate (0.49 vs. SCE) with the amine donor,
azaferrocene (0.65 vs. SCE) is only possible dubédaclose redox potentials [272].
Other MPc mediated processes include the phototieduof methyl viologen [194]
and photoreduction/photooxidation of water [196]27Bhthalocyanine fluorescence
can also be effectively quenched by substituenth @s tetrathialfulvalene (TTF)
units at the peripherary due to intramolecular df@anbetween the Pc and the TTF
units [274].

In dynamic quenching, a collisional encounter betwvthe fluorophore in the
excited state and the quencher occurs. Subseguendrgy or electron transfer takes
place with a decrease in the lifetime and emissitensity. Diffusion measurements

can be obtained only if the fluorophore and thengher diffuse fast enough during
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the excited state of the fluorophore. Thus forepurcollisional quenching, the
reduction in fluorescence intensity is proportional the quencher concentration,

summarised by the Stern-Volmer (SV) equation 12837
I:0
o Ksv[Q] (1.16)

where Fyand F are the fluorescence intensities of the complerete absence and

presence of the quencher respectiv{a@], is the quencher concentration akd, is

the SV constant obtained from the slopefgf/F vs. [Q] Ky, is also the product of

the bimolecular quenching constark,, and the fluorescence lifetimg,, in the

absence of the quencher, Eq. 1.17.:

Ky =KqTr (1.17)
For simplest dynamic quenching processes, the @dbV should give a

straight line starting from 1. The bimolecular goking constank,, reflects the

efficiency of quenching with values neax101°M1st. Smaller k, values result

from steric shielding, while larger values are amdi¢cation of some binding

interaction/association. A SV plot with an upwanarvature indicates a combined
dynamic and static quenching contribution usualfjuenced by charge effects in the
quenching, while a downward SV curvature is andation that there are two or more
fluorophore populations, some of which are lesiiefiitly quenched. To determine
the fractional accessibility of the fluorescing qwyund to the quencher, the SV

equation is thus modified to Eq. 1.18 [237,275]:

Fo__ 1 .1
AF K. [Q] f,

(1.18)
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where AF =F, -F, f, is the fraction of fluorescence intensity accdssio the

quencher[Q] and K; is the SV quenching constant of the accessiblifna Plots

of Fy/AF vs. :I/[Q] should be linear with intercep‘td_land (faKf )_1as slope. Well-

known collisional quenchers include oxygen, halegeamines and many other
electron deficient organic molecules. Oxygen igseeslly an effective fluorescence
quencher thus leading to singlet oxygen, due touitasual triplet ground state.
Fluorescence quenching of differently sulphonatellcM of titanium and tantalum

with methyl viologen in methanol will be discussadhis thesis.

1.6.5 Photophysical processes: Triplet state

As mentioned earlier, the singlet excited state loardeactivated in various
ways, i.e. emission of a photon to give fluoreseemadiationless deactivation to the
ground state or intersystem crossing (ISC). ISglires a forbidden spin flip such
that the lowest energy triplet state is populatetilumination with red light causes
phthalocyanines to transform into the singlet etistate and then reaching the
excited triplet state by ISC. The triplet stateng@tion in these macrocycles is
essential for PDT processes as well as photoogidattactions by imparting the
excitation energy to molecular oxygen thus yieldihg essential singlet oxygen.
Phthalocyanines are capable of generating singlgiem since their triplet energy is
between 110 — 126 kJ.mbivhich is more than the required 94 kJ.tht allow for
efficient energy transfer to ground state oxygef6]2

A technique that is used to generate and studytezkaitates, e.g. the triplet
excited state is known as flash photolysis. Trmtschemical species at the excited

states are generated by a short and intense lighe grom a pulsed laser source.
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Incorporation of the laser results in an extrenmmywerful tool for the study of very

short-lived species, called laser flash photoly#isplot of the difference between the
absorbance before and after a laser puls&)(results in a transient spectrum, Fig.
1.22. The lifetimes of the transients are easdtetmined from a software program

such as OriginPro 7.5 via first order kinetics.
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Figure 1.22: Typical transient spectrum (triplet decay curve) following laser

flash photolysis

Triplet state quantum yields and lifetimes
The determination of photophysical parameters efttiplet state, i.e. triplet
quantum yield (¢ ) and triplet lifetime ¢ ) is based on the maximum absorption of

the triplet state, which occurs at ~ 500 nm for npghalocyanines. The resulting
triplet-triplet absorption is due to the transitimom the lowest triplet state of a

molecule to higher triplet states, i.e.td T,.
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The triplet quantum yield, which is the probabily a sensitiser to convert
absorbed quanta of light to the State, is determined by a comparative method [277]

The method involves a reference of known and triplet extinction coefficient, at
a given wavelength, e.g. unsubstituted ZnPc in DM8@ @, = 0.65 ande_ = 3000
M™.cmi! [278]. The triplet quantum yield of a sample iigem by Eq. 1.19,

Sample _ Std
_ ~sd AAr ol
O =@ —T T

(1.19)
AATSd .g_fanple

where AA®™e and AA™are the changes in the triplet state absorbanceeof

sample and standard respectively®™® and ¢ are the triplet state extinction
coefficients of the sample and standard respegtivel

Before the evaluation ob; for the sample, the_ value has to be precisely
known. The values of.. are determined by the singlet depletion methodth \tthis
method, the difference in absorbanc#A{) is measured where the ground state
absorbs [279], i.e. in the region where<< ¢¢. The molar extinction coefficient of
the ground singlet state., is normally determined by the Beer-Lambert laithe

measurement oAA; is simpler in phthalocyanines as the triplet stdigorption does
not absorb in the Q-band region (~ 700 nm). FdhabcyanineshAA will thus be
negative corresponding to the depletion in thelstrgpbsorptions at that particular Q-

band absorption. The triplet state extinction tioeint ¢ of a sample is given by

T

Eq. 1.20,
(AA)T €s
=TS 1.2
&1 (AA)S (1.20)
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As earlier mentioned, the triplet lifetimes canilgake determined from a software
program via first order kinetics. Alternativelylinear plot of In A vs. time givek
as a gradient, the reciprocal of which gives thget lifetime, i.e.t =1/k.

The efficiency of the MPcs as photosensitisers deépeon their high triplet
quantum yield ¢+ > 0.40) and long triplet state lifetimes (> 1us). Introduction of

heavy atoms such as halogens on the periphery eofPth promotes ISC due to
enhanced spin-orbit coupling to the triplet stadelditionally, care should be taken in
designing appropriate phthalocyanines. Structdistiortion caused by heavy atom
substitution enhances thg To S relaxation pathway and thus tends to reduce the
efficiency of energy transfer to the singlet oxygeviPcs with diamagnetic or metals

with closed shells such as Zn or Al phthalocyardeevatives tend to have long;

values [194] than paramagnetic Cr [280] or Cu [2Bhihalocyanine derivatives.
Interestingly, the exciton coupling theory prediatkigh triplet yield for MPc dimers
though they reduce the photosensitising abilityis lbelieved that vibronic coupling
rapidly deactivates the triplet excited state, stidt the triplet state population is

diminished and triplet lifetimes shortened and lecloaver ® , production [282].

1.6.6 Survey of photochemical and photophysical propertig of TiPcs

OTiPcs have been investigated for their photocotidties as thin films
[155,283,284]. This requires determining their folstabilities in the presence and
absence of oxygen. Only a few examples of OTiRe® been studied with reference
to their photostability in solution [155,284]. T™eecomplexes have been found to be
sensitive to photooxidation, especially for alkyldaalkoxy substituted derivatives.

Singlet oxygen quantum yield determinations howglrave not been reported.
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The photophysical properties of TiPcs are very uwlseh applications
involving non-linear optics, optical limiters andhgioelectric devices as these
macrocycles exhibit remarkable properties [159,283t most, TiPcs are axially
substituted with substituents that allow light-iedd transfer processes - which are
essential in the fabrication of photoelectric desic- to take place [286].
Photophysical properties of TaPcs are unknown dudheir extremely limited
synthesis.

A perpendicular dipole moment with respect to thacracycle plane is
induced by the presence of the oxygen axial ligandthe titanium atom. This
introduces new steric effects, thus altering treetebnic structure of the macrocycle
as well as the spatial relationships between thghbeuring molecules [36, 157].
There is thus an intrinsic curiosity about how BRan be made and in understanding
the properties of their low-lying electronic stateb addition, the potential which
some of the TiPcs have for use as near-infrardd &fsorbers in optical data storage
Is immense.

Due to an electron transfer, phthalocyanine flumease can be strongly
guenched by an electron acceptor. Quenching hbyoges,e.qg. benzoquinone (BQ)
and hydroquinone (HQ), is of utmost interest duth®important role of the quinone
moiety as an electron acceptor in photobiologicedcpesses [287]. Moreover,
titanium based phthalocyanines have been scareggrted [152-154] and their
photochemistry and photophysics are unknown condpai@ the consistent

investigations of other non-transition metal phtlcghnines, Table 1.4.
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Table 1.4: Photochemical and photophysical paramets of selected MPcs.

MPc o, | ®,(10° @ | ®; | 7, (us)| Ref
ZnPcS, 0.72 | 13.65 0.14] 0.8¢ 530 [269]
SiPcS, 0.52 | 7.35 0.21] 0.58% 439 [269]
Si(Cl,)PcPhenoxy | 0.14 | 1.00 0.21] 0.31 194 [232,26(
SnPcPhenoxy 0.22 0.04] 0.19 30 [259]
GePcPhenoxy 0.18 0.12] 0.300 340 [259]
ZnPcOTbutPhenoxy, | 0.60 | 3.33 0.14| 0.8 160 [217,28¢
ZnPcOPhenoxy 0.60 | 2.53 [233]
ZnPcOTbutPhenoxy | 0.52 | 3.30 [289]

Aims of thesis

—_

—

The newly substituted complexes are investigatedhieir photochemical properties,

I.e. singlet oxygen and photostability, used iraarsuch as photocatalysis where they

play a major role in terms of product distributionSufficient singlet oxygen is

required for oxidation of substrates in photocdtalyeactions, thus the efficiency of

the complexes to generate singlet oxygen will beestigated. The stability of a

catalyst is of utmost importance is photocataly#iactions since the more stable the

complexes are, the more effective the catalysiand hence the better the yields.

Thus the complexes will be investigated for théiofostability.

There has been no reference to the photophysicglepies of TiPcs and TaPcs.

Sufficient triplet quantum vyields as well as lifee#s are also important in

photocatalytic reactions in that interaction withhognd state triplet oxygen is

facilitated and prolonged for generation of singigygen. The effect of substitution
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pattern, i.e. peripheral vs. non-peripheral andatets. octa-, as well as the nature of
the substituents, i.e. aryloxy vs. arylthio on thigotochemical and photophysical
properties are investigated since substituentsctaffiee electronic nature of the
macrocycle and tend to strongly influence excitadtes properties of these
macrocycles.  Furthermore, fluorescence quenchifigiemcies of OTiPcs by

benzoquinone (BQ) and methyl viologen (MV) are shgated. The ease of
qguenching is important since deactivation of extgtates greatly affects the catalytic
behaviour of the complexes. Also fluorescencditifes which may otherwise be
impossible to obtain due to equipment limitatiooan be obtained from quenching

experiments.

1.7 Photocatalytic oxidation of 1-hexene

Oxidation of olefins into useful products is of iranse interest. For example,
epoxides are useful intermediates obtained onytataixidation of alkenes that are
widely used for petrochemicals, fine chemicals gulymers such as oxygen-
containing natural products or production of epoasins. Use of molecular oxygen
as an oxidant for the transformation of alkenespisferred as it is cheap,
environmentally clean and is readily available [291]. The economical and
environmental impact of chemical productions isesely scrutinised, such that
restrictions are placed on chemical companies oleroto reduce environmental
pollution, hence the use of molecular oxygen.

Phthalocyanines are employed as sensitisers fandgation of chemicals via
singlet oxygen since they are able to generatdetimxygen through their intense
absorption in the visible region and excited triydtate energies capable of

transferring energy to molecular oxygen. Excitedesoxidation reactions of alkenes
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using phthalocyanines and molecular oxygen areaamgpared to those catalysed by
porphyrins [292-295]. This is surprising since MRee known to be most active and
stable than porphyrins in photocatalytic reactioddso catalytic photooxidation for
the synthesis of organic compounds is scarce [286]fact photocatalysis by MPcs
has been exclusively limited to the degradatiopaifutants [297]. Photodegradation
of toxic sulphur compounds, phenols and chloringpé@nols are known to be
catalysed by MPcs [298-300]. Photocatalytic oxatatreactions usually selectively
proceed at room temperature using light, oxygen aad sensitiser, e.g.
metallophthalocyanine (MPc). The active speciesftisn singlet oxygen such that a
variety of useful compounds can be obtained froantisg compounds, e.g. olefins.
Furthermore, oxidative degradation of the sensitieay result depending on the
nature of the substituents.

Many photocatalytic olefin oxidations are affectgdthe highly energetic and
oxidative singlet oxygen through the so-called Typenechanism, Scheme 1.11.
Alternatively, radicals such as superoxides maygbeerated through the Type |
mechanism (Scheme 1.10), however their participatis generally limited.
Interestingly, porphyrins with iron [301,302], mamgse [303,304], osmium [305],
niobium [306,307] or molybdenum [308,309] as cdrdéitams tend to yield products
of oxidation via a radical mechanism. Howeverghkh oxygen sensitisers such as
oxovanadium porphyrins and oxotitanium porphyriaséhbeen reported [293,310].

Much effort has been shifted to heterogeneous ysdsalvhich tend to have a
longer shelf-life and better catalytic efficiencylfl]. The use of such catalysts is
especially advantageous since they can be reusédther catalysts include
semiconductors such as TiO which have been mos#y in the treatment of wastes

and pollutants [312]. As earlier mentioned, titgp@rphyrins are a few examples that
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catalyse photooxidation reactions of cyclic olefsugh as cyclohexene using oxygen

and visible light, Table 1.5.

Table 1.5: Photooxidation of olefins catalysed bgorphyrins in the presence of

oxygen and visible light.

Complex Substrate Solvent Epoxide | Ref
yield

OTITPP Cyclohexene DCM 10 [293]
OTIiTPPCl, Cyclohexene DCM 10 [294]
(O)TITPP Cyclohexene DCM 5 [310]
NbTTP 1-Hexene Benzene 22 [306]
OMo(OEt)(TTP) 2-Hexene Benzene 24 [307]|
Fe(TPFP) Cyclooctene DCM 20 [313]

TPP = tetraphenylporphyrin, TPPCI, = tetrachloro-tetraphenylporphin, TTP =
tetrak-p-tolylporphyrin, OEt = oxoethoxo, TPFP = tetrakis(pentafluorophenyl)
porphyrin

Aims of thesis

The oxidation of 1-hexene by molecular oxygen waldehydes as reductants to
selectively yield 1,2-epoxyhexane, is well-knowri43316]. However catalysis of 1-
hexene by MPc in oxygen and visible light is unknowA comparative study on the
catalytic efficiency of selected aryloxy and ariydtloxotitanium complexes for the

photooxidation of 1-hexene will be performed. Titenium metal is of closed shell

configuration and hence has a potential to genesatBcient amounts of singlet

oxygen required for the transformation of 1-hexerdthough electron-withdrawing

groups stabilise catalysts, a systematic investigaif the effect of electron donating
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substituents such as aryloxy and arylthio on th&tqutatalytic properties of OTiPcs is
investigated. Use of molecular oxygen as oxidardrmdes the use of harsh and
harmful oxidants such as hydrogen peroxide. Anodima of this study is to identify

products in order to propose a photocatalytic cieagpathway.

1.8 Electrochemistry of metallophthalocyanines

The electrochemical characterisations of the MPcsvell as their ability to
electrocatalyse analytes are studied, hence awewfeelectrochemical techniques
follows.

Over the past 40 years the electrochemistry of Mias been an area of
intense research [317]. From rather primitive bagigs, the electrochemistry of the
macrocycles was not investigated sooner (unlikepipgins) due to their poor
solubility and hence relative purity. Phthalocyeas have the capacity to gain or lose
electrons and it is these interesting electronmperties that make them useful in
many areas including solar cells and electricitydoiction.

The Pc exists as a dianion, i.e.?Pevhich may be oxidised or reduced in
successive steps to give positive or negative respectively. The Pc ring redox
activity is directly related to the frontier ordgain the molecule where oxidation is
the removal of electron(s) from the HOMO, Jawhile reduction is the addition of
electron(s) to the LUMO (& Fig. 1.23. Thus up to four electrons can besssively
added to the doubly degenerateoebitals of the LUMO to form Pt P¢?, P¢® and
Pc®, and two electrons can be removed from the HOM@mm P¢' and P8 [318].
This redox activity is typical of HPcs and phthalocyanines with redox inactive

metals, i.e. complexes with closed-shell centmasisuch as Mg and ™.
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Figure 1.23 A simplified energy-level diagram fora typical MPc where metal

orbitals (i) are buried within filled Pc orbitals, e.g. ZnPc or (ii) lie between the
HOMO-LUMO gap, e.g. FePc

Oxidation or reduction of MPcs with redox actiwetals (i.e. with vacant or
partially occupied orbitals) may occur both at thetal and/or the ring depending on
the relative energies and proximity of metal d @odingt orbitals. In light of this,
the metal orbitals @, &;, ag and k) of redox inactive metals are buried inside filled
Pc orbitals while those of redox active metalsbeween the HOMO and LUMO of
the Pc ligand, Fig. 1.23 [319,320]. For metalMiAcs the most important orbitals are

the five 3d-orbitals which when placed on Kyeplane transform tozg (dyy ), & (dy,
anddy;), ag (d,2) and kg (dxz_yz). Additionally, the oxidation and reduction of

an electroactive metal invariably occurs at potdstbetween the first oxidation and
first reduction of the Pc ligand [321-323].

Phthalocyanine redox properties can be alteredwly dspects, namely the
interaction of the 18 electron aromatic core of Beering with substituents as well as
the central metal atom. Thus the nature and axidatate of the central metal, the

nature of axial ligands and solvents as well asnéerre of substituents on the ring
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periphery determine the redox properties of a gieemplex [324]. Significant
alteration of phthalocyanine electrochemical propsroccurs with substituents at the
non-peripheral positions. Electron-donating subetits, e.g. alkoxy or alkylthio
groups, increase the electron density of the cemetal atom, thereby making it
easier to oxidise and harder to reduce MPc complg325]. In contrast, electron-
withdrawing substituents, e.g. CN groups, decrehee electron density thereby
lowering the LUMO energy levels of the conjugatgdtem. As a result, the electron
affinity of the macrocycle is increased and hencBcM are easier to reduce. In
general, central metal ion redox energies are atifum of their polarising power,
expressed as charge/radiagr]. Thus in most redox reactions, there is an apyar
well-defined pattern, i.e. oxidation of MPcs witlora positive central metal ions is
difficult [326].

MPc electrochemical reactions are often performeglatinum or a carbon
[327] working electrode, the latter being popularitis cheaper and is a suitable
alternative to platinum. Examples of carbon etmi#r materials — depending on
percentages of crystalline graphite - include glasgbon, pyrolytic graphite, carbon
paste, carbon fiber and many more. The most comrefamence electrode whose
potential does not change with time is silver-gilahloride (Ag|AgCl). Other
reference electrodes employed include normal hyroglectrode (NHE) and
saturated calomel electrode (SCE). Platinum wsraisually used as the counter
electrode as it is inert and therefore is residiagbrrosion.

As in all electrochemical reactions, inert elegtte$ which carry the task of
ion transportation between electrodes are requir&dtraalkylammonium salts are
employed in organic media, e.g. tetraethylammoniyparchlorate (TEAP),

tetrabutylammonium perchlorate (TBAP) and tetralautynonium tetrafluoroborate
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(TBABF4). Sodium hydroxide and potassium chloride oramérare utilised in
agueous media whereas buffer salts are employepHarontrolled experiments. In
addition, solvents influence Pc electrochemicapprties due to protic or aprotic and
electrophilic or nucleophilic properties. For exaenoxidation is easier in DMF than
in pyridine for a divalent FePc [320] due to stmaition in the latter solvent. The
strongly donating pyridine enhances the back-donatif charge from metal to the
ring, by acting as an axial ligand and hence stabg the ferrous state. It is
important that an optimal combination of solvent alectrolyte is found within a
usable potential window range such that they dor@att at the electrodes. A list of
potential limits for commonly used solvents is shaw Table 1.6.

To gain valuable information on the electrochempralperties, a combination
of electrochemical techniques, namely, cyclic volaetry (CV), osteryoung square-
wave voltammetry (OSWYV), chronocoulometry (CC),atoamperometry (CA) and
spectroelectrochemistry; have been used in thikwod will be discussed below.
Information on electrode reaction mechanism, idieation of intermediates or
products as well as elucidation of complete elettemical mechanisms can be

obtained from these techniques.
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Table 1.6: Potential limits of commonly used solves with TBAP as electrolyte

at platinum electrodes [328].

Solvent el Potential limit (V)
Cathodic | Anodic

Acetonitrile (ACN) 36.2 -2.6 +2.7
Dichloromethane (DCM) 9.10 -1.7 +1.8
Dimethylacetamide (DMA) 38.0 -2.6 +1.3
Dimethylformamide (DMF) | 36.7 -2.7 +1.5
Dimethylsulphoxide (DMSOQO) | 46.6 -2.7 +1.3
Water 80.0 2.9 +1.4

2 £ = dielectric constant,” mercury electrode

1.8.1 Background on the electrochemical techniques used

1.8.1.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a versatile and effeetivelectroanalytical
technigue commonly used to study electrochemicadtiens. The technique provides
a rapid and simple way of acquiring information aiothe rate of electron transfer,
stability of electrolysed (oxidised or reduced) lsteg adsorption processes as well as
electrode kinetics and mechanisms. In an electoatal study, CV is generally the
first experiment to be performed. The basic thdmilgind CV experiments is that the
electrode potential is cyclically scanned betwdweninitial potential [}) and the final
potential &) such that a current response is measured atetieaele surface.

Figure 1.24 shows a typical current-potential plehown as a cyclic

voltammogram which is characterised by peak paén{e,) and peak currentdyf.
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As the electrode potential is swept to a negatigtemntial, i.e. reduction, current
increases with increase in potential until the pbét of the analyte is reached. Close
to the electrode surface, the analyte is deplatesijliting in the reduction of the
current. Reversal of the applied potential resultithe reoxidation of the analyte with
a current of reverse polarity from that of the fard scan. Analyte mass transport
towards the electrode is facilitated in three wayanely migration, convection and
diffusion. Diffusion, which is a movement of spegidue to a concentration

difference, is often favoured for electroanalytipalposes [329].

i A
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Figure 1.24: A typical cyclic voltammogram (CV).

From a cyclic voltammogram, a system may be ifladsas reversible,
quasi-reversible or irreversible. Peversible system involves the reduction (or
oxidation) of an electroactive species in the fadvacan which is then oxidised
(reduced) in the reverse scan, i.e. both the rebl@el oxidised species are in
equilibrium as required by the Nernst equation.

For these conditions, the peak potential differedde (Eya — Ep) does not

change with scan rate'f?), AE is ~ 59 mV and the ratio of the reverse to forward
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peak currents is equal to unity for all scan rates,l 55 /1 ,c =1. For a reversible

couple, the number of electrons transferred;an be determined from the difference
in peak potentials given by Eq. 1.21 at°Zh i.e.:

RT _59
AE=Ep —Epe =-——=—

mv (1.21)
nF n

where R is the universal gas constarit,is the temperature in Kelvin anfd is

Faraday's constant (96485 C.mpl The formal potentialE®, which is related to the
half-wave potentialk,/,, is determined by Eq. 1.22.:

E°=Ey o= (1.22)

If concentrations of the reduced and oxidised g®eare not maintained, then the
process is said to lwpiasi-reversible. The process is characterisedl < Ipc or lpa>

lpc andAE > 59/n mV, with the value increasing with incre@sstan rate. Therefore,
slow electron transfer kinetics including lack gfudibrium between the reduced and
oxidised species occur, since charge transfer aasb rtransport control the current.
In contrast, for amrreversible system, a peak in the reverse direction is weak not

observed, an indication that the starting reaciamtot regenerated. A shift in the
peak potential with scan rate characterises amversible system due to a slow
electron exchange or chemical reaction at the reléetsurface. In light of this, the
cyclic voltammograms of MPcs are easily obtained studied in order to estimate

their electron transfer abilities as well as med$ras.
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1.8.1.2 Square wave voltammetry

Square wave voltammetry (SWV) is a sensitive etegtalytical technique
used to investigate redox reactions that may otiserlwe impossible with CV. The
more popular technique is known as Osteryoung sgwarve voltammetry (OSWV)
after its inventors in the 1950s [330]. Curremnsils are sampled at two points, the
difference of which is plotted as a function of kg potential, such that peaks rather
than voltammetric waves are observed. SWYV elinemdahe charging current caused
by the electrode double layer, thus an increasegphakto-noise ratio results.
Therefore shortcomings observed with CV, e.g. @maing or closely spaced peaks
with poor resolution are overcome by SWV. Optinpeak separation, greater
analysis speed, lower electroactive species consomand lower detection limits of

up to 10° M, are advantages that can be obtained with ¢fisnique.

1.8.1.3 Chronoamperometry

Chronoamperometry (CA) is a transient techniquewimich the applied
potential is instantaneously stepped from an ingicdential €;) where no electrolysis
occurs to a potential that leads to the electrslg$ithe analyteH;). At this potential,

a current flow begins and is maintained for a tipggiod ;). At this stage the
experiment is termed a single-potential step CA.heW the potential is further
stepped to a second step potentig) (vhere the analyte is re-electrolysed and held
for a time period T,), the experiment is termed as a double-potentegd €A, Fig.
1.25. This experiment is particularly useful irvestigating kinetics of chemical

reactions followed by an electron transfer.
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Figure 1.25: A double-potential step chronoamperagm.

In both experiments, a transient signal is obseagthe large current rapidly
decays due to the depletion of the analyte nearetbetrode, Fig. 1.25. In CA
experiments, the current is monitored as a functibtime. The data is analysed
according to the Cottrell equation (Eq. 1.23), \hidefines the current-time

dependence for a linear diffusion control [33H,:i.

_nFACDY 2

| = (1.23)
7I1/ 2t1/ 2

whereA is the area of the electrode @uC is the analyte concentration (mol:&m
D is the diffusion coefficient (cfis®) and the others are as described above. A plot

1/2

of | vs. thet ™ results in a linear relationship known as the @dtplot. A, D, n and

C can be determined based on this plot, if any efttinee parameters are known.
1.8.1.4 Chronocoulometry

Chronocoulometry (CC) is simply chronoamperometryhich the current is

integrated, such that the monitored response isgeh®. Thus by integrating the
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Cottrell equation (Eg. 1.23), the Anson equatioq.(E24) which defines the charge-

time dependence from linear diffusion control isanted [331]:

_ 2nFACDY 21/ 2
Q= 12

(1.24)

In CC experiments, the charge is monitored as atifm of time, thus yielding a

chronocoulogram, Fig. 1.26. Typically a plot@fvs. t?

gives an Anson plot from
which A, D, n andC are determined, although concentration deternunas rare due
to poor detection limits. Adsorption processesva as modified electrodes that
involve surface-constrained reactions can be stiuoyethis method. An advantage of

using CC is that slow electron transfer kinetias @rminated.
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Figure 1.26: A double-potential step chronocoulogm.

1.8.1.5 Spectroelectrochemistry

The redox chemistry of organic, inorganic and lgatal molecules can be
studied by spectroelectrochemistry [332-334]. 8petectrochemistry is the
combination of electrochemistry and spectroscopat tlallows simultaneous
acquisition of both techniques. Reaction mechasjseaction kinetics and electrode

surface phenomena can be studied by this widelg tesghnique [335]. Optically
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transparent thin-layer electrodes (OTTLE) enablgeolation of the electrogenerated
species spectroscopically via a light beam thatsgmghrough the thin layer of
solution and electrode [336]. Typically, OTTLE lceblumes range between 30 — 50
ul [331,337] such that electrolysis takes placeanomds. The number of electrons
transferred may be determined by Faraday’s equéEiqnl.25):

Q=nFVC (Eq. 1.25)
whereV is the volume of the cell and other constantsaarereviously defined. The
nature of MPc redox processes which cannot bendistshed by CV alone, may take
place at the central metal atom or the ring. Ddp®non the applied potential, MPc
spectroelectrochemical studies facilitate undedsten for MPc properties. Ring
based redox processes often result in colour clsangblile metal based redox
processes exhibit less dramatic colour changed.[3¥®nitoring spectral changes of
MPc ring gives information on the nature of thewegrocess, for example a shift in
the Q-band is due to oxidation/reduction of thetigdrmetal [168] whereas a decrease
in the Q-band intensity, accompanied with an ingeem intensity at the 500 — 600
nm region is due to oxidation/reduction of the rif@38]. In this work, UV/Vis
spectroelectrochemistry is used to characterisedatermine sites of redox activity in

OTiPcs.

1.8.1.6 Survey of the electrochemical properties of TiPcsral TaPcs

Film voltammetric behaviour of OTiPc on ITO (indiutim oxide) was found
to exhibit two ring reduction processes althougttodeposition resulted during
oxidation [339]. At the start of this work, thelgion electrochemistry of titanium
phthalocyanines has been unknown. Recently, ay stadthe electrochemistry of

TiPcs, where two metal-based and one ring-basedctieds were observed, was
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reported [340]. More detailed electrochemical ssicare known for MPcs such as
ZnPc, MnPc and CoPc [341]. Understanding the melsemical behaviour of TiPc

and TaPc complexes is important for their possgblications in for example,

catalysis. It is thus important to study the eledemical behaviour of these
complexes for such applications more so becaugshenf rare or unknown solution

electrochemistry.

Introduction of different kinds of substituents onhe periphery and changing
the central metal can alter spectroscopic andrelduemical properties. In fact, the
choice of substituents and metal strongly influetiee electrochemical properties of
these macrocycles. For example, multi-electron xefdmcesses are common in
biological systems and are needed for reductiaspeties such as carbon dioxide and
oxygen. Hence, the study of the electrochemistryM&fc complexes, which show
potential as catalysts for multi-electron processgsh as those of TiPc and TaPc is

essential.

Aims of thesis

As earlier mentioned, the solution electrochemisfr®TiPcs and TaPcs has not been
exploited in comparison to other first row trarmiti metals. In this thesis the
electrochemical characterisation of the newly sgsised complexes by CV, OSWV,
CC and spectroelectrochemistry is described forfitketime. The influence of the
nature, number and position of the substituentthernmedox properties of these MPcs
Is investigated. The data obtained is essentialnderstanding electrocatalytic
properties of the MPcs. The solution electrochémisf TaPc is also investigated for

the first time.
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1.8.2 Electrocatalysis

One electrochemical application of MPcs is in elawdtalysis hence OTiPc
complexes were employed for the electrocatalyticlaton of nitrite. However, the
background on MPc electrocatalysis is presented.

Electrocatalysis in a wide sense is the study ettebchemical reactions at
electrode surfaces such that rates of reactionirmceased and a decrease in

overpotential results. Equations 1.26 and 1.27 mepyesent an electrocatalytic

reaction, i.e.:
O+ne - R (1.26)
R+A- O+P (1.27)

whereO is the oxidised specieRis the reduced species,s the analyte ang is the
product. Equation 1.26 generates the active cstallgich then reacts with an analyte
(Eq. 1.27), resulting in the regeneration of thealyat and formation of product. A

return peak may not be observed due to a fast da¢ne@action taking place [342].
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Figure 1.27: Electrocatalytic behaviour at (i) unnodified electrode and (ii)

modified electrode.
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A mediating molecule known as an electrocatalysifien used to modify the
electrode surface in some way. Modified electrotasl to lower overpotentials
because electrochemical reactions are accelerayedndiecules at the surface.
Unmodified electrode surfaces however, often exhilarge overpotentials for
electrochemical reactions that take place at venyrates or that do not occur at all,
Fig. 1.27(i). Electrocatalysis is thus charactti®y current enhancement, lowered
overpotentials and absence of a reverse peakl 2g(ii).

MPcs are electrocatalysts since they serve as toeslian many electron
transfer reactions, due to their rich and reveesibox chemistry. Their high thermal
and chemical stabilities as well as their catalgfitcciency for a variety of analytes,
makes them the best electrocatalysts used thusAarMPcs have been used for a
great variety of electrochemical reactions, thatatytic activity can be fine-tuned by
the nature of the substituents at the periphemnyedsas the central metal. Generally,
electrocatalytic activities are observed at potdsitclose to those of the central metal
or ring [343], therefore electrocatalytic reactidead to be mediated by the central
metal or the ring [344,345]. Electrocatalysis byP® usually starts with the
oxidation/reduction of the metal or ring. Thereafta chemical reaction with an
analyte follows to form product and regenerationtlodé catalyst. For example,
electroreduction by MPc at both metal (Eq. 1.28 arit9) as well as ring (Eq. 1.30

and 1.31) based redox process is illustrated below:

M**Pc+e” - M3 Pc (1.28)
M3*Pc+ A M*Pc+P (1.29)
OR

MPc®™ +e~ - MPc3” (1.30)
MPc3™ + A - MPc?™ +P (1.31)
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The electrocatalytic activity of MPcs for oxidatioeduction of various
analytes is far from complete as their applicapiidr this field is diverse, therefore a
variety of reactions are still to be investigatethveatalysts of this type.

As earlier mentioned, the surface of the electisdaodified with a mediator.
There are various methods of attaching the mediatdhe electrode surface. The
simplicity of most MPcs to adsorb onto electrod€aes leads to what is known as
chemically modified electrodes (CME), which exhiblectrocatalytic activity for a
variety of electrochemical reactions. In this waye selectivity of the CME is
increased since some chemical specificity is ingohronto the electrode surface
which may not be available at an unmodified eletgrsurface.

It is important to note that mediation of electteemsfer is only possible if the
mediator is itself electroactive. Also MPc filmrfoation (monomer, polymer,
aggregates) is largely influenced by the method da&fposition; hence the
electrocatalytic activity at the electrode surfasdl be affected. Methods of
modification include adsorption by dip-dry [346]apour deposition [347], carbon
paste [348], self-assembled monolayer [349,350]ppdhy [351-353] and
electropolymerisation [354-356] onto conventionigcegodes such as gold, platinum
or glassy carbon. In this work, modification wasrfprmed on a glassy carbon
electrode (GCE) using drop-dry and electropolynagiosy methods since MPcs tend
to strongly adsorb on graphite throurgtinteractions. For the purpose of this thesis

the methods discussed are:

Drop-dry method- the catalyst is dissolved in a solvent where imam

solubility is achieved and preferably one that lgasraporates off. A drop of catalyst

solution is applied onto the electrode surface #rel solvent is allowed to dry.
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Substantial electrocatalytic activity occurs evkaugh this method forms films that
are irreproducible and unstable over long periddsnee, due to loss of catalyst and
possible passivation. From a linear relationship,ovs. v, the surface coverage

(mol.cmi®), T, can be estimated using Eq. 1.32 [357]:

_n’F2TAv

|
P ART

(1.32)

where all the symbols have their usual meaninga®mescribed above. The surface
coverage can also be determined by integratiomefpeak area of the MPc by Eq.

1.33,

Impe = (1.33)

" nFA

where Qis the charge under the reduction or oxidation peakall the other symbols

are as described above.

Electropolymerisation - There are a number of ways to polymerise
phthalocyanines on conducting supports, one of hwiscelectropolymerisation. In
analytical chemistry, considerable attention haanbgenerated by MPc attachment to
electrode surfaces via electropolymerisation. hla tegard, MPcs immobilised on the
electrode surfaces have been extensively exploitetectrocatalysis since electronic
conductivity is exhibited by the polymeric coatimg®duced on the electrode surface.
Hence, a catalytically active electrode is employédthis method is mostly favoured
as uniform and stable electro-conducting polymbts tformed; ensure reproducible
control over their thicknesses. Also, the thickypteric phthalocyanine networks
formed are attractive in that chemical and therstabilities are enhanced without

compromising the catalytic activity. An additionakdvantage is that a three-
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dimensional reaction zone is formed at the eleetuface. Hence rates of reaction
occurring at the electrode surface are increasddrenresponse sensitivity improved.

The electrode is immersed in ~ 1 mM solution of lyatacontaining
supporting electrolyte and this is followed by répee cycling between two
predetermined potentials. The fact that the fastn differs from the successive
scans, an increase in both anodic and cathodiemtsrias well as formation of new
peaks, is an indication that polymer formation akinng place [358]. The main
advantage of using this method is that polymer &irom is reproducible and film
thickness can be carefully controlled.

Electropolymerisation which is generally accepted¢ complex, is believed
to proceed via a general electrochemical-chemieat®wchemical, E(CE)
mechanism [359] of substituents containing ‘N’ &'.* The most frequently
electropolymerised MPcs are the amino-, pyrrolethaphene-appended complexes;
employed as catalysts for detection of variousydeal[360-362]. MPcs with such
substituents are suitable in that coupling of te&iong and well-defined electronie
systems produce polymers of high stability anddrgi Briefly, the initial
electrochemical step (E) involves the oxidationdecttbn of the monomer to its
radical. The rate of electron transfer exceeds dfidhe monomer diffusion to the
electrode surface, thus a high concentration ofréttbcal species results. In the
chemical step (C), two radicals dimerise with sgjogat loss of protons, thus forming
a neutral dimer. The dimer so formed is easilymad/reduced than the monomer to
form radicals and further couples with other radicen solution. The E(CE)
mechanism forms an oligomer and continues untilpblgmer becomes insoluble in
the medium and precipitates onto the electrodeasar{363,364]. Various factors

such as the nature and solubility of the monontes, rtature of the counter ion, the
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nature and size of the electrode surface, deterthmenechanism of polymer growth

[365,366].

1.8.2.1 Electrocatalytic oxidation of nitrite

Electrooxidation of nitrite by OTiPcs was choseithvthe aim of lowering the
overpotential occurring at ~ 0.80 V [367].

Nitrites play an important role in the inhibitiorf corrosion in industrial
waters and are a source of nitrogen which is esddat environmental processes in
green plants. Despite the wide use of nitritesrehs much concern about their level
in for example foods and beverages, since theykamvn to have carcinogenic
effects [368-370]. Degradation of some fertilizéosms nitrite and therefore the
determination of nitrites is of environmental imfaorce, since its presence is an
indication of the extent of pollution and eutrogtion in natural waters [371].

Nitrites can be determined by the time-consumingcspphotometric
[372,373], chromatographic [374,375] as well asfdster electrochemical [376-378]
methods. The first method uses sulphanilamideNu(t-naphthyl)ethylenediamine,
however acidity needs to be carefully controllebentvise interferences may occur
[379,380], while the latter method is attractivetivat it allows rapid and precise
analysis of the ion. The electrochemical methdtenanvolve the catalytic oxidation
of nitrite since this is a more convenient appro@actontrast to reduction. The choice
of nitrite oxidation in this study is that it doast suffer from poor sensitivity due to
the interference from nitrate and molecular oxyg&hich are major limitations for
the cathodic determination of nitrite [381]. An ditcbnal advantage is that
electrooxidation of nitrite tends to give nitrate the final product, in contrast to its

electroreduction in which several products are pced.
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Nitrite oxidation on conventional solid electrodsgch as platinum [382],
glassy carbon [383], gold [384] and diamond [3&5]known. Although nitrite is
electroactive, it exhibits poor electrochemical &abur at these bare electrodes. The
oxidation occurs at undesirable high potentials3[386] and the result is the
generation of species that tend to poison therel@etsurface and hence decrease the
sensitivity and accuracy [387].

As earlier mentioned, modification of the electraglgface with a suitable
electrocatalyst is a very good way of improving tlectrode sensitivity, as well as
efficiently lowering the potentials [378]. For ewple, electrode modification by
haemoglobin, myoglobin, enzymes, porphyrins and $/&ed in catalysis of various
analytes are known [388-397]. MPcs are well knowatalysts for the
electrooxidation of nitrite [70-72,398,399]. Bating and central metal have shown
to mediate the electrocatalysis of nitrite. Thesmlified electrodes offer an effective

route in the fabrication of nitrite electrochemisahsors.

1.8.2.2 Survey of the electrocatalytic properties of TiPcs

The electrochemistry of titanium phthalocyanines rare and their
electrocatalytic properties are unknown. MPc caxets have been employed for the
electrocatalytic oxidation of nitrites in neutrabasic and acidic media [70-
72,367,399]. Generally, nitrite electrooxidatiorcors at ~ 0.80 V on porphyrin and
phthalocyanine modified electrodes [367] regardtdshie media, Table 1.7. There is
thus -a need to lower this potential. The actgitof MPcs for the oxidation of nitrite
are influenced minimally by the nature of the cahtnetal (when comparing CoPc,
MnPc, FePc and CrPc) and more substantially byé#tere of the substituents [367].

A study of MPc complexes containing other transitinetals and a wider variety of
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substituents is useful in that new trends in whaeqguired to lower overpotentials for

nitrite may be determined.

Table 1.7: Electrochemical data for the electrooxiation of nitrite in pH 7.3 by
MPcs.

Complex Electrode | Method of E (V) Ref
modification vs. Ag|AgCI
CoPc VCE Drop-dry 0.92 [70]
FePc OPG Drop-dry 0.80 [72]
CrTAPc GCE Electropolymerisation 0.80 [355]
NiTAPc GCE Electropolymerisation | 0.92 [398]
CoTSPc/ GCE Electrodeposition 0.85 [399]
FeTMPyP

TA = tetraamino, TS = tetrasulpho, TMPyP = tetra-(methyl-4-4pyridyl)-
porphyrin, VCE = vitreous carbon electrode, OPG = edinary pyrolytic graphite,
GCE = glassy carbon electrode

Aims of thesis

The electrochemical study of the OTiPcs synthesiselis work is extended in order
to determine their potential as electrocatalyststie oxidation of nitrite for the first
time. Modification of GCE by two convenient metlspchamely adsorption and
electropolymerisation is probed since passivatipmadsorption effects from products
of oxidation in solution readily occurs on a baftectode. The main aims are to
electrocatalyse the oxidation of nitrite at lowepotential, i.e. lowering of
overpotential, as well as increase or enhance wataturrents. The comparative
catalytic activity based on the titanium metal #mel nature of the substituents is also

investigated. The electrode kinetics for the etewtidation process are also explored.
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1.9 Summary of Aims of the thesis

The aims of the thesis discussed are summarizetbbsws:

(@)

(b)

(©)

(d)

(€)

Synthesise and spectroscopically characterise taraim(lV) phthalocyanine
complexes that are tetra-substituted at the pemdhand non-peripheral
positions with aryloxy, arylthio, nitro and amineogps (see Fig. 1.10 and Fig.
1.12).  Additionally, octa-substituted OTiPcs argnthesised, Fig. 1.11.
Furthermore, unsubstituted JTIPc and GiTaPc (Fig. 1.8) are synthesised
together with their water-soluble derivatives, A@.

Determine the electrochemical characteristics ef diinthesised complexes by
CV, OSWV, CC, CC and spectroelectrochemistry whale important for
electrocatalytic reactions.

Determine the photochemical (singlet oxygen quanyueids, photobleaching
guantum vyields) and photophysical (fluorescencentyjuma yields and lifetimes,
triplet quantum yields and lifetimes) propertiessofme selected complexes, the
information which is essential for photocatalysisloreover, the fluorescence
guenching experiments in the presence of quencinerstudied.

Photocatalyse 1-hexene with selected aryloxy amgttheaw OTiPcs which are
tetra-substituted at the peripheral and non-perglhmositions. A comparative
study of their photochemical and photocatalyticpemties - which are important
for product distribution - is done. Also a meclsanifor the product distribution
is proposed.

Investigate the effect of charge transferabilityasfionic TiPcg and TaPc$
complexes on interaction with a cationic acceptwnpound, methyl viologen,
by spectroscopic methods. Fluorescence quenchinghe complexes is

investigated and parameters are determined.
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(H Investigate the catalytic efficiencies as well asekics of tetra-substituted
OTiPcs modified onto glassy carbon electrode by pdity or

electropolymerisation, towards the electrooxidatbénitrite.

The MPc complexes studied are:

Unsubstituted GTiPc and CiTaPc (Fig. 1.8), as well as their differently

sulphonated derivates, i.e. OTiRe®hd CiTaPcS (Fig. 1.9)

- Peripherally and non-peripherally substitutedlifFz complexes that are
substituted with phenoxytert-butylphenoxy, benzyloxy, 4-(benzyloxy)phenoxy,
phenylthio and benzylthio groups (Fig. 1.10)

- Peripherally substituted octa-substituted OTienplexes that are substituted
with phenoxy,tert-butylphenoxy, 4-(benzyloxy)phenoxy and phenyltgimups
(Fig. 1.11)

- Peripherally substituted OTiPc complexes thag substituted with nitro and

amino groups (Fig. 1.12)
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2.1 Materials

Acetone, benzene, chloroform (CHY| 1-chloronaphthalene (1-CNP),
dichloromethane (DCM), dimethylformamide (DMF), dithylsulphoxide (DMSO),
ethanol, hexane, methanol, 1-octanol and tetralfiydno (THF) were purchased from
either SAARCHEM or Aldrich and were dried and distl over calcium hydride or
sodium/benzophenone before use. Water collectad &t nanopure Milli-Q water
purification system of Millipore was used for alfueous solutions. Deuterated
chloroform (CDC}), deuterated dimethylsulphoxidds{DMSO), acetic anhydride,
ammonia (25 % or 32 %), benzoquinone (BQ), benkoghel, benzyl mercaptan, 4-
(benzyloxy)phenol, bromine, 2,6-thrt-butyl-4-methylphenol (BHT), d4ert-
butylphenol, 1,4-diazabicyclo-octane (DABCO), 4jbkiorophthalic acid, 1,3-
diphenylisobenzofuran (DPBF), 1,2-epoxyhexane, omde, 1-hexene, 1-hexen-3-
ol, hydrochloric acid (32 % HCI), magnesium sulgh@igSQ), methyl viologen
dichloride hydrate, nitric acid (55 % HNJ 3-nitrophthalic acid, oleum (30 %),
phenol, phthalimide, phthalonitrile (recrystallisBdm ethanol), potassium bromide
(KBr), potassium carbonate £&O;), sodium carbonate (N@O;), sodium
dihydrogen phosphate (NalPlO,), sodium hydrogen phosphate (N&®0,), sodium
hydroxide (NaOH), sodium nitrite, sodium sulphidenahydride (Ng5.9HO0),
sulphuric acid (98 % 80Qy,), tantalum pentachloride (Tafsl tetrabutylammonium
tetrafluoroborate (TBABJJ, thionyl chloride, thiophenol, titanium butoxidg&anium
tetrachloride (TiCY, distilled from calcium hydride), Triton X-100, ea, were
purchased from Sigma-Aldrich, SAARChem or Merckll dther reagents were of
analytical grade and were used as received fronsubeliers. Chromatography was

performed on silica gel 60 (0.04 — 0.063 mm).
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2.2 Instrumentation

UV/Vis spectra were recorded on a Cary 500 UV-ViRNpectrophotometer. IR
spectra (KBr pellets/Nujol) were recorded on a PeBtmer spectrum 2000 FTIR
spectrometer.'H-NMR and **C-NMR spectra were recorded using a Bruker EMX
400 MHz NMR spectrometer. MALDI TOF spectra weeearded with Perseptive
Biosystems Voyager DE-PRO Biospectrometry Workstaind Processing Delayed
Extraction Technology at the University of Cape TowElemental Analyses were
also performed at the University of Cape Town. oF#igcence excitation and emission
spectra were recorded on a Varian Eclipse spegtwafineter. Triplet absorption and
decay kinetics were recorded on a laser-flash pyssosystem. The excitation pulses
were produced by a Nd:YAG laser (Quanta-Ray proggdd00 mJ, 90 ns pulses of
laser light at 10 Hz) pumping a tunable dye lakan{bda Physic FL 3002, Pyridine 1
dye in methanol). The single pulse energy was 7 Tk analyzing beam source was
from a Thermo Oriel xenon arc lamp, and a phototplier tube was used as a
detector. Signals were recorded with a two-chandigiital real-time oscilloscope
(Tektronix TDS 360); the kinetic curves were avexagover 256 laser pulses.
Photocatalytic product analyses were performed éfewalett-Packard HP 5890 Gas
Chromagraph (GC) fitted with an FID detector, ussn@ONA (crosslinked methyl
siloxane) capillary column (50 m length, 0.2 mmemtal diameter, 0.um film
thickness and 100 phase ratio). Mass spectra memeded with Finnigan GC-MS
using the same column as above. The light intgngés measured with a power
meter (POWER MAX51100 - with incorporated Molectrotetector) for
photocatalytic experiments. Electrochemical datarewobtained under purified
nitrogen gas with BioAnalytical Systems (BAS) modéOB/W Electrochemical

Workstation and spectroelectrochemical data fronSB»V 27 voltammograph.
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2.3 Methods

2.3.1 Photochemistry

2.3.1.1 Singlet oxygen and photobleaching determinations

Experimental methods for the determination of quamyields of singlet oxygen and
photobleaching were performed with a home-made quhamical set-up shown in
Fig. 2.1. Solutions of the complexes were placed a 1 cm pathlength

spectrophotometric quartz cell that is fitted wattight-fitting stopper. Typically, 2.0
ml of air-saturated DMSO solution of MPc 167 -10°M) with DPBF (~

3><10_5M) for singlet oxygen or without DPBF for photoblbaw, were placed in
the cell and then photolysed at the Q-band regidh & 300 W General Electric
Quartz line lampA). The UV and far infrared radiations were filgreff by a 600
nm Schott glasd)) and water C) filters. An interference filterE) [Intor 670, 700 or
750 nm with bandwidths of 20 nm (670 nm filter)4® nm (700 and 750 nm filters)]
was placed in the light path before sample c€&). ( The wavelength of the
interference filter was chosen such that it waseltw the Q band absorption of the
MPc. Light intensities were measured with a pometer which gives values in"Js

! cm? and converted to appropriate values in phot&nsis? using Eq. 2.1.

4 )

’/’
- PR —— -———— -—— [rgp——
-—— —— -—— e -— - — — -——— -—— -
~a —— -—-—-— - - -
~
~

\_A B C D E F/

Figure 2.1: Photochemical set-up where (A) lightairce, (B) convergence lens,
(C) water filter, (D) glass filter, (E) interference filter and (F) UV/Vis cell.
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hc
Eata = - (2.1)

where E is the energy of lighth is Plank’s constant; is the speed of light ant is
the wavelength of the interference filter. Thecfran of light that passes through the

filter and is actually absorbed by the MPc in E®. Was determined by Eq. 2.2:

o= ZTfilter = Tmpe)
T filter

(2.2)

where a is the fraction of the overlap integral of thehligabsorbed by the MPc,
Tsiter IS the light transmitted through the interfererdéer and Ty pcis light

transmitted through the MPc solution. The transanites were obtained by
converting the absorbances of the filter and theeMPhe interference filter so chosen
must have a transmittance that has maximum ovarithpthe respective MPc. Table

2.1 shows a sample computationeot 0.46, using Eq. 2.2.

Table 2.1: Calculations for the fraction of lightabsorbed @) by a typical MPc

A (nm) | Triter Twpc 1 —Twpc Tiitter (1 —Twmpc)
685 0.526 0.528 0.472 0.248
690 0.618 0.495 0.505 0.312
695 0.648 0.458 0.542 0.351
700 0.640 0.432 0.568 0.364
705 0.619 0.418 0.582 0.360
710 0.604 0.421 0.579 0.350
715 0.609 0.460 0.540 0.328
720 0.519 0.526 0.474 0.246
2 Tiier = 4.783 2 Tiiter(L —Tmpe) = 4.783
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The singlet oxygen quantum yield®f) of the complexes were determined by

monitoring the absorbance decay of DPBF at 416 fifme concentration of DPBF is

kept at 3x10™° M to avoid chain reactions. The DPBF quantum Yyigldi$pgr )

were firstly calculated using Eq. 1.5 for eachdiation cycle. Ultimately, the singlet
oxygen quantum yields can then be calculated acwprdo Eqg. 1.7. The
photostabilities of the MPc complexes were deteettiby monitoring the decay of
the Q-band intensity in the visible region of lighfTo determine the number of
molecules degraded per photon of light, photodegrad quantum yieldsbp were
calculated from Eq. 1.8. Additionally, the timecdg of the Q-band maxima for MPc
tend to obey first-order kinetics, thus the photalshing rate constakt which is a

measure of phthalocyanine stability, is calculdtech Eq. 1.20.

2.3.1.2 Photocatalytic oxidation of 1-hexene

The photocatalytic experiments were carried ouhwlite set-up (Fig. 2.1) described
for the determination of singlet oxygen and phatabhing quantum vyields. In a
typical experiment, a 5 ml glass vial was chargetth & phthalocyanine complex (1
umol) and 1-hexene (molar ratio of photosensitisesubstrate was 1:500) in oxygen
saturated DCM. The reaction vessel was irradiateter intensive magnetic stirring
with a General Electric Quartz lamp (300 W), witb@ nm glass (Schott) and water
filters used to filter off the UV and far infrarethdiations respectively. An

interference filter of appropriate wavelength waacpd in the light path before the

reaction vessel. The light intensity was measwigd a power meter and was found

to be ~4.O><1016photons.§.cm'2. At appropriate intervals, aliquots were removed
and immediately analysed by GC. The identificatadnthe reaction products was

verified by co-injection with authentic samples a@G€-MS analyses. The total
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reaction time was 8 hours at room temperature. @& conversions (%) and
oxidation product selectivities (%) were measurddtive to the starting substrate, 1-
hexene. Equations used to determine % conversidrsalectivity are shown below

in Eq. 2.3 and 2.4 respectively. The amounts wateulated relative to the GC %

peak area

% Conversion = initial subsFrz?lt_e— substrateremaining %100 2.3)
initial substrate

% Selectivity = product obtained %100 (2.4)

initial substrate— final substrate

2.3.2 Photophysics

2.3.2.1 Fluorescence quantum yield

Fluorescence quantum yield determination begink thié choice of the right standard
when using the comparative method. The solutidiseoMPc investigated as well as
the standard were prepared such that the absorbaih@ach is ~ 0.05 at the

wavelength of excitation. Since excitation is ased to be monochromatic, the
excitation bandwidth was kept small [400]. Emissgpectra were recorded and the
areas under the curves were measured. Corredoomsfractive indices were done

where different solvents for MPc and standard wesed. Quantum yields were

determined using Eq. 1.9, with unsubstituted ZnPOMSO (@ = 0.18 [241]) or

Chlorophyllain ether @ = 0.32 [242]) as standards.
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2.3.2.2 Fluorescence quenching
Fluorescence quenching experiments were carriedbguaddition of increasing
concentrations of the quencher, BQ, i.e., 0, 0.00%10, 0.015, 0.020 and 0.025 M or

MVZ i.e. 005%x10°, 1.0x10°, 1.5x10°, 2.0x10™°, 2.5%x10°, 3.0x10™°M to

a fixed MPc complex concentration, i£0x10"°M. MPc fluorescence spectra were
recorded at each BQ or MY concentration and the dependence of the emission
intensity on quencher concentration were givenhgy $tern-Volmer (SV) equation,

Eq. 1.14. The ratid-y/F was plotted against quencher concentraﬁ(@}u

2.3.2.3 Triplet quantum yield and lifetime
Triplet quantum yields and lifetimes were deterrdinkey recording the triplet

absorption and decay kinetics from a laser flasbtglfisis system shown in Fig. 2.2.

/ Nd:YAG Dye focussin \
LASER LASER J

mirror

- — -—> W |:| oscilloscope
=
Xenon Collimating PMT
lamp lens sample cell
holder

Figure 2.2: Schematic diagram of a laser flash pholysis set-up for triplet

—>O—> —>

quantum yield and lifetime determinations.
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A de-aerated (nitrogen bubbled for 20 min) MPc 8olu was placed in a 1 cm
pathlength spectrophotometric cell. The solutiothwabsorbance of ~ 1.5 was
irradiated at the Q-band maximum with laser ligltnf a Nd:YAG laser. Triplet

quantum vyields ¢, ) were determined by the comparative triplet absenpmethod,
Eqg. 1.17 with unsubstituted ZnPc in DMS@-(= 0.65) or 1-CNP ¢ = 0.65) [278]

employed as standards. Triplet lifetimes were iabthby fitting the transient curves

exponentially using OriginPro 7.5 software.

2.3.3 Electrochemistry

2.3.3.1 General methods

Cyclic voltammetry (CV), Osteryoung square wave tamimetry (OSWV),
chronoamperometry (CA) and chronocoulometry (CQpadaere collected using a
conventional three-electrode set-up with glassybaar electrode (GCE, 3 mm
diameter) as a working electrode, platinum wirecasnter electrode and Ag|AgCI
wire as pseudo-reference electrode. Electrochéraiqeeriments were performed in
dry DMF containing ~ 0.1 M tetrabutylammonium telinafoborate (TBABE) as a
supporting electrolyte. Prior to scans, the wagkielectrode was polished with
alumina paste on a Buehler felt pad, followed blhiag with deionised water and

rinsing with methanol and DMF or DCM (dependingtba solvent in which the MPc

was dissolved). The concentration of the MPc cexgd was maintained ax10™%

M in DMF. A nitrogen atmosphere was maintainedtighout the electrochemical
experiments.  Spectroelectrochemical data were rdedo using a home-made
optically transparent thin-layer electrochemical TQE) cell with a design similar to
that previously reported [401]. The OTTLE cell smted of a platinum wire mesh as

working and counter electrodes and silver wire ssugo-reference electrode. The
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OTTLE cell was connected to a BAS CV 27 voltammepbrand UV/Vis spectra

were recorded with Cary 500 UV/Vis/NIR.

2.3.3.2 Electrode modification and electrocatalysis

Electrode modification was achieved by employinghesi the drop-dry or
electropolymerisation methods. For the drop-drythoé, a drop of 1 mM OTiPc
complex solution in DCM was placed on the surfat&GE and allowed to adsorb
for 15 min. Excess complex was removed by rinemBCM, followed by methanol
before use for electrocatalytic studies. Electlpperisation was achieved by
repetitive scanning (via cyclic voltammetry) of thalutions of the MPc complexes (1
mM) in DMF at a scan rate of 100 mVsin the presence of TBABFas electrolyte.
During electropolymerisation, the number of cycksept was considered as an
indication of film thickness. Once the desired @mof cycles was completed, the
GCE modified with the film was removed from theadtelytic cell and rinsed with
DMF and finally with water. Distilled deionised Mpore water was employed for
electrocatalytic studies in aqueous solutions. ctideatalysis was performed in
solutions of nitrite in phosphate buffer (pH 7.4epared from sodium hydrogen

phosphate (N#1PQO,) and sodium dihydrogen phosphate (Na&).

2.4 Synthesis

2.4.1 Unsubstituted metallophthalocyanines (Scheme 3.1)

Dichloro(phthalocyaninato)titanium(IV) [33]: The preparation of &Ti"VPc 33)
was achieved by following a method reported inrdtere [33] with slight
modification on the purification of the complex.ri&ly, the complex was prepared

by refluxing under a blanket of nitrogen at 220f6€ 10 hours, anhydrous Tig£(1.0
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g, 5.27 mmol) and phthalonitrile (2.0 g, 15.6 mnuaigsolved in hot 1-CNP (20 ml).
The resulting product was cooled, filtered and S$etxbxtracted with acetone, then
methanol, and finally benzene, and dried in vaceeld: 2.16 g (65 %). UV/Vis
(CHCL): Amax Nm (loge) 349 (4.04), 620 (3.52), 692 (4.38)R [(Nujol) vma/cm™]:

390 and 356 (Ti-Cl)*H NMR (CDCk): & ppm 9.71 (8-H, s, Pc), 8.55 (4-H, s, Pc),

Trichloro(phthalocyaninato)tantalum (V)[35]: ClsTa’Pc 34) was prepared by
using a method adopted in literature [35]. Phthialibe (0.81 g, 6.28 mmol) was
heated together with anhydrous Ta(@.75 g, 2.09 mmol) at 240 °C for 24 hours,
under a blanket of nitrogen. The resulting prodwets Soxhlet extracted with
acetone, then methanol, and finally benzene, aied dr vacuo. Yield: 1.15 g (68%).
UV/Vis (CHCls): Amax NM (log€) 342 (4.02), 625 (3.58), 697 (4.22). IR [(Nujol)
vmadcml]: 366 (Ta-Cl). 'H NMR (CDCL): & ppm 9.17 (4-H, d, Pc), 7.93 (4-H, d,
Pc), 7.86 (4- H, t, Pc), 7.71 (4-H, t, Pc}’C NMR (DMSO«): & ppm (Pc-G):
136.31, 136.27, 135.93, 135.89; (Pqy):C134.25, 133.29, 133.25, 132.52; (P9:C
132.52, 132.50, 131.53, 131.52; (Pg:C122.85, 122.81, 118.61, 111.19. Anal. calc.
C 48.08, H 2.02, N 14.01. Found: C 48.13, H 2.134N06. MS (MALDI-TOF): nv/z

calc. 799.8, Found 764.6 favi(- Cl)*, 729.9 for M1 - 2CI)".

2.4.2 Differently sulphonated metallophthalocyanines, MP§,

(Scheme 3.2)

General sulphonation procedurg¢l34]: The differently sulphonated MPcs were
synthesised from GTiPc (33) and C{TaPc @4), using oleum (30% S{paccording to
a literature method described for AIRcR34]. The required unsubstituted MPc

complex (M = Ti or Ta, 8 mmol) was placed in a rdtbottomed flask and heated to
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100 °C. Oleum (25 ml, 30% S was slowly added and the mixture vigorously
stirred at 100°C. After 25 minutes, the reaction mixture was aunea by pouring
onto crushed ice (~ 200 g). The resulting mixtuesadjusted to pH 7.0 — 7.5 by
careful addition of 1.0 M NaOH, evaporated to dssi@nd the residue Soxhlet
extracted into methanol for 12 hours. The solweat evaporated and the solid
product air-dried to yield green and deep greemyxcts of TiPcg (35 and TaPc$

(36) respectively.

2.4.3 Phthalonitriles

2.4.3.1 3-Nitrophthalonitrile (Scheme 3.3 A) [402]

3-Nitrophthalic anhydride (17)f403]: 3-Nitrophthalic acid16) (180 g, 0.85 mol) in
acetic anhydride (162 ml) was refluxed in a rounttdmed flask with gentle boiling
until the acid completely dissolved. The reactiixture was refluxed for a further
10 minutes, poured into a porcelain dish and altbteecool. The resulting yellow
solid mass was thoroughly ground and filtered. Thestals were then washed with
diethyl ether until the unreacted acid could notde¢ected. The resulting yellow
crystals were allowed to dry in air. Yield: 15635 %). IR [(KBr)vma/cm]: 1720

and 1697 (-O-CO-0-), 1530 (N@sym), 1338 (N@sym).

3-Nitrophthalimide (19a) 3-Nitrophthalic anhydride1(/) (140 g, 0.73 mol) in
formamide (180 ml) was heated under reflux for 8rso The reaction mixture was
cooled, filtered, thoroughly washed with water afiiéd at 60°C, thus yielding the
title compound. Yield: 126 g (92 %). IR [(KBv)a/cm]: 3435 (N-H), 1535 (N@

asym), 1343 (N@sym).
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3-Nitrophthalamide (20a) 3-Nitrophthalimide 1949 (120 g, 0.62 mol) was stirred
in 32 % ammonia solution (660 ml) for 24 hours.eTasulting deep yellow product
was filtered and washed with cold water until the&eess ammonia could not be
detected. The title compound was dried at 410 Yield: 126 g (92 %). IR [(KBr)

Vma/cm*]: 3435 (N-H), 1540 (N@asym), 1346 (N@sym).

3-Nitrophthalonitrile (21 DMF (417 ml) was placed in a three-necked flas&ar
nitrogen and cooled to @ with an ice bath. Thionyl chloride (42 ml) wdsvaly
added to DMF (while the temperature was maintaate@’C), thereafter, the mixture
was allowed to reach room temperature and stime®® minutes. The mixture was
cooled to 0°C and 3-nitrophthalamideQa) (50.0 g, 0.24 mol) was slowly added to
the mixture while stirring. The slurry was thenmrrsd at room temperature for 3
hours, slowly poured onto crushed ice (~ 1.3 kdfered under reduced pressure and
thoroughly washed with cold water. The pale yeltdle compound was then dried at
110°C. Yield: 32.4 g (78 %). IR [(KBmalcm™]: 2232 (&N), 1529 (NQ asym),
1339 (NQ sym). *H-NMR (DMSO-d): & ppm 8.68 (1-H, d, Ar-H), 8.52 (1-H, d,

Ar-H), 8.16 (1-H, t, Ar-H).

2.4.3.2 4-Nitrophthalonitrile (Scheme 3.3 A) [116]

4-Nitrophthalimide (19b) To concentrated 50O, (400 ml) was slowly added 55 %
HNOs (80 ml). The mixture was then allowed to cool1t® °C, in an ice bath.
Thereafter, phthalimidelg) (80.0 g, 0.54 mol) was added portion-wise to dloal
mixture while stirring and maintaining the temperat between 10 and P&. The
temperature was then taken up to°@5and the slurry stirred at that temperature for 1

hour. After cooling to GC, the yellow reaction mixture was poured onto keasice
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(~ 2 kg) while stirring to yield a beige suspensioAfter filtration, the solid was
thoroughly washed with cold water and the title ponmd was dried at 11%C.

Yield: 62.2 g (60 %). IR [(KBryvma/cm]: 2232 (G&N), 1536 (NQ asym), 1340
(NO, sym). 'H-NMR (DMSO-dg): & ppm 8.66 (1-H, s, Ar-H), 8.58 (1-H, d, Ar-H),

8.08 (1-H, d, Ar-H).

4-Nitrophthalamide (20b) and 4-nitrophthalonitrile (22) were synthesised by

following methods similar t@-nitrophthalamide (20 and3-nitrophthalonitrile (21).

4-Nitrophthalamide (20b) Yield: 54 g (90 %). IR [(KBryma/cm]: 3430 (N-H),

1538 (NQ asym), 1342 (N@sym).

4-Nitrophthalonitrile (22)  Yield: 36.5 g (73 %). IR [(KBrvma/cm?]: 2229
(C=N), 1531 (NQ asym), 1334 (N@sym). *H-NMR (DMSO-ds): & ppm 9.23 (1-H,

s, Ar-H), 8.68 (1-H, d, Ar-H), 8.42 (1-H, d, Ar-H).

2.4.3.3 4,5-Dichlorophthalonitrile (Scheme 3.3 B) [123]

4,5-Dichlorophthalic anhydride (24) A mixture of 4,5-dichlorophthalic acid28)
(90.0 g, 0.38 mol) and acetic anhydride (150 ml¥ Wweated under weak reflux for 5
hours. After cooling, a greyish white product witered, thoroughly washed with
petroleum ether (40 — 61C) and air-dried to yield 4,5-dichlorophthalic adhde.

Yield: 76.7 g (93 %). IR [(KBrymadcmi']: 1826, 1783 (-O-CO-O).

4,5-Dichlorophthalimide (25) 4,5-dichlorophthalic anhydride24) (75.0 g, 0.35

mol) in formamide ( 102 ml) was refluxed for 3 hsurAfter cooling the greyish
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white product was filtered, thoroughly washed witater and dried at 11%C for 3
hours, thus yielding the title compound. Yield3.3g (97 %). IR [(KBryma/cm]:

1770, 1714 (imide).

4,5-Dichlorophthalamide (26) A solution of 4,5-dichlorophthalimide2f) (70.0 g,
0.32 mol) in 25 % ammonia (955 ml) was stirred 2drhours and then stirred for a
further 24 hours after addition of 33 % ammonia8(&il). The product was filtered,
thoroughly washed with water and dried at°60 Yield: 52.2 g (70 %). IR [(KBr)

Vma/CM*]: 1641, 1622 (amide)

4,5-Dichlorophthalonitrile (27) At 0 °C was added thionyl chloride (175 ml) under
nitrogen and stirring to dry DMF (250 ml). Aftewd hours, dry 4,5-
dichlorophthalamide2g) (50.0 g, 0.21 mol) was added and the mixtureestiat O - 5
°C for 5 hours and then at room temperature for @r$r The product was slowly
added to ice water, filtered, thoroughly washedhwitater and recrystallised from
methanol to yield a pale white title compound. I&ie 30.0 g (70 %). IR [(KBr)

vmadcmil]: 2230 (&N). H-NMR (DMSO-dg): & ppm 8.58 (2-H, s, Ar-H).

2.4.3.4 Mono-substituted phthalonitriles (Scheme 3.4)

3 - Phenoxyphthalonitrile(42a)y Under a blanket of nitrogen, phenol (3.50 g, 37
mmol) and 3-nitrophthalonitrile2) (4.50 g, 26 mmol) were dissolved in dry DMSO
(52 ml). To this suspension was added anhydra@K (7.19 g, 51 mmol) and the
mixture stirred at room temperature. FurtheCR; (0.33 g, 2.4 mmol) was added
portion-wise after 4 hours and 24 hours of stirriffter 48 hours total reaction time,

the mixture was poured into 1 M HCI (260 ml), tifosming a precipitate that was
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recrystallised from methanol/water (1:1) to yieldbrawnish yellow product. Yield:
2.08 g (85 %). IR [(KBryma/cm]: 2235 (GN), 1245 (C-O-C)*H-NMR (DMSO):
3, ppm 7.80-7.84 (2-H, m, Ar-H), 7.48-7.54 (2-HAt;H, Ar'-H), 7.21-7.35 (4-H, m,

Ar-H).

3 — (4 — tert-Butylphenoxy) phthalonitril€42b) Synthesis and purification was as
described for comple®2a, using 4tert-butylphenol (5.90 g, 39 mmol) ar&l (4.50
g, 26 mmol). Yield: 3.43 g (88 %). IR [(KB®ma/cm™]: 2965 (BU), 2230 (s)
(C=N), 1240 (C-O-C).*H-NMR (CDCL): §, ppm 7.78-7.84 (2-H, m, Ar-H), 7.50 (2-
H, d, Ar-H, Ar-H), 7.21-7.26 (1-H, m, Ar-H), 7.142-H, d, Ar-H), 1.30 (9-H, s,

BuY).

3-Benzyloxyphthalonitrile (42c) In a stream of nitrogen, benzyl alcohol (4.54 g,
42.0 mmol) an®1 (6.00 g, 35.0 mmol) were dissolved in dry DMSO (8. To this
suspension was added anhydrou€®;s (9.70 g, 70.0 mmol) and the mixture stirred
at room temperature. Furthes®0O; (2.43 g, 18.0 mmol) was added after 4 hours and
again after 24 hours of stirring. After 48 hountat reaction time, the mixture was
poured into water (100 ml), thus forming a preefatthat was thoroughly washed
with water and recrystallised from methanol to gieh brownish yellow title
compound. Yield: 7.38 g (90 %). IR [(KBrha/cmi']: 2226 (GN), 1250 (C-O-C).
H-NMR (DMSO-ds): 5, ppm 7.82 (1-H, t, Ar-H), 7.71 (1-H, d, Ar-H), 261-H, d,
Ar-H), 7.49 (2-H, d, Ar'-H), 7.41 (2-H, t, Ar-H)7.33 (1-H, t, Ar'-H), 5.36 (2-H, s,

CHy).
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3-[4-(Benzyloxy)phenoxy]phthalonitrile (42d) Synthesis and purification of2d
was as described for compou#®c using 4-(benzyloxy)phenol (8.41 g, 42.0 mmol),
21 (6.00 g, 35.0 mmol) and DMSO (30 ml). Yield: 28.g (90 %). IR [(KBr)
Vma/CmM*]: 2240 (GN), 1260 (C-O-C)*H-NMR (DMSO-ds): 8, ppm 7.53 (1-H, s,

Ar-H), 7.47-7.32 (6-H, m, Ar-H, Ar-H), 7.05 (5-Hn, Ar’-H), 5.10 (2-H, s, CH).

For the synthesis of phthalonitriled2e and 42f), a procedure similar to
that reported [404]for the synthesis of 4,5-di(alkylthio)phthalonigd was

employed.

3-(Phenylthio)phthalonitrile (42¢ Under a stream of nitrogen, thiophenol (4.63 g,
42.0 mmol) and21 (6.00 g, 35.0 mmol) were dissolved in DMSO (30 wutid the
mixture stirred at room temperature for 15 min. hefieafter, finely ground #COs;
(15.0 g, 0.105 mol) was added potion-wise overréogeof 2 hours and the reaction
mixture left to stir for a further 12 hours. Theximre was added to water (100 ml)
and stirred for 30 min. The resulting precipitatas filtered off, thoroughly washed
with water, dried and recrystallised from ethandlield: 6.78 g (82 %).IR [(KBr)
Vma/CMY: 2229 (G=N), 689 (C-S-C) H-NMR (DMSO-dg): 5, ppm 7.94 (1-H, d,

Ar-H), 7.75 (1-H, t, Ar-H), 7.58-7.48 (5-H, m, AB, 7.36 (1-H, d, Ar-H).

3-(Benzylthio)phthalonitrile (42f) Synthesis and purification ofi2f was as
described for42e using benzyl mercaptan (3.73 g, 30.0 mmal), (4.00 g, 23.0
mmol) and DMSO (20 ml). Yield: 5.18 g (90 %). KBr) vma/cm]: 3067, 3030
(CHy,), 2227 (&N), 696 (C-S-C).*H-NMR (DMSO-dg): &, ppm 7.95 (1-H, d, Ar-H),

7.88 (1-H, d, Ar-H), 7.80 (1-H, t, Ar-H), 7.43 (5;lfh, Ar'-H), 4.50 (2-H, s, -Ch).
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4 — Phenoxyphthalonitrile (43a) Synthesis and purification was as described for
complex42a using phenol (5.64 g, 60 mmol) and 4-nitrophthatde (22) (6.00 g,
35 mmol). Yield: 2.63 g (80 %). IR [(KB®na/cm]: 2230 (GN), 1233 (C-O-C).
H-NMR (CDCL): &, ppm 7.70 (1-H, d, Ar-H), 7.43 (2-H, t, Ar-H), D-Z.31 (3-H,

m, Ar-H), 7.06 (2-H, d, Ar-H).

4 — (4 —tert-Butylphenoxy) phthalonitril€43b) Synthesis and purification was as
described for comple®2a, using 4tert-butylphenol (7.81 g, 52 mmol) ar&® (6.00
g, 35 mmol). Yield: 3.68 g (70 %). IR [(KB®ma/cm™]: 2960 (BU), 2233 (s)
(C=N), 1245 (C-O-C).*H-NMR (CDCL): §, ppm 7.35 (1-H, d, Ar-H), 7.21 (2-H, d,

Ar-H), 7.15 (2-H, d, Ar-H), 7.00 (2-H, d, Ar-H)1.30 (9-H, s, BY).

4-Benzyloxyphthalonitrile (43c) Synthesis and purification @3cwas as described
for compound42¢ using benzyl alcohol (4.54 g, 42.0 mmd@g, (6.00 g, 35.0 mmol)
and DMSO (30 ml). Yield: 6.97 g (85 %). IR [(KBma/cm]: 2224 (GN), 1252
(C-O-C).*H-NMR (DMSO-<dg): 8, ppm 8.01 (2-H, d, Ar-H), 7.60-7.32 (6-H, m, Ar-

H, Ar-H), 5.30 (2-H, s, CH).

4-[4-(Benzyloxy)phenoxy]phthalonitrile (43d) Synthesis and purification o43d
was as described for compou#®c using 4-(benzyloxy)phenol (8.41 g, 42.0 mmol),
22(6.00 g, 35.0 mmol) and DMSO (30 ml). Yield: 98632 %). IR [(KBr)vma/cm

Y: 2235 (&N), 1253 (C-O-C).*H-NMR (DMSO-dg): &, ppm 7.52 (1-H, d, Ar-H),
7.49-7.32 (5-H, m, Ar’-H), 7.21 (2-H, m, Ar-H), GO (4-H, g, Ar-H), 5.10 (2-H, s,

CHb).

111



Chap® Experimental

4-(Phenylthio)phthalonitrile (43e) Synthesis and purification o43e was as
described fod2e using thiophenol (4.63 g, 42.0 mmo®2 (6.00 g, 35.0 mmol)
and DMSO (30 ml). Yield: 7.02 (85 %)R [(KBr) vma/cm’]: 2232 (G=N), 699
(C-S-C). 'H-NMR (DMSO-dg): 8, ppm 7.92 (1-H, d, Ar-H), 7.75 (1-H, s, Ar-H),

7.60-7.48 (5-H, m, Ar-H), 7.41 (1-H, d, Ar-H).

4-(Benzylthio)phthalonitrile (43f) Synthesis and purification o#3f was as
described fo42e using benzyl mercaptan (5.22 g, 42.0 mmab,(6.00 g, 35.0
mmol) and DMSO (30 ml). Yield: 8.06 g (92 %). [KBr) vma/cm’]: 3060,
3026 (CH), 2230 (GN), 698 (C-S-C).'H-NMR (DMSO-dg): &, ppm 8.17 (1-H,
s, Ar-H), 7.93 (1-H, d, Ar-H), 7.73 (1-H, d, Ar-HY.38-7.23 (5-H, m, Ar-H),

4.45 (2-H, s, -Ch).

2.4.3.5 Disubstituted phthalonitriles (Scheme 3.5)
4,5-Diphenoxyphthalonitrile (44a) A mixture of 4,5-dichlorophthalonitrile 2{7)
(6.00g, 30.5 mmol), phenol (8.60 g, 91.4 mmol) dndDMSO (61 ml) was stirred at
90 °C, while anhydrous KO; (8%x8.43 g, 8x61.0 mmol) was added every 5
minutes until eight portions have been added. rElaetion mixture was stirred at 90
°C for an additional 45 minutes and allowed to codlhereafter the mixture was
added to ice water (100 ml) and the aqueous phdsscted with CHG (3x50ml).
The combined extracts were first washed with, @@ (5%), then with water and
dried over MgS@ The solvent was evaporated and the product stadliged from
ethanol and dried at room temperature. Yield:1 882 %). IR [(KBrvma/cm]:
2227 (s) (@N), 1245 (C-O-C).'H-NMR (DMSO-ds): &, ppm 7.68 (2-H, s, Ar-H),

7.42 (4-H, d, Ar-H), 7.30 (4-H, d, Ar-H), 7.22 (R, s, Ar'-H).
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4,5-bis(4- tert -Butylphenoxy)phthalonitrile (44b)Synthesis and purification d#4b
was as described for compouddla, using 4tert-butylphenol (10.36 g, 69 mmol,7
(4.50 g, 23 mmol) and ££0Os; (8x6.63 g, 8x43.0 mmol), DMSO (46 ml). Yield:
7.03 g (72 %). IR [(KBryma/cmil]: 2900 (BU), 2233 (s) (BN), 1242 (C-O-C).*H-
NMR (DMSO-de): 8, ppm 7.70 (2-H, s, Ar-H), 7.20 (4-H, d, Ar'-H), % (4-H, d,

Ar-H), 1.32 (18-H, s, But).

4,5-bis[4-(Benzyloxy)phenoxy]phthalonitrile (44c) Synthesis and purification of
44c was as described for compouada, using 4-(benzyloxy)phenol (18.32 g, 91.4
mmol), 27 (6.00g, 30.5 mmol) and XO; (8x8.43 g, 8x61.0 mmol), DMSO (46
ml). Yield: 11.20 g (70 %). IR [(KBryma/cm']: 2229 (s) (@N), 1244 (C-O-C).
H-NMR (DMSO-ds): 8, ppm 8.50 (2-H, s, Ar-H), 7.45 (8-H, br d, Ar-H},10 (10-

H, d, Ar-H), 5.21 (4-H, s, Ch).

4,5-bis(Phenylthio)phthalonitrile (44d) Under a stream of nitrogen, thiophenol
(4.63 g, 42.0 mmol) and7 (6.00 g, 30.5 mmol) were dissolved in DMSO (30 arijl
the mixture stirred at room temperature for 15 mifhereafter, finely ground O3
(15.0 g, 0.105 mol) was added potion-wise overregogeof 2 hours and the reaction
mixture left to stir for a further 12 hours. Thexmre was added to water (100 ml)
and stirred for 30 min. The resulting precipitatas filtered off, thoroughly washed
with water, dried and recrystallised from ethandlield: 8.62 g (82 %). IR [(KBr)
vmalcm]: 2230 (&N), 692 (C-S-C). *H-NMR (DMSO-d6): &, ppm 7.72 (2-H, s,

Ar-H), 7.51 (4-H, d, Ar-H), 7.43-7.38 (6-H, m, At).
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2.4.4 Aryloxy and arylthio tetra-substituted phthalocyanines

(Scheme 3.4)

1,(4)-(Tetraphenoxyphthalocyaninato)oxotitanium(IV{37a, Scheme 1) Under a
blanket of nitrogen42a (1.60 g, 7.3 mmol) was dissolved in 1-CNP (8 ml)iCl,
(0.26 ml, 2.4 mmol) was then added to the solutiana syringe and the reaction
mixture refluxed at 180°C for 14 hours under nigogAfter cooling, the solution was
chromatographed with hexane as eluent to remov&R-CThe column was then
eluted with THF which was evaporated off, thus affiog 37a as a crude product.
The crude product was washed with ethanol in a Bodpparatus, thus affording a
dark-green solid which was oven dried at 80°C. Iid.27 g (56 %). UV/VIS
(CDCl): Amax Nm (loge) 348 (4.88), 651 (4.71), 728 (5.41). IR [(KBRha/cm:
1251 (C-O-C), 973 (Ti=0).'H-NMR (CDCk): &, ppm 7.53-9.03 (12-H, m, Pc-H),
7.15-7.50 (20-H, m, Phenyl-H). s43NgOsTi. 2H,O: Calc. C 68.52, H 3.67, N
11.42; Found C 68.83, H 3.16 N 11.32. MALDI-TOFSMvVz Calc. 944.8; Found

(M*) 945.6.

1,(4)-(Tetra-tert-butylphenoxyphthalocyaninato)oxtgnium(lV) (37b). Synthesis
and purification was as outlined f@7a except42b instead of42a was employed.
The amounts of the reagents employed were as feid2b (2.50 g, 9.1 mmol), TiGl
(0.33 ml, 3.3 mmol) and 1-CNP (9 ml). Yield: 2.8260 %). UV/VIS (CDG): Amax
nm (loge) 348 (4.66), 653 (4.53), 730 (5.29). IR [(KBRa/cm]: 2957 (C-H),
1255 (C-O-C), 975 (Ti=0).'H-NMR (CDCk): §, ppm7.62-9.52 (12-H, m, Pc-H),
7.18-7.57 (16-H, m, Phenyl-H), 1.42 (36-H, s)BUC;,HsNgOsTi: Calc. C 73.96, H
5.52, N 9.58; Found C 73.07, H 5.42, N 9.33. MAO®F-MS m/z. Calc. 1169.2;

Found (M) 1170.1.
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1,(4)-(Tetrabenzyloxyphthalocyaninato) oxotitaniuii) (37c): In 1-octanol (32
ml), compound42c (4.00 g, 17.0 mmol), titanium butoxide (1.45 g,5r@mol) and
urea (1.02 g, 17.0 mmol) were stirred under a [@amik nitrogen at 150 °C for 14
hours. The reaction mixture was allowed to coogreafter, methanol (80 ml) was
added and the mixture was refluxed for 2 hours.tetfA€ooling, the mixture was
filtered, and the resulting solid sequentially washith methanol and water and then
dried. The crude product was purified by columrnoaimatography, using THF as the
eluting solvent. After evaporation of solvent, theduct was further purified by
washing with acetone and then with ethanol in ah@txapparatus to afford the title
compound as a dark-green solid. Yield: 1.19 g%@8 UV/VIS (CHCE): Amax NM
(log ) 350 (4.78), 648 (4.67), 728 (5.38). IR [(KBfja/cm']: 1248 (C-O-C), 970
(Ti=O). *H-NMR (CDCL): &, ppm 8.90-8.1 (4-H, m, Pc-H), 8.0-6.9 (28-H, m;HPc
Phenyl-H), 5.2 (8-H, m, CH. CeoHaoNgOsTi: Calc. C 72.00, H 4.03, N 11.20;
Found C 71.67, H 3.97, N 11.01. MALDI-TOF-M8z Calc. 1000.9; Found (¥

1001.1

1,(4)-{Tetrakis[4-(benzyloxy)phenoxy]phthalocyanittdoxotitanium(IV) (37d)
Synthesis and purification was as outlined 3t except42d instead of42c was
employed. The amounts of the reagents employed: wéPel (2.50 g, 7.70 mmol),
titanium butoxide (0.66 g, 1.93 mmol) and urea§0y4 7.70 mmol) in 1-octanol (15
ml). Yield: 0.79 g (30 %)UV/VIS (CHCIs): Amax nm (loge) 346 (4.87), 656 (4.74),
730 (5.41). IR [(KBrvma/cm?]: 1257 (C-O-C), 972 (Ti=O)*H-NMR (CDCk): §,
ppm 8.85-8.40 (3-H, m, Pc-H), 8.00-7.60 (3-H, m;HD¢ 7.59-6.92 (42-H, m, Pc-H,

Phenyl-H), 5.11 (8-H, m, CHl CasHsgNgOsTi: Calc. C 73.68, H 4.12, N 8.18;
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Found C 73.76, H 4.16, N 8.14. MALDI-TOF-M&z Calc. 1369.3; Found (M

1368.3

1,(4)-(Tetraphenylthiophthalocyaninato)oxotitaniun¥) (37e). In 1-octanol (32
ml), 42e (4.00 g, 17.0 mmol), titanium butoxide (1.45 g, Z.&imol) and urea
(1.02 g, 17.0 mmol) were stirred under a blanketnhibfogen at 150 °C for 14
hours. The reaction mixture was allowed to cdoéréafter, methanol (80 ml) was
added and the mixture was refluxed for 2 hoursteAtooling, the mixture was
filtered, and the resulting solid sequentially wadlwith methanol and water and
then dried. The crude product was purified by omluchromatography, using
THF as the eluting solvent. After evaporation bé tsolvent, the product was
further purified by washing with acetone and theithwethanol in a Soxhlet
apparatus to afford the title compound as a blageq solid. Yield: 1.72 g (40
%). UV/VIS (DCM): hmax NM (log €) 265 (4.87), 344 (4.94), 669 (4.68), 747
(5.36). IR [(KBI)vma/cm™]: 968 (Ti=0), 687 (C-S-C).'H-NMR (CDCL): 3,
ppm 9.15 (1-H, d, Pc-H), 9.05 (1-H, d, Pc-H), 8825 (2-H, m, Pc-H), 8.50 (1-
H, t, Pc-H), 8.08-7.90 (9-H, m, Phenyl-H, Pc-H)7%.(2-H, m, Pc-H), 7.70-7.50
(13-H, m, Phenyl-H), 7.45 (1-H, t, Pc-H), 7.31 (14 Pc-H), 7.05 (1-H, dd, Pc-
H). Calc. for GgH3,NsgOSTi: C 66.66, H 3.20, N 11.11; Found: C 66.333H6

N 10.83. MALDI-TOF-MSm/z: Calc. 1009.0; Found (W1010.2

1,(4)-(Tetrabenzylthiophthalocyaninato)oxotitaniu\() (37f). Synthesis and
purification was as outlined f@7e except42f instead of42ewas employed. The
amounts of the reagents employed wdi2f. (4.00 g, 16 mmol), titanium butoxide

(1.36 g, 4.00 mmol) and urea (0.96 g, 16.0 mmol}liactanol (30 ml). Yield:
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1.83 g (43 %). UV/VIS (DCM): Amax NM (log ) 264 (4.88), 342 (4.84), 675
(4.66), 746 (510). IR [(KBryma/cm']: 3020 (CH), 967 (Ti=0), 695 (C-S-C).
'H-NMR (CDCL): &, ppm 8.95-8.80 (4-H, m, Pc-H), 7.80-7.00 (26-H, Pc-H,
Phenyl-H), 6.82 (2-H, broad s, Pc-H), 4.63 (8-H, nr€CH,). Calc. for
CsoH40NgOSTi: C 67.66, H 3.79, N 10.52; Found: C 65.963H0, N 10.14.

MALDI-TOF-MS mvz Calc. 1065.1; Found (M 1065.5

2,(3)-(Tetraphenoxyphthalocyaninato) oxotitanium()V (38a) Synthesis and
purification was as outlined fd7a except43ainstead of42a was employed. The
amounts of the reagents employed were as follod@a (2.50 g, 11 mmol), TiGl
(0.40 ml, 3.7 mmol) and 1-CNP (12 ml). Yield: 2.8567 %). UV/VIS (CDGJ):
Amax NM (loge) 290 (4.57), 347 (4.77), 400 (4.43) 630 (4.502 79.21). IR [(KBr)
Vma/Cm*]: 1232 (C-O-C), 946 (Ti=0). *H-NMR (CDCkL): &, ppm 8.66-8.92 (4-H;
t,q,t; Pc-H), 8.37-8.56 (4-H; s,s,d; Pc-H), 7882 (4-H, m, Pc-H), 7.59-7.66 (8-H,
m, Phenyl-2,6-H), 7.47-7.54 (8-H, m, Phenyl-3,5-HB4-7.42 (4-H, m, Phenyl-4-H).
CseH32NgOsTi: Calc. C 71.19, H 3.41, N 11.86; Found C 70.843.37, N 11.73.

MALDI-TOF-MS nvz. Calc. 944.8; Found (W1944.7.

2,(3)-(Tetra-tert-butylphenoxyphthalocyaninato) ottanium(lV) (38b): Synthesis
and purification was as outlined f@7a except43b instead of42a was employed.
The amounts of the reagents employed were as fello#8b (2.10 g, 7.6 mmol),
TiCls (0.30 ml, 2.5 mmol) and 1-CNP (8 ml). Yield: 2.@ (70 %). UV/VIS
(CDCls): Amaxnm (loge) 290 (4.59), 348 (4.96), 410 (4.82), 632 (4.7D¢ 15.40).IR
[(KBI) vma/Ccm]: 2959 (C-H), 1232 (C-O-C), 948 (Ti=O)*H-NMR (CDCk): 8,

ppm 8.34-8.96 (12-H, m, Pc-H), 7.32-7.84 (16-H,Rhenyl-H), 1.52 (36-H, s, Bu
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C72HeaNgOsTi:  Calc. C 73.96, H 5.52, N 9.58; Found C 72.605.37, N 9.33.

MALDI-TOF-MS m/z: Calc. 1169.2; Found ()11169.9.

2,(3)-(Tetrabenzyloxyphthalocyaninato)oxotitaniuny) (38c) Synthesis and
purification was as outlined fa37c except43c instead of42c was employed. The
amounts of the reagents employed we48c (4.00 g, 17.0 mmol), titanium butoxide
(1.45 g, 4.25 mmol) and urea (1.02 g, 17.0 mmol)-octanol (32 ml). Yield: 1.36 g
(32 %). UVIVIS (CHCl3): Amax nm (loge) 294 (4.71), 347 (4.88), 633 (4.61), 703
(5.21). IR [(KBr)vma/cm]: 1241 (C-O-C), 965 (Ti=0)*H-NMR (CDCL): 5, ppm
8.81-6.82 (32-H, m, Pc-H, Phenyl-H), 5.10 (8-H, @t),). CsoH40NgOsTi: Calc. C
72.00, H 4.03, N 11.20; Found C 71.33, H 3.93,1\%. MALDI-TOF-MSn/z

Calc. 1000.9; Found (M 1001.6

2,(3)-{Tetrakis[4-(benzyloxy)phenoxy]phthalocyanittdoxotitanium(1V) (38d)
Synthesis and purification was as outlined 3ic except43d instead of42c was
employed. The amounts of the reagents employed: wéBel (2.50 g, 7.70 mmol),
titanium butoxide (0.66 g, 1.93 mmol) and urea§0y4 7.70 mmol) in 1-octanol (15
ml). Yield: 0.92 g (35 %)UV/VIS (CHCIs): Amaxnm (loge) 293 (4.73), 347 (4.86),
635 (4.57), 705 (5.24). IR [(KB®ma/cmi']: 1252 (C-O-C), 966 (Ti=0)."H-NMR
(CDCl3): 6, ppm 8.88-8.18 (7-H, m, Pc-H), 7.82-7.18 (41-H, Pae;H, Phenyl-H),
5.19 (8-H, m, CH). CgsHseNgOgTi: Calc. C 73.68, H 4.12, N 8.18; Found C 73.81

H 4.03, N 8.13. MALDI-TOF-MSwz Calc. 1369.3; Found ()11368.4
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2,(3)-(Tetraphenylthiophthalocyaninato)oxotitaniun¥) (38e). Synthesis and
purification was as outlined f@7eexcept43einstead of42e was employed. The
amounts of the reagents employed wed&e (4.00 g, 17.0 mmol), titanium
butoxide (1.45 g, 4.25 mmol) and urea (1.02 g, Iw@rol) in 1-octanol (32 ml).
Yield: 2.23 g (52 %). UV/VIS (DCM):Amax NM (loge) 256 (4.62), 305 (4.57),
351 (4.68), 645 (3.47), 714 (5.06). IR [(KBrya/cm]: 968 (Ti=0), 690 (C-S-
C). H-NMR (CDCL): &, ppm 8.70-8.18 (6-H, m, Pc-H), 7.95 (2-H, g, Pg-H)
7.88-7.72 (9-H, m, Phenyl-H), 7.68 (3-H, t, Pc-MA)61-7.48 (11-H, m, Phenyl-H),
7.40 (1-H, bs, Pc-H). Calc. forsgH3NsOSTi: C 66.66, H 3.20, N 11.11;
Found: C 66.88, H 3.20 N 11.03. MALDI-TOF-M&z Calc. 1009.0; Found

(M*) 1008.7

2,(3)-(Tetrabenzylthiophthalocyaninato)oxotitaniut() (38f): Synthesis and
purification was as outlined f@7eexcept43f instead of42e was employed. The
amounts of the reagents employed wdi@f. (4.00 g, 16 mmol), titanium butoxide
(1.36 g, 4.00 mmol) and urea (0.96 g, 16.0 mmol}liactanol (30 ml). Yield:
2.04 g (48 %). UV/VIS (DCM): Amax Nm (log &) 264 (4.68), 306 (4.79), 349
(4.88), 645 (4.69), 714 (5.19). IR [(KBv)had/cm']: 3022 (CH), 965 (Ti=0), 693
(C-S-C). *H-NMR (CDCk): &, ppm 8.42-8.12 (4-H, m, Pc-H), 7.90 (2-H, broad s,
Pc-H), 7.70-7.22 (26-H, m, Pc-H, Phenyl-H), 4.40H8m, -CH). Calc. for
CsoH40NsOS Ti: Calc. C 67.66, H 3.79, N 10.52; Found: C3%/.H 3.73, N

10.62. MALDI-TOF-MSm/z: Calc. 1065.1; Found (W 1064.5
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2.4.5 Octa-substituted phthalocyanines (Scheme 3.5)
2,3,9,10,16,17,23,24-(Octaphenoxyphthalocyaninakmttanium(lV) (39a):
Synthesis and purification was as outlined 33e except44a instead of42e was
employed. The amounts of the reagents employed: wéda (4.00 g, 12.8 mmol),
titanium butoxide (1.45 g, 4.25 mmol) and urea21g0 17.0 mmol) in 1-octanol (32
ml). Yield: 1.95 g (35 %). UV/VIS (1-CNP)Amax Nm (loge) 356 (4.58), 636 (4.34),
709 (5.08). IR [(KBrvma/cmi']: 1268 (C-O-C), 965 (Ti=0)H-NMR (CDCh): 3,
ppm 8.70 (8-H, s, Pc-H) 7.45 — 7.10 (40-H, m, Bhéh). Calc. GoH4sNgOgTi: C
73.17, H 3.68, N 8.53; Found: C 72.97, H 3.578.¥9. MALDI-TOF-MS m/z:

Calc. 1313.2; Found () 1314.00.

2,3,9,10,16,17,23,24-[Octakis(4-t-butylphenoxyphthieyaninato)]oxotitanium(1V)
(39b) Synthesis and purification was as outlined3@e except44b instead of42e
was employed. The amounts of the reagents employazd: 44b (8.00 g, 19.0
mmol), titanium butoxide (1.62 g, 4.75 mmol) ane¢air(1.14 g, 19.0 mmol) in 1-
octanol (35 ml). Yield: 2.09 g (20 %). UV/VIS-ANP): Amnax nm (loge) 354
(4.80), 638 (4.59), 710 (5.35). IR [(KB¥haicmi']: 2916 (C-H), 1269 (C-O-C), 962
(Ti=O). 'H-NMR (CDCkL): &, ppm 8.90 (8-H, s, Pc-H), 7.43 (16-H, d, Pheny]-H)
7.22 (16-H, d, Phenyl-H), 1.40 (72-H, s, But).11E81.NgOsTi: Calc. C 76.34, H
6.41, N 6.36; Found C 75.51, H 6.26, N 6.25. MAIIDF-MS m/z: Calc. 1762.0;

Found (M) 1763.3.

120



Chap® Experimental

2,3,9,10,16,17,23,24-{Octakis[(4-benzyloxy)phenpkyhalocyaninato}
oxotitanium(lV) (39c} Synthesis and purification was as outlined3deexceptd4c
instead o#A2ewas employed. The amounts of the reagents emplogeet 44c¢ (5.00

g, 11.4 mmol), titanium butoxide (0.97 g, 2.85 m)raoid urea (0.68 g, 11.4 mmol) in
1-octanol (21 ml). Yield: 2.34 g (38 %). UV/VIS-CNP): Anax NM (loge) 354
(4.97), 639 (4.71), 712 (5.38). IR [(KBwha/cmi']: 1299 (C-O-C), 963 (Ti=0)H-
NMR (CDCk): 6, ppm 8.80 (8-H, s, Pc-H), 7.80-7.00 (72-H, m, Biéh ‘Phenyl-
H), 5.20 (16-H, s, Ch). CizgHegNgO:17Ti: Calc. C 75.55, H 4.48, N 5.18; Found C

74.90, H 4.22, N 5.02. MALDI-TOF-MS m/z: Calc.62.1; Found (M) 2161.9

2,3,9,10,16,17,23,24-(Octaphenylthiophthalocyanimgtxotitanium(IV) (39d)
Synthesis and purification was as outlined 33e except44d instead of42e was
employed. The amounts of the reagents employed: wéfd (5.00 g, 15.0 mmol),
titanium butoxide (1.28 g, 3.75 mmol) and urea @39 15.0 mmol) in 1-octanol (28
ml). Yield: 2.16 g (40 %). UV/VIS (1-CNP)Amax Nm (loge) 354 (4.83), 639 (4.56),
742 (5.29). IR [(KBrvma/cmi']: 689 (C-S-C), 961 (Ti=0).'H-NMR (CDChk): 3,
ppm 8.82 (8-H, s, Pc-H) 7.60 — 7.35 (40-H, m, Plt)y CgoHagNgOSTi: Calc. C
66.65, H 3.36, N 7.77; Found C 66.52, H 3.27, 627.MALDI-TOF-MS m/z: Calc.

1441.7; Found (M) 1442.3

2.4.6 Amino substituted titanium phthalocyanine (Scheme 3)

2,(3)-(Tetranitrophthalocyaninato)oxotitanium(lV) 40): A  mixture of 4-
nitrophthalonitrile 22) (5.0 g, 28.9 mmol), titanium butoxide (2.72 g9&.mmol),
urea (0.87 g, 14.5 mmol) in 1-octanol (7.3 ml) viesmted under an atmosphere of

nitrogen at 150C for 6 hours. Thereafter, the reaction mixtures waoled, followed
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by refluxing in methanol (30 ml) for 30 minutes.hél'fine green-black product was
collected by filtration, washed with distilled watend methanol and then dried at 70
°C to give the title compound. Yield: 4.23 g (70.V/VIS (DMF): Amax nm (log
£) 343 (4.87), 705 (5.09). IR [(KB®na/cm']: 1520 (NQ asym), 1328 (N@sym),

962 (Ti=0).

2,(3)-(Tetraaminophthalocyaninato)oxotitanium(IV)4(): To a slurry of distilled
water (75 ml) and complef0 (2.50 g, 3.31 mmol) was added was added sodium
sulphide nonahydrate (12.5 g, 52 mmol) and thetimamixture stirred at 50C for 5
hours. After separation by centrifuge, purificatiof the solid product was
effectuated by treatment with 1 M HCI (200 ml),léoved by treatment with 1 M
NaOH (200 ml) and finally washed to neutrality wdlstilled water. Yield: 4.23 g
(70 %). UVIVIS (DMF): Amax N (loge) 335 (4.91), 455 (4.02), 755 (5.24). IR

[(KBI) vma/cm™]: 3358 (NH), 964 (Ti=O).
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Chapter 3: Synthesis and spectroscopic characterisation

This chapter deals with the synthesis and spedposccharacterisation of
metallophthalocyanines synthesised in this work.compiled list of the MPcs is

collated in Table 3.1 — 3.4.

Table 3.1: List of synthesised unsubstituted and ufphonated MPcs, their

abbreviations and numbers in this thesis

MPc complex Abb. No.
Dichloro(phthalocyaninato)titanium(lV) Cl ;TiPc 33
Trichloro(phthalocyaninato)tantalum(V) Cl sTaPc 34
Differently sulphonated titanium phthalocyanine TiPcS, 35
Differently sulphonated tantalum phthalocyanine TaRS, 36

Table 3.2: List of synthesisedx and  tetra-substituted MPcs and their numbers

in this thesis
MPc complex No.
1,(4)-(Tetraphenoxyphthalocyaninato) oxotitanium(I\V) 37a
1,(4)-(Tetra-tert-butylphenoxyphthalocyaninato) oxotitanium(I1V) 37b
1,(4)-(Tetrabenzyloxyphthalocyaninato) oxotitanium(V) 37c

1,(4)-{Tetrakis[4-(benzyloxy)phenoxy]phthalocyanin&o} oxotitanium(lV) | 37d

1,(4)-(Tetraphenylthiophthalocyaninato)oxotitanium(V) 37e
1,(4)-(Tetrabenzylthiophthalocyaninato)oxotitanium(V) 37f

2,(3)-(Tetraphenoxyphthalocyaninato) oxotitanium(IV) 38a
2,(3)-(Tetratert-butylphenoxyphthalocyaninato) oxotitanium(lV) 38b
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2,(3)-(Tetrabenzyloxyphthalocyaninato)oxotitanium(NM) 38c
2,(3)-{Tetrakis[4-(benzyloxy)phenoxy]phthalocyanin&o}oxotitanium(lV) |38d
2,(3)-(Tetraphenylthiophthalocyaninato)oxotitanium(V) 38e
2,(3)-(Tetrabenzylthiophthalocyaninato)oxotitanium(V) 38f

Table 3.3: List of synthesised octa-substituted M3 and their numbers in this
thesis
MPc complex No.
2,3,9,10,16,17,23,24-(Octaphenoxyphthalocyaninatejmitanium(lV) 39a
2,3,9,10,16,17,23,24-[Octakis(#¥t-butylphenoxyphthalocyaninato)] 39b
oxotitanium(IV)
2,3,9,10,16,17,23,24-{Octakis[(4-benzyloxy)phenopyithalocyaninato} 39c
oxotitanium(lV)
2,3,9,10,16,17,23,24-(Octaphenylthiophthalocyanim@oxotitanium(lV) 39d

Table 3.4: List of synthesised nitro- and amino-dastituted OTiPcs, their

abbreviations and numbers in this thesis

MPc complex Abb. No.
2,(3)-Tetranitrophthalocyaninato oxotitanium(IV) OTiPc(NOy)4 40
2,(3)-Tetraaminophthalocyaninato oxotitanium(lV) OTiPc(NH2)4 41
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3.1 Unsubstituted titanium and tantalum phthalocyanines(Scheme

3.1)

©:CN TiCl,, 1-CNP
on  rf,220°C

12

CN

CN

12

M=TiCl, (33)

k =TaCl, (34) /

Scheme 3.1: Synthesis of unsubstituted Ti and Téhfhalocyanines.

The syntheses and characterisation of dichlorogdbtiyaninato)titanium(IV)
and trichloro(phthalocyaninato)tantalum(V) complkexiee. CiTiPc 33) and CiTaPc
(34) respectively, have been reported before [33, 35je C}TiPc (33) and CiTaPc
(34) complexes in this work were respectively obtairmdfacile ‘wet’ and ‘dry’
syntheses, Scheme 3.1. The former complex wasnebtdy refluxing at ~ 220C
the metal chloride (TiG) and phthalonitrile in dry chloronaphthalene (1f)Nvhile
the latter complex was obtained through heatin@adbnitrile and anhydrous Ta{it
relatively high temperatures (24C), Scheme 3.1. The experiments were performed
under a blanket of nitrogen as the respective nutimrides are moisture-sensitive.
In these reactions however, formation of ring-cinlared Pcs as by-products or
decomposition of the ring as a result of HCI cartmofivoided. The complexes were
purified by Soxhlet extraction of impurities to @ffl satisfactory yields of dark-blue
crystals with a violet gloss.

The IR spectra showed moderately strong vibratafrisi-Cl at 390 crit and

356 cm®* which were assigned to the chloride ions idsarrangement [33]. The
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vibrations of Ta-Cl were observed at 366 tmElemental analyses gave expected
results, further confirming the presence of threlorede ions in complexd4. Mass
spectral data also showed loss of the chloridentiggsee experimental section), thus
the purity of the complex was confirmed. The puaf 34 was determined by these
methods of analyses since the complex is less kmelvn compared to complesG.
Although the syntheses of £iPc and CGiTaPc are known, the NMR data of the
complexes are relatively unknown. The proton NMiecrum of compleXd3 was
typical of unsubstituted MPcs, exhibiting two seigl at 8.55 ppm and 9.71 ppm due
to equivalent peripheral and equivalent non-perighgrotons respectively.

The proton NMR of complexX4, shown in Fig. 3.1 was different from the
norm, such as was observed for com@@8x The predicted singlets for unsubstituted
MPcs were not observed. Instead, it was intergdtinnote that for the glaPc
complex, four signals, i.e. two doublets due to-penpheral protons (at 9.17 ppm
and 7.93 ppm) and two triplets due to peripheratqrs (at 7.86 ppm and 7.71 ppm)
were observed. Each signal integrated for foutgm® indicating that four sets of
protons (labellec andb in Fig. 3.1) were in different environments altthger. The
X-ray data for GJTaPc has been reported [35] and the noticeableresatare that
tantalum is displaced from the core of the ringN§}, thus resulting in the three
chlorine atoms assumingces-arrangement. The isoindole moieties have beendou
to be planar and bent a little with respect todbee of the ring. Thus a compromise
between a staggered and an eclipsed conformatsuitse hence the four sets of
protons display the observed four signals. Titanicomplexes are also displaced

from the core of the ring though to a lesser extent
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Il 1o
b

JVIU

5T T

Figure 3.1: *H-NMR spectrum of ClsTaPc (34) in CDCb.

Four signals, corresponding to carben®, c andd in Fig. 3.1 (insert), are expected
in the *C-NMR spectra of unsubstituted MPc complexes. h huclei are non-
equivalent, then the signals or resonances wiidg. Four unequivalent nuclei have
been observed before in which the carbon signafshthalocyanines were split into
four signals each [405]. SixteéfC signals (four for each carbon atom) ofKGIPc
were observed (see experimental section), showiagythe carbon atoms were non-
equivalent and hence confirming the proton sigoakerved above.

Figure 3.2 shows the electronic absorption speaftreomplexes33 and 34
recorded in chloroform (CHEL The solubility of the complexes were limited to

solvents such as dimethylformamide (DMF), dichloetinane (DCM) and CHgHdue
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to the fact that the complexes lacked substitutres would render them soluble in

many organic solvents, as is typical of unsubstdyththalocyanines.

(i) \

Absorbance \

300 400 500 600 700 800

K Wavelength (nm) j

Figure 3.2: UV/Vis spectra of (i) C4TiPc (33) and (ii) CkTaPc (34) in CHCk.

Concentration ~10"°M.

In CHCL;, the complexes displayed typical monomeric Q-baatd892 nm (complex
33) and 697 nm (compleg4) with B-bands observed at 349 nm (comp83 and

342 nm (complex34). The presence of Ta in compl&#4 caused a 5 nm red-shift

relative to complex33. Low extinction coefficients for both complexesens

obtained, which was surprising since this may ssfgdkeat the complexes were

aggregated. Low extinction coefficients have besgorted for MPc complexes such

as FéPc and ClPc [168]. Beer's law did not however show aggriegatfor

concentrations as high 410 %M. Also, the presence of the axial chloride ligand

in both complexes is expected to prevent aggregatio
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3.2 Differently sulphonated titanium and tantalum

phthalocyanines (Scheme 3.2)

33 34

oleum | 100 °C

R= SO3' or H

Scheme 3.2: Synthesis of differently sulphonatediHcS, (35) and TaPc& (36).
S, = S03.

Sulphonated MPcs are the most common water-sohlablrocycles although
those of TiPc and TaPc are relatively unknown amahck their spectroscopic
characteristics in organic and aqueous solvents nate well-established. The
differently sulphonated complexes, TiRc85) and TaPc$ (36) were obtained by
treating the respective ring unsubstituted MPcvagines, i.e.33 and 34, with
fuming sulphuric acid (oleum 30%), Scheme 3.2. u@leis known to directly
sulphonate pre-existing MPcs as the acid is naingtrenough to destroy the

macrocycles [134]. MPcs which have been sulphahbie oleum are known and

133



Chapter 3: Synthesis and spectroscopic characterisation

their spectroscopic properties have been charaetére.g. AIPc$ ZnPcS, SiPcS,
SnPc§, GePcgand GaPc$[134,267,269]. The presence of the axial oxygeE
968 cm') for TiPcS, and axial chlorides/{a.c;= 365 cm') for TaPcGwere confirmed
using IR spectroscopy as these appeared as typedium bands. For TiPgSthe
disappearance of the axial chloro ligands was duée fact that the complex easily
hydrolysed during purification, such that the vilma band of Ti = O was observed
instead.

As the degree of sulphonation is uncontrollablerduthe preparation of the
complexes, the MPgSomplexes may contain a mixture of sulphonates,nono-,
di-, tri- and/or tetra-. In some cases, the reactian be controlled to some extent by
varying the temperature and reaction time and éméral ion has been known to play
an important role in the product distribution [135The degree of sulphonation will
thus vary from batch to batch depending on thesterfa Although it is very difficult
to separate the mixtures of isomers, in this wdnk, same batch of each differently
sulphonated complex was employed throughout thayst@o determine the extent of
sulphonation, reverse-phase HPLC was employed. F8&yshows the HPLC traces
obtained for the MPgScomplexes used in the study. It is expected tih@atmost
highly sulphonated fraction — which is the mostubt¢ — would be eluted first from
the column, thus giving the shortest retention t[d®4,406]. The monosulphonated
fractions are however expected to be eluted las giving longer retention times.
Both MPcS showed strong peaks at ~ 15 min and these weignassto the
disulphonated components, which were expected &luied third. Tetrasulphonated
MPcS, derivatives were employed to confirm a peak at letention times. The
presence of one strong HPLC peak confirms thattleeone dominant component in

each MPc§ which was associated with mainly the disubstdutderivative.
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Therefore the amount of other substituted deriestiguch as tetrasulphonates was
insignificant. In this work, it was assumed thaére was mainly one component

involved in the studies, i.e. the disubstituted\dsive.

i) \

Relative Intensity \

7 11 15 19 23
\ Retention time (min) /
(i) q \

Relative Intensity

6 9 12 15 18

\ Retention time (min) /

Figure 3.3: HPLC traces of (i) TiPcSQ and (ii) TaPcS..

135



Chapter 3: Synthesis and spectroscopic characterisation

The ground state electronic absorption spectrda@fcomplexes in methanol,
DMSO and phosphate buffer solution (PBS) of pHaf& shown in Fig. 3.4. TiPgS
exhibited monomeric behaviour in methanol and DM$@e it is known that organic
solvents tend to favour the monomeric nature ofcttraplexes compared to aqueous
solutions [269,407,408], Fig. 3.4a. The Q-banda@®cS was however broadened in
methanol and DMSO, probably due to loss in symmethe complex as a result of
the displacement of the large metal from the cdreghe ring, Fig. 3.4b. The
broadness was observed even on dilution, showatdgttivas not due to aggregation.

Both complexes were water-soluble due to their negg@harge. Comple35
(TiPcS) exhibited a broad spectrum in PBS, suggesting tha complex is
aggregated in aqueous solutions, Fig. 3.4a(iiiprnfation of aggregates is normally
accompanied by an absorption band near 630 nm abserved in Fig. 3.4a(iii).
The spectrum of comple36 (TaPcSQ) however was less broadened in PBS, further
suggesting a more pronounced tendenc8ofo aggregate in PBS, apparent even at

concentrations as low as 4 M.

/ a : | /(ii) \

Absorbance

500 550 600 650 700 750 800
Wavelength (nm)
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Figure 3.4: Ground state absorption spectra of (aJiPcS, and (b) TaPc$ in (i)

methanol, (ii) DMSO and (iii) PBS 7.4. Concentratin ~1x 107° M.

Partial monomerisation &5 on addition of a surfactant, Triton X-100, to PBS
was observed since the Q-band narrowed and inctéasetensity due to monomeric
species absorbing, Fig. 3.5. Adding the surfactanPBS of compleX36 did not
however bring about an observable change in thar@intensity as well as position.
Since the prepared complexes contained less sudpddbicomponents, the complexes
were expected to be more aggregated in agueousosslihan if they were highly
sulphonated. As earlier mentioned, the spectrurB6oin PBS did not change on
addition of Triton X-100. This suggested that ertlthe forces responsible for
aggregation (as expected for less sulphonated Mg too strong to be broken by
surfactants or that the observed broadness watdhe distortion of the ring and not
aggregation, since the Q-band was broad even ianargsolvents (unlike35).
Confirmation of the oxidation states of the complkexi.e. +4 for Ti and +5 for Ta,
was brought about by addition of an oxidant suchrasine. The Q-bands were not

affected by the oxidant.
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Figure 3.5: Ground state absorption spectra ofTiPcS, (1><10"5M) in (i) the

absence and (ii) presence of Triton X-1001(x 107° M) in PBS 7.4 solution.

Since the MPc$Scomplexes are negatively charged and thus ardrahec
donors, their interaction with a cationic molecwale an electron acceptor, methyl
viologen (MV?") was investigated by UV/Vis spectroscopy in methanMethyl
viologen does not dissolve in DMSO and thus metharas the solvent of choice
since both the MPgScomplexes and M¥ were soluble in it. Also, studies in
aqueous solutions were not performed because thplegation of ion-pairs is known
not to occur in solvents of high polarity [265].ig&re 3.6 shows spectral changes
observed on addition of increasing concentratidnel\d>* to fixed concentrations of
TiPcS, (as an example). Addition of MV resulted in the gradual reduction in
intensity and shift in the Q-band of the MRc®mplexes. The Q-band maximum
shifted from 687 to 692 nm for TiPg®Fig. 3.6) and for TaPgSthe Q-band shifted
from 688 to 694 nm. The shifts were an indicatbnhe interaction between MP¢S

and M\V#*,
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Figure 3.6: UV/Vis spectral changes observed on diion of increasing MV?*

concentrations to a solution of TiPc$ (1.5x 10°° M) in methanol. [MV?] = (i) 0,

(i) 2.2x107°, (jii) 4.1x107°, (iv) 5.4x107°, (v) 8.9x10 °M.

The spectrophotometric studies which were analysedob’s method were
performed as described in the Experimental sectidob plots of F(x) vs. mole
fraction of MV?*, Eq. 3.1 (which is the same as Eq. 1.1), i.e.

F(X) = d(X) = (£ y =~ Ewpe) X~ Enpe (3.1)
for titration of TiPcGand TaPc$with varying concentrations of M7 are shown in
Fig. 3.7, taken a = 687 nm for35 and\ = 688 nm for36. Fig. 3.7a shows that a
stoichiometry of approximately 1:2 and 2:1 for RAXTiPcS, complexation is
obtained, an indication that two different spedasthis couple, i.e. (M¥)-(TiPcS)2
and (MV?"),-(TiPcS), were formed. The M¥/TaPc$ complexation however
indicated that a 1:2 complex due to (M/(TaPc$), was formed. Thus TiPgS

showed two different complexation species with ¥MWwvhile TaPc$ showed one
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complex formation. The difference in the interant with the electron acceptor was
due to the fact that MY had a higher affinity for TiPgShan TaPc$ There was
also a possibility that different components of TiEcS, complex coordinate with

MV #*, while only one component coordinates in the cdsSEaPcS$.
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Figure 3.7: Job diagrams for interaction of (a) TPcS, (A = 687 nm) and (b)
TaPcS, (A = 688 nm) with MV?* in methanol.
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The strength of interactions, i.e. association tamts, K, , were determined

from Eq. 1.2, shown here as Eqg. 3.2, i.e.

A_A AL
AA AA,, AA K,

Plots of Aj/AA vs. 1/L; vyielded straight lines (Fig. 3.8) and from théicaof

Lit (3.2)

Ay /AALax and the slopeK, was obtained. For both complexes, the association
constants thus obtained were within ranges of soplecular complexes or
assemblies, i.€10° to 10° M™%, The association constant was found to be larfgest

TaPc$ (10° MY than for both the 1:210° M) and 2:1 £0* M) trimers of TiPc$
Table 3.5. This thus suggested that the intenadietween the former complex and

methyl viologen was stronger than in the case thighlatter complex.

- 0\

R” = 0.9939

17 cooo—o—o—o—* (i) R* = 0.9983

0 T T T
0.02 0.06 0.1 0.14

\ 1/Lt (pM™) /

Figure 3.8: Plots of Aj/AA vs. 1/L; for the association constant K,)

determination in the interaction of (i) TiPcS, and (i) TaPc$, with MV 2",
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Furthermore, it was evident that the interactiors vg&ronger for the 2:11()4 M)

trimer than it was for the 1:ZL()3 M™) trimer in the case of TiPgSTable 3.5. The

observed interactions confirmed the formation afugd state complex of TiPg&nd

TaPc$ with MV?*. The association constant of comp88(TaPc$) was found to be

comparable to those reported [198] for Zn and $magalphonated complexes where

either complexation ratios of 1:1 or 1:2 (MPc:Kfywere observed. That of complex

35 (TiPcS) was much lower, probably due to the two competiognplexation

reactions affecting the degree of ion-interactiemeen the complex and MY/

Table 3.5: Structural and calculated associationanstants (K,) of TiPcS, and

TaPcS, with MV 2" in methanol.

Complexation Ratio | K, (M™) | References
TiPcS, (MVH)-(TiPeS). |12 | 479x103 [ W

MV~ (TiPeS) |21 | 473x10% | W
TaPc$, MV*)-(TiPeS). |12 | 1 65x10° [ W
ZnPc(SOs),4 1:x2 1.40x10° | [198]
Si(OH)2Pc(SQy )4 1x* | 6.60x10° | [198]
H2Pc(SQy)a 1x* [ 4 30x108 [ 1981

&x =1 or 2, tw = this work

142



Chapter 3: Synthesis and spectroscopic characterisation

3.3 Tetra- and octa-substituted oxotitanium phthalocyaines

3.3.1 Phthalonitriles (Scheme 3.3)

The complexes in this study were obtained by cosaliéon of 3-, 4- or 4,5-
substituted phthalonitriles, the syntheses of whairh discussed in Scheme 3.3A and
3.3B. A strategy for the preparation of the substd phthalonitriles started from the
inexpensive 3-nitrophthalic acid ), phthalimide {8) and 4,5-dichlorophthalic acid
(23). Dehydration of phthalic acid$6 and 23 in acetic anhydride afforded - in
relatively good vyields - 3-nitrophthalic anhydriqd?7) and 4,5-dichlorophthalic
anhydride 24) respectively. Dehydration d6 occurred in less than an hour whereas
it took 3 hours for complete dehydration28to occur. Acetic acid is produced as a
by-product and its presence lowers the productyielhe nucleophilic addition of
ammonia (from formamide) to compound3 and 24 respectively resulted in the
formation of 3-nitrophthalimide 108 and 4,5-dichlorophthalimide 2%).  4-
Nitrophthalimide 19b) may similarly be synthesised, however in this kyathe
compound was obtained via direct nitration of phth@e (18), Scheme 3.3A.
Ammonolysis of the imides was achieved to afford thspective amide®0a 20b
and26, dehydration of which resulted in the correspogdhthalonitrile21, 22 and
27 with satisfactory yields. The phthalonitriles werere by'H-NMR as shown in
the experimental section. The substituted phthil®s (42 — 44 depicted in
Schemes 3.4 and 3.5 were obtained by a base-adalif6¢CO;) nucleophilic
aromatic nitro and chloro displacement of 3-nitib@lonitrile @1), 4-
nitrophthalonitrile 22) and 4,5-dichlorophthalonitrile2?) respectively [409-411].
The characteristic €N stretches were observed at ~ 2300'@nd their proton NMR

correctly corresponded to the number of expectetbps.
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0
COOH Ac,0
_—> O
COOH reflux
NO, No, O
16 17
7 CN
 NHOHMH,0 @:cowz SOCL, /DMF @:
r,24hrs conn, ~ 1.0-5°C O CN
) O,N 2 2
NO, .rt, 3 hrs
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19a 20a
20b 22
NH,OH/H,O\ rt, 24 hrs
0 0
H.,SO,/ HNO
NH 250/ 3: NH
1.10-15 °C O,N
o}
© 2.30°C,1 hr
18 19b
Scheme 3.3A: Synthetic routes to 3-nitrophthalonitle (21) and 4-
nitrophthalonitrile (22).
4 o )
_— > O -5 NH
cl coon  1f,5hrs cl tf, 3 hrs cl
0] 0]
23 24 25
NH4OI'I/I‘IZO ClﬁCONHZ SOCIZ/DMF ClﬁCN
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26

27/

Scheme 3.3B: Synthetic route to 4,5-dichlorophthabhitrile (27).
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3.3.2 Synthesis of the OTiPc complexes

Treatment of phthalonitrile1, 22 and 27 with phenol, 4tert-butylphenol,
benzyl alcohol, 4-(benzyloxy)phenol, thiophenol dwhzyl mercaptan afforded the
corresponding disubstituted dinitrild@a — f(Scheme 3.443a — f(Scheme 3.4) and
44a — d(Scheme 3.5). The oxotitanium complexes were grepared by the typical
cyclotetramerisation of stoichiometric amountsled substituted phthalonitriles. The
tetra-substituted complexe¥/ and 38 were respectively non-peripherallg)( and
peripherally ) substituted, while complexe89 were octa-substituted at the
peripheral positions.

The template reaction to afford complex&8ga, 37b, 38aand 38b was
achieved by treatment of the corresponding diedrivith TiCl in 1-CNP. Because
Ti is a large atom and thus does not fit into theity of the ring, high energy is
required in order to form the TiPcs. A high-bagipoint solvent such as 1-CNP was
therefore employed to achieve this purpose. Ththodeused was similar to that
reported [154] by Lawet al. in the synthesis of octa-substituted oxotitanium(lV
phthalocyanines. Also the ratio of the metal tthplonitrile derivative employed was
1:4. A lower ratio, e.g. 1:3 or 1:2, resulted hre tdecomposition of the reaction
mixture, presumably due to excess HCI produced alutisn which could have
cleaved the ring, thus generating decompositiordymts. 1-CNP proved to be

difficult to remove, however Soxhlet extraction lviiexane was effective.
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TiCl,, 1-CNP or
CN

RH, DMSO N Ti(oC,H,),, CH,,0H
e >
cn K,CO,, 1t cN  180°C,14 hrs
NO, R
21 42

TiCl, , 1-CNP or
Ti(OC,H,),,

OZN\©:CN RH, DMSO R\C[CN CgH,,OH
cn K CO,, rt cn  180°C, 14 hrs
22 43

Where R = o—@ (a) O—@—t-Bu (b)
O o “@‘C’L@ @

\ ~« ) © O ®

Scheme 3.4: Synthetic routes tar (37a — f) andf (38a — f) tetra-substituted
oxotitanium(lV) phthalocyanines used in this work.
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Cl CN
R CN .
]@: RH, DMSO Ti(OC,H,),, C,H, OH
cl cn  K,CO,, 90 °C (rt) . >

CN 180 °C, 14 hrs
27 44

Where R = o—© (a)
O_O—t-au (b)

) (@

Scheme 3.5: Synthetic route to octa-substituted otttanium(lV) phthalocyanines

used in this work.

The other oxotitanium complexes were however pegpay the cyclisation of
the corresponding dinitriles with titanium butoxide the presence of urea in 1-
octanol. The advantage of using titanium butoxader TiCl, is due to the fact that
the former avoids the formation of HCI which tertdscleave MPcs and thus higher
yields tend to be obtained with this method. Uwess used to prevent possible
formation of metal-free phthalocyanines such thafaeile MPc formation was
achieved. Purification by chromatography and Seixbktraction of impurities
resulted in the green to dark-green MPcs with gielthging from 20 % to 70 %. A
major advantage of preparing octa-substituted MRxivdtives is that their

chromatographic purification is greatly simplifisohce a single isomer is expected.
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The syntheses of oxotitanium tetranitrophthaloayan@0) and oxotitanium
tetraaminophthalocyanindl) have not been reported thus far. A simple proced
was employed to synthesise the nitro-derivatis¢dnitim phthalocyanine4().
Generally, 4-nitrophthalic acid is employed in gynthesis of comple®0, however
simple nitro-substituted derivatives of phthalicids¢ 1,3-diiminoisoindolines or
phthalodinitriles may be employed. Nitration oéthhthalocyanine macrocycle may
result in its destruction, thus nitro-substitutddhalocyanine complexes are usually
obtained from starting compounds containing nitrougs in the molecule. The
amino-derivatised complexX() was synthesised in good yields by a facile radact

of complex40 using sodium sulphide, similar to earlier rep@ts2], Scheme 3.6.

OzN\C[CN Ti(OBu),, urea
CN  150°C, 6 hrs, C;H,,OH

Na,S.9H,0

>
50 °C, 5 hrs, H,O

Scheme 3.6: Synthetic route to tetranitro- and teaamino-substituted

oxotitanium(lV) phthalocyanine used in this work.
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3.3.3 IR and 'H-NMR spectra of the OTiPc complexes

The new complexes were characterised by IR, NMRLMIATOF, elemental
analysis and UV/Vis spectra, and were found to besistent with the predicted
structures as shown in the experimental sectidme disappearance of the shaENC
stretches confirmed the cyclotetramerisation ofghthalonitriles and the presence of
typical Ti=O stretches at ~ 960 &nfurther confirmed the formation of the MPcs, Fig.

3.9.

C(CH,);
c-0-c—
k 2900 2400 1900 1400 900 400
Wavenumber (cm™)

Figure 3.9: IR spectra of complexes (i) 38a andiYi37b.

Typical phthalocyanine skeletal vibrations were estaed between 400 and
1100 cnt. The ethereal (C-O-C) and thiol (C-S-C) bandsenaserved at ~ 1200
and 690 crif respectively. Bands at ~ 3000 Ciwere assigned to #¥t-butyl groups
for complexes37b, 38b and39b. Characteristic symmetric and asymmetric stretghi
vibrations of —NQ (in complex 40) were observed at 1328 and 1520 ‘cm
respectively. The disappearance of the nitroatrat 1328 cil following reduction
of 40 to 41 was observed and the appearance of the bendingtatdhing vibration

of NH, was observed at 3358 ¢m
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The complexes were found to be pure’sByNMR with all the substituents
and ring protons observed in their respective megioThe peripherally substituted
phenoxy complex38a showed different behaviour from other tetra-subtdd
complexes in that the complex showed more resawelsplit bands for the ring, Fig.
3.10. Three sets of resonances were observed &etiw69 ppm and 8.92 ppm each
integrating for four protons, thus making a tot&l1®@ protons expected for both
peripheral and non-peripheral protons. The mohiééded ring protons between
8.66 and 8.92 ppm were reasonably well-resolvedewtiie least deshielded ring
protons at 8.37 — 8.56 ppm and 7.69 — 7.82 ppmne¢ed as multiplets. This
splitting suggested that the two sets of the naipperal protons were in different

environments.
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[ — .
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o m o o o | o ~ ~ o
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Figure 3.10: *H-NMR spectrum of complex 38a in CDC}.
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The non-peripherally substituted phenoxy compB®%a did not exhibit a
similar splitting of bands. Instead the spectruhoveed unresolved multiplets
between 7.53 ppm and 9.03 ppm however these clyrreotresponded to the
expected number of protons. The differences inth&IMR spectra of the phenoxy
complexes were most likely to be due to the presefecnore isomers in complé&va
than was the case with complg®a which were probably collected as a single band
during purification by chromatography. As is tygicwith tetra-substituted
complexes, both complexes are expected to haveigui isomers due to the
presence of a single substituent on either twohef geripheral and non-peripheral
positions [413,414]. Steric effects which are rhosixpected in non-peripherally
substituted complexes may play a role. Also lackymmetry may have caused the
split in the '"H-NMR spectrum of complex38a  Moreover, the phenyl ring
substituents which integrated for 20 protons wdryseoved at 7.15 - 7.50 ppm and
7.34 — 7.66 ppm for complexe&¥a and 38a respectively. Unresolved multiplets
integrating for a total of 12 protons were obsenfed the 4tert-butylphenoxy
substituted complexe87b and 38b. The ring, phenyl and methyl protons were
respectively observed at 7.62 — 9.52 ppm, 7.1&% gpm and 1.42 ppm for complex
37b, whereas they were respectively observed at 8.846- ppm, 7.32 — 7.84 ppm
and 1.52 ppm for comple38hb.

Complexes37¢ 37d, 38c and 38d were found to exhibit Pc ring and
substituent protons at 6.80 — 8.90 ppm, with methglprotons observed at ~ 5.15
ppm. The observed peaks for all the complexes Wweyad however differentiation
between distinct protons of the benzyloxy-substdutomplexes37c and 38c was
difficult as the observed protons were even moopadbr It has been reported that the

presence of isomers as well as phthalocyanine ggtioa at high concentrations used
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for NMR measurements lead to weak and broadenedadio signals [107,415-417].
Integration of the peaks correctly correspondethéoexpected number of protons for
each complex, i.e. 40 protons for complef@&sand38¢ and 56 protons fd37d and
38d.

The 'H-NMR spectra of the thiol derivatised tetra-suloséid complexe87e
37f, 38eand 38f showed substituent and ring protons between 6.826 ppm, with
the methylene protons observed at 4.63 pm andppd0respectively for complexes
37f and38f (see experimental section). THé&-NMR spectra of complexe37e and
38e were almost identical and similarly for complex@& and 38f. However, the
protons of the non-peripherally substituted come&e87e and 37f were more
deshielded than those of the peripherally substitidomplexes88e and 38f. This
trend is typical of MPcs with substituents at thpositions and even more so for thiol
substituted complexes, compared to freubstituted MPcs [415]. The protons of the
phenyl substituents were also deshielded suchtki®at proton signals overlapped
with those of the Pc ring.

The'H-NMR spectra of complexe39a — dshowed a singlet — as is expected
for octa-substituted MPcs - due to the non-periphgrotons integrating for 8 protons
between 8.70 and 8.90 ppm. For comple3@as, 39cand39d unresolved substituent
protons were observed between 7.00 and 7.80 ppinis Was however not the case
with complex 39b because well-resolved substituent protons wereerobd as
doublets at 7.43 ppm (for the deshielded protorezast the ether bond) and 7.22
ppm, Fig. 3.11. The presence of the bulkird-butyl may have caused the complex
to be monomeric even at high concentrations used NBMR measurements.
Additionally, 4+ert-butyl protons (complex39b) integrating for 72 and methylene

protons (complexd9¢) integrating for 16 were respectively observed.d40d ppm and
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5.20 ppm. The relative purity of the complexes &E® confirmed since integration
of the peaks correctly corresponded to the expentedber of protons for each

complex in this study.
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Figure 3.11: *H-NMR spectrum of complex 39b in CDC}.

The tetraaminophthalocyaninglj was found to be pure Bi1-NMR with all
the substituents and ring protons correspondintheoexpected number of protons.
The ring protons were observed as multiplets &t 8.2.21 ppm, 7.41 — 8.20 ppm and
6.45 — 7.39 ppm which integrated for five, four ahdee protons respectively. The
multiplets were prevalent due to the presence sitipoal isomers. Hence a total of
twelve protons was obtained as expected for a-setibgtituted phthalocyanine
complex. The substituent (amino) protons integoator eight protons were observed

as a singlet at 3.25 ppm.
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3.3.4 Ground state electronic absorption spectra

Generally, MPc complexes are insoluble in most wigaolvents; however,
introduction of substituents on the ring increages solubility. All tetra-substituted
complexes37 and 38 exhibited excellent solubility in most organic wahts such as
DCM, CHCk, 1-CNP, THF, toluene, DMSO, DMF, etc. The octastiiuted
complexes however, showed better solubility in entg of weak polarity, i.e. 1-CNP,
DCM, CHCk and THF, than in solvents of stronger polaritg. ®MSO and DMF
(Table 3.6), in which they were sparingly solubl&his behaviour can possibly be
related to the symmetric structure of these MPrseshigh symmetry decreases the
polarity of the ground-state molecule. Moreovikeg bdcta-substituted phthalocyanines
are usually less soluble than their correspondetgatsubstituted Pcs due to the
formation of isomers and high dipole moments thatuo in the latter which result
from the unsymmetrical arrangement of the subsiitiat the periphery [110-112].
Complexes40 and 41 were however highly soluble in polar solvents sashDMF

and DMSO.

Table 3.6: Properties of solvents used to observdV/Vis spectra of octa-

substituted OTiPc complexes.

Solvent Dipole moment| Dielectric constant
1-Chloronaphthalene (1-CNP) | 1.55 5.00

Chloroform (CHCI 3) 1.90 4.81
Dichloromethane (DCM) 1.36 9.08
Tetrahydrofuran (THF) 1.69 7.52
Dimethylformamide (DMF) 37.9 38.2
Dimethylsulphoxide (DMSOQO) 39.6 47.0
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The electronic absorption spectra of the aryloxyiplexes 87a — dand38a —
d) in CHCL are shown in Fig. 3.12. Characteristic absorgtidne tat-n* transitions
in the Q-band region at ~ 700 nm and in the B-beeglon at ~ 350 nm were
observed. The spectra show monomeric behaviodeaeed by a single (narrow) Q-
band, typical of metallated MPc complexes [168Jggfegation in MPc complexes is
however typified by a broadened or split Q-bandhwhe high energy band being due
to the aggregate and the low energy band due tsntmomer. The Q-band maxima
of the complexes are collated in Table 3.7. ThdéaRds of thea-substituted
complexes 7a — g were red-shifted by ~ 26 nm when compared to the
corresponding-substituted complexe8§ a — g.

The observed spectral red-shift is typical of MPithvwsubstituents at thea
positions [191,418,419] and has been explained ,f#A) to be due to linear
combinations of atomic orbitals (LCAO) coefficientd the a (non-peripheral)
positions of the HOMO being greater than thosénapt(peripheral) positions. As a
result, the HOMO level is destabilized more at theosition than it is at th@
position. Essentially, the energy gayE] between the HOMO and LUMO becomes
smaller, resulting in a 20 — 30 nm bathochromidtshThus substitution at the non-
peripheral positions causes an effective shifthef énergy of the orbital, such that a
diminished HOMO-LUMO gap is obtained, hence a digant red spectral shift was

observed.
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Figure 3.12: UV/Vis spectra of complexes 37a — dnd 38a — d in CHCE.

Concentration = 1x10™°M.
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Table 3.7: Q-band spectral data of all the complexes (33-41) various solvents.

Complex | Solvent Lg/ nm (loge) Complex | Solvent Lg/ nm (loge)
33 CHCl3 692 THF 741
34 CHCl; 697 CHCk 708
35 Methanol | 687 DMSO | 747, 705
DMSO 694 38e DCM 714 (5.06)
PBS 7.4 | 690 THF 710
36 Methanol | 688 CHCk 699
DMSO 696 DMSO 700
PBS 7.4 | 691 38f DCM 714 (5.19)
37a CHCl 728 (5.41) THF 711
37b CHCl; 730 (5.29) CHC 700
38a CHCk | 702 (5.21) DMSO 708
38b CHCl; | 704 (5.40) 39a CHGl [ 705 (5.44)
37c CHClL | 728 (5.38) 1-CNP 709 (5.08)
37d CHCls 730 (5.41) 39 CHdG 703 (5.19)
38c CHCl 703 (5.21) 1-CNP 710 (5.35)
38d CHCl; | 705 (5.24) 39c CHGl | 706 (5.34)
37e DCM 747 (5.36) 1-CNP 712 (5.38)
THF 741 39d CHCE 738 (5.31)
CHCl; | 704 1-CNP 742 (5.29)
DMSO | 74P, 727 40 DMF 705 (5.09)
37f DCM 745 (5.10) 41 DMF 755 (5.24)

3 aggregated species’ monomeric species
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Also, the spectra of the complexes exhibited typiB@dands which were
broad due to the superimposition of the & d B bands [165]. A broad band
between 400 and 450 nm, which is typical of subtgd TiPcs [155] and is due to
charge transfer from the electron-rich ring to éhectron-poor metal, was observed.
This charge transfer (CT) band was found to be wedhkr the a-substituted
complexes whereas a sharper CT band was obserrethdocorrespondings-
substituted derivatives, Fig. 3.12. A rarely obgenN-band arising from deeper
levels to LUMO transitions [422,423] was observed ~a 300 nm, Fig. 3.12.
Complexes with 4ert-butylphenoxy and 4-(benzyloxy)phenoxy groups, B&b,
37d, 38b and38d, were red shifted by 2 nm relative to the othenplexes since the
groups inductively donate protons to the ring. &bwer, insertion of the Ti©
moiety contributed to the red spectral shift, comedato other transition metal
phthalocyanines (e.g. CoPc), hence titanyl phtlyaomes are classified as near-
infrared absorbing complexes as their Q-bands arenglly found between 700 to
850 nm.

The UV/Vis spectra of the thiol derivatised com@e87¢ 37f, 38e and38f,
shown in Fig. 3.13, were recorded in several sdab/@s these complexes exhibited
interesting properties. In DCM and THF, the speatxhibited typical B-bands
between 330 to 345 nm, and Q-bands in the neaaredrbetween 710 to 750 nm,
Table 3.7. Similar to the aryloxy complexes, thasgthio complexes showed charge
transfer bands between 400 and 500 nm, as well@immposed B-bands in the 350
nm region. All the bands were red-shifted relativ@ the O-substituted
phthalocyanines, which is not surprising as sulplBumore electron-donating than

oxygen.
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Figure 3.13: UV/Vis spectra of 37e, 37f, 38e andf3in (i) DCM, (ii) THF, (iii)

CHClzand (iv) DMSO. Concentration =1x 107°M.
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Substitution at thex positions 87e and 37f) resulted in ~ 32 nm red shift of
the Q-band when compared to the correspon@isgbstituted complexes88e and
38f), Table 3.7.  In general, significant bathochioshifts into the near infrared
region of the spectrum occur in the presence aftrele-donating groups. As earlier
mentioned, the effect is more pronounced when lderen-donating substituents are
at the non-peripheralaj position and less pronounced for most peripherél)
substituted complexes. In CHClthe colour of the complexes changed from deep
green (in DCM) to blue. The Q-bands were bluétesth by ~ 40 nm 37eand37f)
and by ~ 14 nm38e and38f) in CHCk relative to the spectra observed in DCM. It
has been reported that a decrease in the poldritprocoordinating solvents results
in the blue-shifted Q-band positions [154], hertee $pectra were blue shifted in the
less polar CHGIlthan was the case in DCM.

In DMSO, the non-peripherally substituted complex@e and 37f)
exhibited split Q-bands at 721 and 741 nm 3@e and 705 and 747 nm f@&Tf,
Table 3.7. A slightly broadened single Q-band fbe tperipherally substituted
complexes was observed, Fig. 3.13. The differemcéhe spectra at peripheral
versus non-peripheral is not surprising since ikn®wn that the effects of non-
peripheral substitution on Pc Q-band position amgér than those at peripheral
substitution [173]. Broadening of the Q-band ap@earance of new peaks in the
Q-band region is associated with aggregation in MBmplexes [424]. DMSO
which normally prevents aggregation [425], is @8y coordinating solvent with a
high donor number [426] and is able to coordinatentost central metals of
porphyrins and phthalocyanines through either thighair or the oxygen atoms

[404]. Thus aggregation should be more enhancedh& non-coordinating
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solvents such as DCM than in DMSO. However, theswot the case in this
work.
As expected, dilution tends to disaggregate neighbhg Pc rings.

Dilution of DMSO solutions of complexe37e and 37f (Fig. 3.14) to

concentrations lower thafix10™ M showed more decrease in the low energy
band (741 nm) relative to the high energy band (¥W21) suggesting that the
former was due to aggregated species. General§Hno complexes, the peak due
to aggregation is blue shifted with respect to thenomer. However a less
common type of aggregation in solution (called dh&ggregation) results in a red-
shifted peak [427]. Thus the observation of a dase in the low energy peak on
dilution suggested the presence of the J-aggreghiés suggested that the

observed broadening or presence of extra peaksdimplexes in DMSO was due

‘\\\\

to aggregation.

‘\\\\
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Figure 3.14: UV/Vis spectra of 37f in DMSO upon dereasing the

concentration. Starting concentration =1.4x 10 M.
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The UV/Vis spectra of the ground state electrabsorptions of the octa-
substituted complexes under study, in 1-CNP, wdse &pical of monomeric
MPc complexes with characteristic Q-bands and Bdbasue tor-7* transitions,
Fig. 3.15. The complexes with aryloxy groups, B8&a — cdid not bring about
significant Q-band shifts. Substitution by a thgroup however resulted in a
significant shift of the Q-band of compl&9d to deeper red relative to complexes

39a — cwhich is not surprising as sulphur is more elettdonating than oxygen.

\

Absorbance

550 600 650 700 750 800
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Figure 3.15: Ground state absorption spectra of aoplexes 39a — d in 1-CNP.

Concentration = ~1x10 °M.

Figure 3.16 shows UV/Vis spectra typical of nitradaamino phthalocyanine
complexes with the Q-bands observed at 705 nm &bdhrh for complexed0 (Fig.
3.16(i)) and41 (Fig. 3.16(ii)) respectively. The red-shift obsed with complex41
was as a result of the electron-donating abilityhef amino groups while the electron-

withdrawing nitro groups effectuate a blue-shifthe effect of substitution is even
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more obvious in comparison with the unsubstitutefiRo derivative 83) which
exhibits a Q-band at 693 nm. Also the DMF solutainthe amino complex was
unusually reddish-brown, similar to that of the -sddfted manganese
tetraaminophthalocyanine complex which exhibite@-#and at 800 nm [428]. In
addition, a broad band at ~ 450 nm due to liganamtal charge-transfer was
observed for comple®l as opposed to compledO which did not exhibit this band.
The reddish-brown DMF solution of compld# is as a result of the charge-transfer
band observed at ~ 450 nm, since the Q-band wheakrglly gives phthalocyanines
their green colour, is now “transparent”. Furtherej the Q-bands of both complexes
were broadened, an indication that the complexese vaggregated due to the

configurational interaction between phthalocyammaecules.

Absorbance

300 400 500 600 700 800 900
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Figure 3.16: UV/Vis spectra of (i) OTiPc(NQ)4 (40) and (ii) OTiPc(NH)4 (41) in

DMF. Concentration ~ 10™°M.
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3.4 Conclusion

Unsubstituted titanium 3@) and tantalum 34) phthalocyanines were
synthesised and sulphonated to obtain the firserdifitly sulphonated complex88
and 36 respectively. The latter complexes formed iongaiith the cation acceptor,
methyl viologen, with stronger interactions obseryer complex36. Furthermore,
soluble37a-f, 38a — f 39a — d, nitro- and amino-derivatised oxotitanium compkexe
40 and41, substituted in the 1,(4)-, 2,(3) or octa (periaepositions; were newly
synthesised. The complexes are the first exangdlesyloxy-, arylthio-, nitro- and
amino-substituted oxotitanium phthalocyanine comgde These complexes were
characterised by spectroscopic methods and exdlilniteresting properties. Also, the
solubilities of these complexes in different soligepffectuate their possible use in
various applications such as photocatalysis andtrelehemistry. In addition,
substitution with sulphur and amino groups, as veslithe presence of the titanyl
moiety resulted in larger bathochromic shifts. rBfiere complexes that absorb in the

near-IR range were obtained.
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The structures of the MPcs employed are provided ain for the convenience of

the reader.

Structures of OTiPcS, (35) and CkTaPc$, (36) used in this study

Tetra-substituted aryloxy and arylthio OTiPc complexes in this study
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Where R = o—@ &
O_O—t-su (b)
ARy ©
e

Octa-substituted OTiPc complexes in this study
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This chapter deals with the photochemical and pitotsical properties of the
synthesised complexes. A selected number of OTaReslso investigated for their

photocatalytic efficiency towards the transformatad 1-hexene to useful products.

4.1 Photochemical processes

4.1.1 Singlet oxygen

Singlet oxygen quantum yields are a measure ofahogbnsitiser’s ability to
generate singlet oxygen. Determination of singleygen quantum yields®, ,
involved use of DPBF as a singlet oxygen quenchdre quantum yields for singlet
oxygen, using the complexes under study, are pteden Table 4.1. Following
irradiation of MPc with light at an appropriate vedéength, energy () is absorbed
and subsequently excitation from the singlet grostate to the singlet excited state to
produce*MPc  occurs followed by ISC to formMPc. A triplet-triplet energy
transfer fronPMPc to triplet oxygen, results in the formation of #rergetically rich
and chemically more reactive singlet oxyg&®,|. The generation of singlet oxygen
by the OTiPc complexes was determined in DMSO foe tetra-substituted
complexes37a — fand38a — for in 1-CNP for the octa-substituted comple26a — d
in the presence of DPBF as chemical singlet oxygencher. 1-CNP is employed
for the latter complexes since they are sparinglytde in DMSO. Upon irradiation
with light, the decay of DPBF was monitored spgut@ometrically al = 416 nm
since the rate of singlet oxygen generation isctliygroportional to the rate of DPBF
bleaching. Subsequently, the Q-band intensity amhecomplex was not degraded

during the®, determinations, Fig. 4.1, since the intensityight was low enough
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not to affect the MPcs. Typical spectral changeseoved during the photolysis of

complex37aare shown in Fig. 4.1.

Table 4.1: DPBF @ pge), Singlet oxygen (P, ) and photobleaching @)

quantum yields of the complexes under study in DMSO

Complex @ ppr @, @, (104)
37a 0.51 0.52 6.2
37b 0.56 0.54 6.5
37c 0.53 0.50 6.7
37d 0.59 0.56 6.8
37e 0.30 0.28 7.5
37f 0.29 0.39 7.7
38a 0.60 0.65 3.2
38b 0.49 0.67 3.1
38c 0.55 0.64 4.0
38d 0.58 0.70 38
38e 0.49 0.77 55
38f 0.53 0.75 5.6
39a? 0.53 0.32 28.1
39b? 0.42 0.40 30.3
39¢? 0.47 0.38 31.9
39d? 0.50 0.29 42.0

81-CNP used as solvent
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~
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Figure 4.1: Spectral changes observed during irradtion of complex 37a in the

presence of DPBF, in DMSO, for singlet oxygen quauin yield determination.

Starting [DPBF] = 2.9x10™°M and [MPc] = 2.4x10 ®M.

The singlet oxygen quantum yields were calculatgdirstly determining the
DPBF quantum yields (Eq. 1.5) which were furthezdig Eq. 4.1 (same as Eq. 1.7).

1 1,1k 1 (4.1)
Qppgr Pp Pp kg [DPBF]

The complexes exhibited relatively high singlet acatygjuantum vyields, ranging from
0.28 to 0.77 in DMSO (Table 4.1). It can be seeat the quantum yields were high
due to the presence of the electron donating grouptie ®, values for the
peripherally tetra-substituted complex@s8)(were slightly higher than those of the
non-peripherally tetra-substituted derivativ€3)( Additionally, the ®, values of
the arylthio-substituted complexes at the periphgoaitions 88eand38f with ® , =
0.77 and 0.75 respectively) were much larger tHasd of the non-peripherally
substituted complexe8Teand37f with @, = 0.28 and 0.39 respectively), Table 4.1.

The high quantum yields @8eand38f were a reflection of the monomeric nature of
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the complexes in DMSO. This was however not the eath the non-peripherally
substituted arylthio complexe87e and 37f which were earlier explained to be

aggregated in DMSO. Aggregation lowers the values through energy dissipation
of the excited state; hence lowér, values of complexe37eand37fwere obtained.

Moreover, thep-substituted arylthio complexe38e and 38f exhibited the largest
guantum yields due to the presence of the heaulphgr atoms which may promote
ISC to yield higher®, values. Overall, the complexes exhibited singbeygen
quantum yields that were comparable to thoseenditire [429].

For the octa-substituted complexes, the singlegeryquantum yields were
determined in 1-CNP, since the complexes were sglgrisoluble in DMSO. The
observed®, values were lower as a result of the formatiorraaficals following
irradiation in 1-CNP, which are prevalent in chhated solvents. This is a
disadvantage in that DPBF has the ability to remith both radicals and singlet

oxygen, hence the loweb , values.

4.1.2 Photobleaching

The degradation of the OTiPc complexes was studi@&M&O (or 1-CNP for
complexes39) following photolysis in the Q-band region ovené. The reduction in
the Q-band intensity is indicative of the photobleag process and can thus be
monitored by UV/Vis spectroscopy. Typical spectabnges observed during clean
photobleaching of the macrocycles without any ti@msation are shown in Fig. 4.2.
Photobleaching studies were undertaken in ordedetermine the stability of the
complexes in the presence of light. The photostegsilwere also determined in order

to determine the effect of the substituents onstheility of the complexes, which is
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an important property in photocatalysis. These tsplechanges were observed for all
complexes as a result of the oxidative attack efdimglet oxygen generated by the

complexes, Scheme 1.13.

Absorbance \

400 500 600 700 800
Wavelength (nm)

Figure 4.2: UV/Vis spectral changes of complex 38& DMSO, following

irradiation in the Q-band region. Starting [MPc] = 1.5x 107> M.

The measure of the stability of the macrocycles étemnined by the
magnitude of the photobleaching quantum yield,, which was determined by Eq.

1.8, given here as Eq. 4.2:

(CO _Ct)\/ (42)
Ll aps

The @, values of the complexes are presented in Tabletiweere found to be of
the order of 10. Smaller®, values correspond to high complex stability. Etst

donating groups tend to accelerate the photoblegciprocess by making the
macrocycles easier to oxidise. The arylthio comgde@7e 37f, 38eand 38f) were

less stable than the corresponding aryloxy compglé€Xeéa 37¢ 38aand 389 since
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thiols are more electron-donating than oxygen doimtg groups. Additionally the
non-peripherally substituted complex&sa — fwere found to be less stable than the
peripherally substituted derivatives because tkterldnave a more stabilising effect
than the former.

The octa-substituted complex&8a — d were however found to be even less
stable, although this was expected because ofdaheenof the solvent, i.e. 1-CNP.
The radicals formed from C-Cl bond cleavage acctddrthe photobleaching rate and
hence the low stability. Also, singlet oxygen leen reported to be long-lived in
less polar solvents [430], and hence the probwgbdit photobleaching in 1-CNP
(dielectric constant = 5.00) would be high as oppa® DMSO (dielectric constant =
47.0), Table 3.6. There is a possibility that staétion in DMSO is effectuated by
interaction of the S atom in DMSO with the nitrogendges of the Pc ring.
Therefore a partial back-polarisationtlectrons inside the macrocycle may result,
thus strengthening the C-N bonds which link thezioggrrole units of the ring. In
DMSO, stabilisation is brought about by protectminthese N-bridges from attack,

since these are the weakest points of the Pc ring.

4.2 Photophysical processes

4.2.1 Fluorescence properties

The excitation and fluorescence spectra of com@@x obtained in 1-CNP,
are typical of monomeric MPcs and are shown in Bi@. Those of the other
complexes were obtained in DMSO. The excitationcspeof all the complexes
(except complexel37eand37f) were similar to the absorption spectra and bathew

mirror images of their fluorescence spectra.
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Figure 4.3: Normalised fluorescence emission (i)nd excitation (ii) spectra of

complex 39a in 1-CNP. [MPc] =1.0x10™'M

Stokes shifts of less than 10 nm, typical of MPmptexes were observed,
suggesting that the nuclear configurations of theugd and excited states were
similar and not affected by excitation. The flu@essce quantum yields - determined
from Eq. 4.3 (same as Eq. 1.11) - were within theyeafor MPc complexes [431]

depending on their substituents (i.e. 0.03 to Oati?)) are listed in Table 4.2.

2
QF = (DF(std)ms—tdﬂ (4.3)
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Table 4.2:

Photophysical parameters, i.e. fluoreeace @ ) and triplet

quantum yields (@) as well as fluorescencet ) and triplet lifetimes (7. ) of

the complexes under study in DMSO, unless otherwisgated

Complexes” | 5., " e ? [ ae® o |ty [t @ |7

nm /nm /nm Ins Ins Jus
35 (CH;OH) | 687 693 652,684 0.18 [ 195 [ 351 ¢ d
35 694 695 695 042 | 147 6.17 0.31 66(
35 (PBS 7.4)] 690 679 677 0.03| 25.1] o0.79°¢ d
36 (CH:OH) | 688 678 674 0.22 | 17.3] 3.81° d
36 696 688 680 018 | 26.2| 472 063 28(
36 (PBS 7.4)| 691 680 679 015 19.4| 2.91° d
37a 720 725 721 0.18] 264 47 o 140
37b 722 728 722 0.19| 257 4.8% 050 200
37c 723 730 725 0.17] 294 5.0f 0.6 19|o
37d 726 733 729 016 274 43% o058 19
37e 7458721 | 758,725( 742,722| 0.05 | 1.38 | 0.07| 0.38] 150
37f 747,705 | 758,720] 750,706[ 0.07 | 1.42 | 0.10| 0.50] 150
38a 698 701 699 015 271 4.1 o066 290
38b 700 706 702 018 284 5.0 07p 250
38c 701 709 701 0.18] 294 52 o072 290
38d 703 711 706 017 264 456 0.7 21D
38e 700 725 702 011 283 31fp o0d2 210
38f 708 726 710 0.14 254 3.6¢ 0.7p 20p
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Table 4.2 continued

Complexes™ [ 2, ° AP [ ag? |op |1y e | @ |1
/nm /nm /nm Ins Ins Ips
39a (1-CNP)| 709 715, 710, 0.16 | 7.65 1.23 0.23 40
39b (1-CNP)| 710 717 711 0.17| 3.79 0.64 0.56 100
39c (1-CNP)| 712 716 712 0.19( 4.26 0.8] 0.45 60
39d(1-CNP) | 742 745 740 0.14] 4.39 0.6] 0.13 70

% solvents in brackets,” Ly, Ag,Ag = ground state Q-band, fluorescence and

excitation wavelengths; T, = natural lifetime,  not determined due to lack of

standards,® not determined, ® aggregated specie$monomeric species.

As was earlier stated, complex@geand37f showed split Q bands in DMSO.
Excitation for these complexes was performed at lgpthand peaks. Although the
excitation spectra of the other complexes were lamio their absorption spectra,
those of complexe37eand37f were dependent on the wavelength of excitation. The
excitation spectra of compl&Zeon excitation at the monomer peak (721 nm, trace i)
and the peak due to the aggregate (741 nm, tracedi shown in Fig. 4.4. The
excitation spectra at both wavelengths were diffefeom the absorption spectra in
that a single Q-band was observed instead of & @ghiand observed in absorption.
This showed that two species with different exawatspectra existed in solution of
37e Similar behaviour was observed f8rf. These observations suggested that
there was some fluorescence from the J-aggregatgiregated MPc complexes are
not known [269] to fluoresce since aggregation leantbe photoactivity of molecules
through dissipation of energy by aggregates. Heheeobservation of fluorescence
from the peak due to the aggregate was surpriskigorescence spectra 87eand

37f showed two bands (Fig. 4.4) consistent with the fhat both species fluoresce.
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The proximity of the wavelength of each componenthef Q-band absorption to the
Q band maxima of the excitation spectra3@eand37f suggested that the molecules
in the ground and excited states remained the sardethus were not affected by
excitation. The low fluorescence quantum vyields éomplexes37e and 37f

suggested that either the substituents atchposition enhanced the intersystem
crossing or there was quenching of the singleestiite former would have resulted
in high triplet quantum yields. However this was tlee case, thus quenching by

aggregation was expected for these complexes in@MS
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Figure 4.4: Normalised excitation spectra for 37€(i) excitation from the 721 nm

band (ii) excitation from the 741 nm band (iii) fluorescence spectrum of 37e

(excitation at 685 nm) in DMSO. Concentration of omplex ~1.0x 107" M.

The excitation spectra of the sulphonated comple¥®sand 36 were
performed in DMSO, methanol and PBS 7.4. In DM8&4dbsorption and excitation

spectra were similar and were also mirror imageghefr emission spectra. In
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methanol, the fluorescence spectrum of T{Pe#&s not a mirror image of the
excitation spectrum, but was a mirror image of #tsorption spectrum, Fig. 4.5.
Excitation spectrum exhibited a somewhat split Qehaand since monomerisation
was expected in organic solvents, the observedtisglin excitation spectrum was
probably as a result of changes in the moleculeviahg excitation. The excitation

spectrum suggested that there was aggregatiowiolijpexcitation as judged by the
presence of the high energy band associated wigreggtes. Another possibility of
the difference in absorption and excitation speatranethanol may be that the
complex is solvated by a solvent-separated iorspaiechanism thus effectuating
some structural changes to take place in the ekogtative to the ground state [432].
The observation of a difference between the exoitaand absorption spectra in
methanol and not in DMSO suggests that methanaweages solvent-separated ion-

pairs of the excited state.
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Figure 4.5: Normalised (i) excitation (652 and 688m), (ii) absorbance (687 nm)

and (iii) emission (693 nm) spectra of TiPcSin methanol. Concentration of

complex ~1.0x 107" M.
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A much narrower excitation spectrum was observedlfBcS, in PBS (Fig.
4.6) compared to its absorption spectrum and wasreor image of the emission
spectrum (not shown). The disappearance of the Whad was associated with
aggregated species around 630 nm suggested thasitonly the monomer that

fluoresced.
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Figure 4.6: Normalised (i) excitation (677 nm), {j absorbance (690 nm) spectra

of TiPcS, in PBS 7.4. Concentration of complex 1.0x 107" M.

The absorption, excitation and emission spectra ach in methanol are
shown in Fig. 4.7. The absorption and excitatioecsa were different in that they
had different Q band maxima, suggesting that theoring species was different
from the emitting species. The excitation spectmvas the mirror image of the
emission spectrum. What was very uncommon with ¢cbmplex was the observation
of a blue-shifted emission spectrum, i.e. emissiifux= 678 nm; absorptionimax =
688 nm, Table 4.2. A similar behaviour was obseliveBMSO, where a blue-shift
of 8 nm was observed, but the absorption and dianitapectra were similar and were

mirror images of their emission spectrum. The ownwe of the observed blue-
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shifted emission spectra with TaRafas very surprising and could not be explained
as most if not all phthalocyanine complexes complh Stokes law. Even though
multiple experiments were performed, the blue-sdifemission spectra were still
observed. The occurrence of the blue-shifted eonsspectra may be due to some
components fluorescing, Fig. 4.7 (e.g. componebs®ding at ~ 660 nm), probably
more than other components of the complex. Thiem@ason may explain the
narrowing of the Q-band in that some of the comptef TaPcsreadily undergo
excitation when compared to other components of dbmplex, with emission
occurring from these components hence agreemewebatexcitation and emission
spectra. The behaviour reported here for TaR&S not observed for unsubstituted
TaPc, showing this was a characteristic of the sukpibstituents and not the solvent

since DMSO, methanol and PBS showed the same lmhavi

~
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Figure 4.7: Normalised (i) excitation (674 nm), {j absorbance (688 nm) and (iii)

emission (678 nm) spectra of TaPgIn methanol. Concentration of complex ~

1.0x10™" M.
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The absorption and excitation of the TaRPa® PBS solution were also not
similar and were not mirror images of the emissspectrum, Fig. 4.8. Since the
addition of Triton X-100 did not show any presentaggregated species in PBS, the
observed excitation spectrum in PBS could be assaltrof the components of the
complex not fluorescing equally with one of thenmic components fluorescing.
Here, the emission spectrum was blue-shifted bgrilagain due to the difference in

components fluorescing.
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Figure 4.8: Normalised (i) excitation (ii) absorbace and (iii) emission spectra of

TaPcS, in PBS 7.4. Concentration of complex 4.0x 107" M.

Dissolving a phthalocyanine macrocycle in an agaeswvironment strongly
increases its dimer/monomer ratio, thus favouringgregation. Generally,
aggregation between neighbouring phthalocyaninecomi¢s leads to fluorescence
qguenching and this was observed with TiP(&%) in PBS 7.4, which had the lowest

@, value (i.e.® =0.03) compared to the values in organic solvem¢s @ =0.18
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and 0.42 in methanol and DMSO respectively). Thas Wwowever not the case with
TaPc& (36) in PBS 7.4 withd = 0.15. As there was no evidence of aggregation in
PBS 7.4 solution, the fluorescence quantum yieldesaof TaPcSwere found to be
comparable with those obtained in organic solventsis work with @ = 0.22 and
0.18 in methanol and DMSO respectively, and alpacgl of MPcs [269]. LowerD,
values are expected in DMSO (compared to methamwokekample) for the same
complex due to enhanced intersystem crossing (hatoiy effect) of this solvent,
Table 4.2. This was not the case g of TiPcS,(35). Comparing TaPG336) and
TiPcS, (35 in DMSO (or methanol), lowed is expected for the former due to the
heavy atom effect of Ta. This was the case for DM®&@® not methanol, Table 4.2.
Values of PBS were affected by aggregation asctdteve.

Fluorescence lifetimes; , were determined from Eq. 1.11, as the product of
the quantum yields and the estimated radiative rablifetimesty,. The natural

lifetimes were calculated from Eqg. 1.12 or 1.13 ba basis of the absorption and
fluorescence data. The calculated natural lifetimese within the nanosecond time
scale as is typical of MPc complexes. The coeffisiesf determinationrf) were ~

0.99 suggesting that the natural lifetime valuemioled using both equations were a
good measure of the calculated fluorescence ligim The fluorescence lifetimes

(tg) of the octa-substituted complexes increasedarotider39d < 39b < 39¢ < 39a

possibly due to quenching by ring substituents witie thiol complex 39d)
displaying the shortest lifetime and the phenoxyplex 39a) displaying the longest
lifetime. The lifetimes oB7eand37f were significantly lower most probably due to
the aggregated nature of the complexes. Other lexep displayed lifetimes that

were comparable to those in literature.
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Fluorescence quenching
Fluorescence of MPcs is readily quenched by queachueh as benzoquinone
or hydroquinone. Quenching studies were perforoeadcta-substituted complexes

in order to determine quenching rate constakys, The fluorescence quenching of

complexes39a — dwas assessed by monitoring the decrease in thesiemisitensity
of the complexes with increasing quencher conceatra.e. [BQ], Fig. 4.9. Upon
successive addition of BQ, the fluorescence intexssbf the complexes decreased,
due to the quenching of the excited state of theiPthe presence of BQ. The ratio
of the emission intensity in the absence and presehthe quencher (Eq. 4.4 which

is the same as Eq. 1.16),

% =1+ KSV[Q] (4.4)

was found to depend linearly on the concentratibaduled quencher [BQ]J,e. the

Stern-Volmer kinetics were obeyed, Fig. 4.10.

/ Increasing [BQ)] \
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Figure 4.9: Fluorescence emission spectral change$ 39a (1.0><10_6 M) on
addition of increasing concentrations of BQ. [BQJ 0.005, 0.010. 0.015. 0.020,
0.025 M.
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The linear dependence suggested typical homogendynemic quenching of the

complexes by BQ. The corresponding Stern-Volmenghing constantXg,,, were
found to range from 15 to 45 Mand from Eq. 1.15 Ksv =Kq 1), the bimolecular
quenching rate constant&,, were determined. The bimolecular quenching rate

constants were found to be close to the diffusiomtolled limits, ~18° M's?, Table

4.3.
/ 2 1 y=19.917x + 1 \
R* = 0.9947
1.5 -
=
1
005 | ) L) L) L) L) |}
0 0.005 0.01 0.015 0.02 0.025 0.03
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Figure 4.10: Stern-Volmer plot for fluorescence ganching of 39a {.0x 107° M)
by increasing concentrations of BQ. [BQ] = 0.00%).010. 0.015. 0.020, 0.025 M

Values near 1§ M's?, reflect the efficiency of the quencher, here B@jch was
observed for complexe39, more especially for the thiol-substituted comp&9d.
The values obtained were comparable to those ofdesith other phthalocyanines
and quenchers [268]. Since the interactions of é¢keited states with BQ were
diffusion-controlled, it thus follows that the clwas of collision will be higher, if the

number of molecules in the excited state is highém. this study the diffusion-
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controlled quenching was observed since practicadgh collision of the excited
complexes should result in quenching, thus sugugdiat BQ was an effective

guencher.

Table 4.3: Fluorescence quenching data for compleg 39a — d in 1-CNP.

Complex Ko, (MY kg M7s?)
39a 19.9 1.63x10'0
39b 16.5 2.58x 1010
39¢c 14.9 1.84x10'0
39d 44.6 7.31x 1010
AIPCTS 3.20x 1002

& quenching by benzohydroquinone (BQH) [268]

The quenching of TiP¢335) and TaPc$(36) fluorescence in the presence of
MV ?* was also performed to determine the effect of ghiery in ion-pairs. Addition
of increasing MV7* concentrations to TiPg@nd TaPcSin methanol resulted in the
progressive reduction of the fluorescence intensity quenching of the fluorescence
of the complexes was observed. Treatment of thessom suppression data by the
standard Stern-Volmer analysis (Eq. 4.3), i.e.rid8oence intensity vs. the quencher
concentration, resulted in plots with a downwardvature, Fig. 4.11. The downward
curving SV plots indicated that the fluorescencermhing was not simply dynamic.
Essentially this observation suggested that twesygf fluorophores which were not
equally accessible to the quencher existed in ystes). Thus one type was

accessible to the quencher while the other wasesasible.

187



Chapter 4: Photochemical, photophysical and photocatal ytic properties
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Figure 4.11: Stern-Volmer plots showing fluoresceze quenching of (i) TiPc$

and (ii) TaPcS, in methanol as determined by fluorescence intengitas a function
of [MV #].
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Figure 4.12: Modified Stern-Volmer plots showing genching of (i) TiPcS and

(i) TaPcS, in methanol as determined by fluorescence intengitas a function of
[MV 4.
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To determine the fractional accessibility of theoflescing MPc§ to the quencher
MV ?*, the SV equation was thus modified [237,275] to £§ (same as Eq.1.18)

Fo_ 1 .1
AF K. [Q] f,

(4.5)

Plots of Fy/AF vs. ]/[Q] were linear, with intercepfa_land (faKf )_1as slope, Fig.

4.12. From the intercepts, the data obtained suggebkat 73.5 % and 23.9 % of the
total fluorescence of TiPgSand TaPc$was accessible to the quencher (v

respectively. The quenching constars,, for TiPcS and TaPcSwere calculated

to be 9.3x10*M s and 3.49x10%* M*s? respectively, Table 4.4.

Table 4.4: Quenching parameters of TiPcS(35) and TaPc{(36) in methanol in
the absence and presence of MV

Complex £ AF (%) @ K (Mts?h
TiPcS, 1.36 735 9.43x 10°
TaPc$§, 4.18 23.9 3.49x10%
AIPCTS > 00x 10100

& AF is the percentage Accessible Fluorescence teethuencher
(MV 2", P [268]

The values obtained were small compared to repd@68] collisional quenching
constants (~ T8 M™s') thus suggesting that the fluorescence was nacitljr
qguenched by collision. The downward curving SV glot Fig. 4.11 indicated that
only fluorescence from the complexed MRAS quenched and the unquenched
fluorescence is as a result of uncomplexed MPd®e fluorescence quenching

constant K; ) was much larger for TiPgShan it is for TaPcSbecause there were
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more complexed ions, i.e. (MY-(TiPcS,), and (MV*"),-(TiPcS,) than there were in
the latter complex with methyl viologen, i.e. (MY-(TaPc$),, see section 3.2, Fig.

3.7.

4.2.2 Triplet state properties

The triplet quantum yields and triplet lifetimestéd in Table 4.2 were
determined by the laser flash photolysis systencrde=d in Chapter 2. A typical
decay curve 089b (characteristic of all complexes) in 1-CNP is shawrrig. 4.13.
The insert shows a first order dependence of thketrstate, thus confirming that the
decay was monoexponential and that the observedyde@s only due to the

depopulation of the triplet state and not quenchiygtriplet quenchers such as

oxygen.
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Figure 4.13: Triplet state decay curve of 39c in-CNP. Inset shows the first

order plot of the complex.
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The tetra-substituted complex83a — fand 38a — { gave relatively high
triplet quantum yields®- , which were determined by the triplet absorptiogtimd,

compared in general to the octa-substituted conegl8?2 The wavelengths of the
triplet species where maximum absorptions tookelaere centred around 500 nm.
The @ values were dependent on the substitution posit@hall the complexe35

— 38 the sulphonated compl®6 (TiPcS,) gave lower triplet yield and longest triplet
lifetime in DMSO, Table 4.2. The non-peripheradiybstituted complexe87) had
lower quantum yields than the corresponding pergdhesubstituted derivative$8),

an indication that efficient intersystem crossirggurred with the latter complexes
since deactivation by IC was minimal. The triplguantum vyields were
complemented by the singlet oxygen quantum yi€ldble 4.1 and 4.2, i.e. high

for complexes38 compared to complex&. Triplet lifetimes,t;, were determined
by fitting the data to OriginPro 7.5 and were fouade relatively long-lived, except
those of complexe87e and 37f which were slightly shorter, probably affected by
aggregation.

Of the octa-substituted, complex88b and 39d exhibited the highest and
lowest triplet quantum yields respectively in 1-CNRable 4.2. The substantial
decrease in the yield 8d may be due to the less efficient intersystem cngsas a
result of loss through internal conversion. CompB9a had the shortest triplet
lifetime while complex39b had the longest lifetime. The long lifetime foetlatter
could be due to its less aggregated nature beadube bulkytert-butyl substituents.
The lifetimes obtained for all the octa-substitutmamplexes are unusually small
when compared to values reported for phthalocyaname to complexe35 — 38in

DMSO, Table 4.2. This may be related to the trammsétion that took place in 1-

191



Chapter 4: Photochemical, photophysical and photocatal ytic properties

CNP following irradiation by the laser and whitght than it was the case for

complexes35 — 38in DMSO.

~

Absorbance

500 550 600 650 700 750 800

K Wavelength (nm) /

Figure 4.14: UV/Vis spectra obtained before (i) ath after (ii) laser irradiation of
39b in 1-CNP

Figure 4.14 shows a change in the spectrum of cex§9b following laser
irradiation in deaerated 1-CNP. Similar (but Ipssminent) changes were observed
when white light was employed. The spectral chargfeowed a drastic decrease in
the Q-band as well as an emergence of a broadddranl the longer wavelength side
(~730 nm) coupled with an increase in intensityhi@ 500 nm region. These spectral
changes were observed in 1-CNP but not in non-ttdted solvents such as THF.
However due to lack of appropriate standards in ,Tattel low solubility in DMSO,
the laser-flash photolysis was studied in 1-CNPheatthan the more commonly
employed DMSO. Exposing the MPc in 1-CNP followwdite light or laser light
irradiation to air or bubbling oxygen did not resinl the regeneration of the Q-band,

thus suggesting that the observed transformatianeadue to the reduction product
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of the complex, but most likely due to oxidatioAddition of a reductant (sodium
borohydride) to the solution resulted in the insean the Q-band intensity, and a
decrease in the background in the 500 nm regias, ¢bonfirming the regeneration of
the Pc following reduction. In phthalocyanine cliwny, a decrease in the Q-band
intensity and an increase in the intensity in tld® Bm region imply a ring-based
oxidation or reduction [338]. Thus irradiation dfiet complexes resulted in ring
oxidation. Furthermore, photooxidation of MPc cdexes in the presence of
chlorinated solvents with the formation of a phtitgianine cation radical has been
documented [433,434]. The following mechanism whss proposed for the
photooxidation of complexe39a — din the presence of 1-CNP (Eq. 4.6 and 4.7).
TiPc(™) + hv - 3 Tipc( 72" (4.6)
3Tipd 2" +R-cl - (TiPd ™V y Y +Rr-cCI°~ (4.7)
where R-Cl is 1-CNP and the axial ligand has beérolt for clarity.

There was however no change in the intensity ofodaed at ~730 nm upon
reduction with sodium borohydride, implying thatisthband was not due to an
oxidation product. A similar band to the one obedrin Fig. 4.14, termed tHexX”
band, has been observed before in substituted ZmPwplexes [435] and was
attributed to the distortion of the Pc ring in dithéed ZnPc complexes. It is also
known that the presence of eight phenyl groupshenperipheral position of the
phthalocyanine ring results in high distortion loé tring [436]. Thus, the presence of
an extra band for complexeé3®a — d may suggest loss of symmetry following

photolysis in these molecules due to the distorbibiine MPc molecule.
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4.3 Photocatalytic oxidation of 1-hexene

4.3.1 Photochemical properties

The comparative photocatalytic activities of aryld87a, 37¢ 38a and 380
and arylthio 87e 37f, 38eand 38f) tetra-substituted oxotitanium(lV) phthalocyanine
complexes for the oxidation of 1-hexene were ingastd. The complexes were
selected because they bore similar substituentsever they differed in their ether
(C-0O-C) and thiol (C-S-C) bond linkages. The satgixygen quantum yields as well
as the photostabilities of the complexes were detexd with the methods described
in the experimental section. The rates at whieh dbmplexes degraded were also
determined. The photochemical parameters weraisisc above in Table 4.1, but
the photocatalysis experiments were performed iMDRence are presented in Table

4.5 for this solvent.

Table 4.5: Singlet oxygen quantum yields, photobdehing quantum yields and
the rate constants of 37a37¢ 38a, 38c, 37¢37f, 38e and 38f in DCM.

Complex @ s ®, o, k (min™*

37a 0.58 0.63 23104 | 4.2¢102
37c 0.54 0.61 25x10% | 382102
376 0.56 0.69 cax10% | 32010 L
371 0.51 0.64 cox10® | 29x10L
38a 0.53 0.8 7104 | 31x102
38c 0.54 0.73 2 2% 1074 3.4x1072
38e 0.55 0.86 nex10? | 27x10-L
38f 0.50 0.7 15x10% | 2.4x10-
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The photocatalytic experiments were carried ouD{®M because it was a
suitable solvent in which the complexes were s@uldh the monomeric form.
Solutions containing appropriate amounts of catadysl substrate (1-hexene) were
irradiated with light in the Q-band region of thespective catalyst and the reactions
monitored with time using GC and UV/Vis. As earlexplained, irradiation of MPc
with light at an appropriate wavelength resultghia formation of the energetically
rich and chemically more reactive singlet oxygtdy), which is responsible for many
photooxidation reactions [437].

The singlet oxygen was determined as describedréefith DPBF as the
singlet oxygen scavenger. The singlet oxygen qumangields of the complexes in

DCM were relatively high, ranging from 0.61 to O.8&ble 4.5. Theb, values of

the peripherally substituted complex88 were larger than those of the non-
peripherally substituted complexe®/ considering the same substituents. This
observation was similar to that in DMSO, Table 4Additionally, ®, values of the
arylthio-substituted complexe37¢ 37f, 38e and 38f were marginally larger than
those of the aryloxy-substituted compledd®, 37¢ 38aand38c This was the case
in DMSO for38eand38f compared t@8aand38¢ but not for37eand37f compared
to 37a and 37c due to aggregation @d7e and 37f in DMSO, Table 4.1. All the
complexes exhibited excellent efficiencies in tigket oxygen generation under the
employed experimental conditions. Thus the lafgg values were sufficient for
photooxidation reactions.

The photostabilities were determined in DCM in orttiedetermine the effect

of the substituents on the stability of the compkex The photobleaching quantum

yield (®,) values of the complexes were found to range frarax10~* to
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5.3x10™4 with the arylthio-substituted complexesandf) slightly less stable than
the corresponding aryloxy-substituted complexeandc). The substituent electronic
effects could explain the slight variation in tibg, values, i.e. the arylthio groups are

more electron-donating than their correspondindoagy groups and thus tend to
enhance the probability of the photobleaching ped@26]. Furthermore, the non-
peripherally substituted complexe376 37¢ 37eand 37f) were slightly less stable
than their peripherally substituted counterpadta(38¢ 38eand38f).

The photobleaching rate constariky ¢f the complexes were calculated from
Eq. 1.9 (Table 4.5) where smaller valuek abrrespond to a higher photostability. It
is obvious that the aryloxy-substituted complexasa(d c) exhibited a higher
photostability than the corresponding arylthio-gitbsed complexese(andf). The
observed trend is as a result of the more eledwvating arylthio groups slightly
reducing the stabilities of the complexes as dsedisabove. A relation between the
photostabilities and singlet oxygen quantum yietdslld exist. For example, the
arylthio-substituted complexes generated higheldgief singlet oxygen than the
aryloxy-substituted complexes, thus the probabityphotobleaching was higher in
the former than in the latter, since photobleachsnigitiated by singlet oxygen. The
dependence of the photocatalytic oxidation of lemex towards the complex

photostabilities is discussed below.

4.3.2 Photocatalysis

The photocatalytic activities of the various OTi®enplexes for the oxidation
of 1-hexene in the presence of oxygen were invatstij The transformation of 1-
hexene was found to yield 1,2-epoxyhexane as a rnm@ajoduct, identified and

verified by spiking of authentic samples from G@(M.15) and GC-MS. In addition
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the allylic oxidation product, i.e. 1-hexen-3-ol svabtained as a minor product.

-

19,24
—— 984

|

Figure 4.15: GC traces obtained during the photodalysis of 1-hexene (i) in

DCM yielding oxidation products: 1-hexene-3-ol (i and 1,2-epoxyhexane (iii).

The resultant 1-hexene conversions and 1,2-epomyteexselectivities are
summarised in Table 4.6, obtained after 8 hourse arylthio-substituted complexes
(e and f) enhanced the catalytic activities compared to dbeesponding aryloxy-
substituted derivativesa(and c). Also, the peripherally substituted derivatives
exhibited excellent catalytic activities compared their corresponding non-
peripherally substituted counterparts. A correlati between the observed
photocatalytic trends and singlet oxygen quantuehdgi existed (Table 4.5 and 4.6),
whereby complexe88 > complexes37 in ®, values. Furthermore, the phenoxy-
and phenylthio substituted complexXg®a and 38e showed the highest conversions,
Figs. 4.16 and 4.17 respectively, as well as emoseélectivities (Table 4.6). The

benzyloxy and benzylthio substituted comple®&s and 37f however showed the
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lowest activities and epoxide selectivities (TaBlé). No oxidation product was
observed in the absence of catalyst thus confirntiveg need to utilise OTiPcs as

photocatalysts.

Table 4.6: Photocatalytic oxidation of 1-hexene bgomplexes 37a37¢ 38a 38¢
37¢ 37f, 38eand 38f in DCM.

Complex | % Conversiorf” % 1,2-Epoxyhexane selectivit)
37a 12.97 76.4
37c 11.92 73.7
37e 13.66 78.0
37f 12.36 75.5
38a 17.56 87.1
38c 15.91 80.5
38e 18.02 90.8
38f 16.11 82.1

(1-hexengyjtia) ) — (1 —hexengemaining ) y
(1-hexengitia )

M ohconversion = 100

i) % selectivity = epoxideypained/[(1 —hexengitial ) — (1 —hexengiyg )]
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Figure 4.16: % Conversion plots of 1-hexene oveinie for the photocatalytic

oxidation of 0.5 mmol 1-hexene in the presence of gmol aryloxy substituted

oxotitanium(lV) phthalocyanines (37a, 37c, 38a an@8c) in DCM.
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Figure 4.17: % Conversion plots of 1-hexene oveinhe for the photocatalytic

oxidation of 0.5 mmol 1-hexene in the presence of dmol arylthio substituted
oxotitanium(lV) phthalocyanines (37e, 37f, 38e and8f) in DCM.
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The fate of the OTiPc complexes during the photdgais of 1-hexene was
monitored by UV/Vis spectroscopy. The rate of jplstability was found to be

dependent on the light intensity as shown in Fid84 As mentioned in the

experimental section, the optimum intensity of figised Was4.0><1016photons.'s
! em?, which was high enough to effectuate the photdysi|nand low enough to
avoid photodegradation of the catalyst. Overdllithe& complexes exhibited excellent

photocatalytic activities.

Absorbance

0 2 4 6 8
Wavelength (nm)

Absorbance

550 600 650 700 750
Wavelength

Figure 4.18: UV/Vis spectral changes of 38b obserst with variation of light

intensities: (i) 6.5x108 (i) 5.2x10™and (i) 4.0x10'®photons.s*.cm? during

the photocatalysis of 1-hexene.

A point to consider is the relationship betweenghetocatalytic activities and
the catalyst photostability. A plot of 1-hexenegersion vs. catalyst photobleaching
rate constant is shown in Fig. 4.19. The perighesabstituted complexe38a, 38¢

38e and 38f showed higher activities than the corresponding-pempherally
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substituted complexe87a 37¢ 37e and 37f, which showed moderate activities.
However, complexe88e and 38f were relatively unstable, while complex&8aand
38cwere more stable. It was obvious from the plet the phenoxy and benzyloxy
substituted complexe88a and 38c were better catalysts as they combined good

photocatalytic activity, singlet oxygen quantumigiand photostability.

2 N
qa 18 - o 38a .38e
= [«9)
2 5 16 e 38 ® 38f
o 3
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o ™ ) & 37e
@) & 37a
2 12 . 37 & 37f
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Figure 4.19: % Conversion of the photocatalytic oxlation of 1-hexene in

relation to the photobleaching rate constants k) of oxotitanium (1V)

phthalocyanines in DCM.

It is important to note that the formation of thmoride and the allylic product
suggested that there were two possible types @feaspecies, one of which was
responsible for the production of the 1,2-epoxylmexand the other for 1-hexen-3-ol
[438]. Thus to determine the mechanisms involvethée production of the oxidation
products, photocatalytic reactions were undertakerthe presence of DABCO
(singlet oxygen quencher) and a radical quenchérdiZert-butyl-4-methylphenol
(BHT), Fig. 4.20 and 4.21 respectively. Additioh[@ABCO led to a pronounced

decrease of 1,2-epoxyhexane formation, Fig. 4.20levthe amount of allylic alcohol
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was not affected. This observation thus suggettatisinglet oxygen was the sole
active species in the production of the epoxide.ddiion of BHT however
deactivated the active species responsible fofaitmeation of the allylic alcohol, thus
suggesting that radicals in solution were the actipecies, Fig. 4.21. The formation
of the epoxide in the presence of BHT was not &fic The presence of the radicals
may also be facilitated by the solvent, DCM, asodhhted solvents are known to
form radicals during photolysis [226]. Thus botyp€ Il (singlet oxygen) and Type |
(radicals) mechanisms were involved in the photdgat oxidation of 1-hexene
mediated by the OTiPc complexes, with the formerotaing the formation of
epoxide and the latter the allylic alcohol. The@&yl mechanism was the dominant

process since the selectivity of 1,2-epoxyhexang exeer 70 %, Table 4.6 and Fig.

4.20.
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Figure 4.20: % Selectivity plots of 1,2-epoxyhexanin (i) absence and (ii)

presence of DABCO over time during the photocatalys of 1-hexene by 38a (1
pmol) in DCM.
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Figure 4.21: % Selectivity plots of 1-hexen-3-ohi (i) absence and (ii) presence of

BHT over time during the photocatalysis of 1-hexenby 38a (1pmol) in DCM.

In light of this, epoxidation and allylic oxidatisnwere two competing
processes that typically took place due to attacthe 1-hexene double bond in the
former and hydrogen abstraction in the latter. sSEherocesses often occur
simultaneously [291]. Although the role of the mletomplex as well as the
mechanistic route was not clear, the mechanism shovcheme 4.1 was proposed.
Following irradiation, the fate of 1-hexene wasedetined by either Type | or Type II
mechanisms. As earlier mentioned the former ingpligdicals as oxidising agent,
which form the hydroperoxide intermediate by hy@nogbstraction/hydroxylation,
thus yielding the allylic alcohol, i.e. 1-hexen-Bas a minor product. Singlet oxygen
in the Type Il mechanism is the oxidising agentjolhtprobably forms the diradical
intermediate, i.e. peroxirane. The abstractiorthef terminal oxygen results in the

epoxide, i.e. 1,2-epoxyhexane, as the major prodlibe epoxidation selectivity over
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hydroxylation might be due to the fact that thenfer tends to dominate with

oxometallic complexes [291].

(@)
H3C\/v<|

epoxide

MPc —» 'MPc —» *MPc’ /
‘MPc” + O,
/—\ /O-
1()2

o}
H3C\/v<,
Type Il peroxirane
HyC
3 MCHZ

\ - I OOH

ype H c\)\/\

_ PAESS CH,
radicals allylic
peroxide \

OH
H C\)\/\
A CH

allylic alcohol

3

Scheme 4.1: Proposed mechanism for the formation dhe photooxidation

products

4.4 Conclusion

It was shown that in DMSO the complexes producdticent singlet oxygen and

were relatively unstable — compared to MPcs in ganeith @, values of 407°-

due to increased photooxidation brought about kyellectron-donating ability of the
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substituents. Th@-substituted arylthio complex&8e and 38f exhibited the largest

®, values, while theira-substituted counterparts, i.e. complex@ze and 371,

exhibited the lowest in DMSO. Thé, values for octa-substituted complexes were

relatively low due to the radicals emanating frome tthlorinated solvent, 1-CNP.
Fluorescence lifetimes and quantum yields as weltriplet quantum yields were
comparable to those in literature, while the phbymical parameters of complexes
37e and 37f were low due to aggregation. Selected complexere vieund to

photocatalyse 1-hexene by the Type | and Type Ithaeisms to respectively

produce an allylic alcohol (1-hexen-3-ol) and eplex{1,2-epoxyhexane).
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Chapter 5: Electrochemical characterisation

The structures of the MPcs employed are provided ain for the convenience of

the reader.

ClsTaPc (34) studied in this chapter.

Tetra-substituted aryloxy and arylthio OTiPc complexes used in this study.
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Where R = o—@ &

Tetra-substituted nitro (40) and amino (41) OTiPc omplexes used in this study.
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This chapter is based on the electrochemical ctersation of the complexes by
methods such as cyclic voltammetry, square waveanwhetry, chronocoulometry
and spectroelectrochemistry.  The electrochemicalpgrties exhibited by the

complexes are discussed.

5.1 Tantalum phthalocyanine

The electrochemical properties of tantalum phthaomes are unknown and
hence the following studies were undertaken .

Phthalocyanine oxidation and reduction usually odouone-electron steps.
Up to two one-electron ring oxidations may be obsdrand up to four one-electron
ring reductions are possible which are at timeScdit to observe due to electrolyte,
solvent and electrode limits [341]. For MPcs contyy electroactive central metals,
additional oxidation or reduction processes mayobserved, generally occurring
between the first ring oxidation and the first rirggluction.

The cyclic and square wave voltammograms (insér§lgraPc 34) in DMF
containing 0.1 M TBABE are shown in Fig. 5.1. Oxidation of compl84 is
expected to occur only on the ring, however, oxataprocesses were not observed.
The presence of the electropositive central métal Ta>) with a high oxidation
state, causes charge migration from the ring tocémral metal to occur. Therefore
the ring in this complex is expected to be mordialift to oxidize such that
oxidations occur at much higher positive potentid&eduction of GlTaPc may occur
at the central metal (13 and/or at the ring. In Fig. 5.1, three reductipncesses
labelledl — Il were observed at half-wavE,(,) potentials of -0.31, -0.48 and -0.94
V vs. Ag|AgCl respectively. The ratio of anodicdathodic currents {{1,c) was near

unity for the couples. The cathodic to anodic psaegarationE) was 90 mV for
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couplell (peak separation for the ferrocium/ferrocene coupds also 90 mV), but
for I andlll, cathodic to anodic peak separations greater tham\@Qvere observed
suggesting quasi-reversibility and slow electraangfers. A look at relative CV
currents for processdsandll compared to procedd may suggest that the latter

involved more electrons than each of the first bmaples, Fig. 5.1.

:I:zo pA

III 11 I

-1.2 -1 -0.8 -0.6 -0.4 -0.2 0
E/V(vs. Ag| AgCl)

T

II /.—-—-—"
—

20 pA
I

1.2 -1 -0.8 -0.6 -0.4 -0.2 0
E (V/Ag| AgCl)

Figure 5.1: Cyclic and square wave voltammogramsf@4 in DMF containing
0.1M TBABF,. Scan rate 0.2 V3.
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Multi-electron processes which occur in one step ant common in
phthalocyanines. However, there have been repdréss Cd'Pc being reduced to a
CoPc in one step [341]. In related porphyrins, tdesgon transfers in one step are
known for distorted (non-planar) complexes [439hu$, it is possible that the
distorted CiTaPc will also exhibit a single step, multi-electrivansfer process. The
number of electronsf for couplelll was calculated using Eq. 5.1 which applies to
reversible processes [440],

I p4RT
QFv

(5.1)

whereQ is the charge under a given voltammetric peakéeitathodic or anodicy,

is the scan rate ari®l F andT have their usual meaning. Even though coliplevas
not completely reversible, Eg. 5.1 was employedit®@ an approximate number of
electrons transferred and this was found to be ¥h& nature of redox processes
occurring and the number of electrons transferreds wconfirmed using
spectroelectrochemistry discussed below. Plotatsfodic current vs. the square root
of scan rate\?) taken from 100 mv&to 800 mV& were linear, (ot v¥'? vs.v was
constant), thus suggesting a diffusion controllextess.

In order to further probe the redox mechanism ofmgex 34,
spectroelectrochemistry in an optically transparehin layer electrochemical
(OTTLE) cell was employed. Spectroelectrochemistwplves both electrochemistry
and in situ UV/Vis spectroscopy to measure simultaneous etecwptical and
structural changes observed in the electrochemézadtions. The spectral changes
observed upon reduction of compl84 at potentials of proceds(i.e. -0.31 V vs.
Ag|AgCl) in DMF containing 0.1 M TBABFare shown in Fig. 5.2. The spectral

changes in Fig. 5.2 showed a shift in the Q-banthf692 to 684 nm. A shift in the
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Q-band without a lowering of intensity is typicdlaredox process occurring on the
central metal [168]. Thus procebswvas due to the reduction of the central metal
(Ta"™). Coulometry confirmed the number of electrorensferred to be 1.3 (~1)
following reduction at potentials of process hence a one-electron reduction of
Ta’Pc to T&'Pc was confirmed. Further reduction (starting Wit last trace in Fig.
5.2) at potentials of proce#is (-0.48 V vs. Ag|AgCI) resulted in the spectral opas
shown in Fig. 5.3. These spectral changes codsistean increase in absorption

between 550 and 650 nm, with peaks being obsetv&20aand 655 nm.

C N

«— (i)

~

Absorbance

350 450 550 650 750
K Wavelength (nm) j

Figure 5.2: UV-Vis spectral changes observed durgq controlled potential
reduction of 34 in DMF containing 0.1 M TBABF, at process | (-0.31 V) where (i)

the first scan and (ii) the last scan.
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) \
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Figure 5.3: UV-Vis spectral changes observed durgq controlled potential
reduction of 34 in DMF containing 0.1 M TBABF, at process Il (-0.48 V). The
first spectrum in (i) is the same as the last specim in Fig. 5.2, where (i) the first

scan and (ii) the final scan.

Clear isosbestic points were observed at 725 ard@l 68 thus confirming the
involvement of only two species in solution. Artiiease of intensity in the 550 to
650 nm region is typical of ring-based processeslRt complexes [338]. Thus the
spectral changes shown in Fig. 5.3 were consisitit a one-electron process
involving the reduction of the ring. Coulometrynfomed the number of electrons
transferred to be near unity for reduction at ptéés of procesdl and hence the
formation of a T¥Pc® species.

Further reduction at the potentials of procéids (-0.98 V vs. Ag|AgCl)
resulted in spectral changes shown in Fig. 5.4es@&lconsisted of an increase in the
peaks at 620 and 655 nm (associated with tH&PEa species), without any shift in
wavelength. The relative intensities of the pelataever changed with electrolysis

time, with the low energy peak at 655 nm (Fig. b)M#eing more prominent than the
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high energy peak at 620 nm, even though the twe awbout the same intensity at the
start of the reaction (Fig. 5.4(i)). The increas@bsorbance continued for over two
hours, without any shifting in wavelength of theakg®  This is an unknown
behaviour in MPc complexes. Further ring reductiorthe T&'Pc* species would
result in a broad peak around 500 nm, and the piesapnce of the peaks at 620 and
655 nm due to the T4Pc> species [338]. A broad band was formed in the B®0
region in Fig. 5.4, which may imply the presenceadP¢& species. However, the
increased absorbance in the bands in the visibgomesuggested simultaneous
reduction of the central metal. At the end of ¢hexctrolysis, coulometry confirmed a
4 electron transfer in Fig. 5.4. It was not polestb unequivocally assign procdss
from this work. However, since it was proven th@as couple was a four electron

process, the spectral changes shown in Fig. 5.4 vtesrtatively assigned to further

reduction of Ta and the ring.

Absorbance

350 450 550 650 750

K Wavelength (nm) j

Figure 5.4: UV-Vis spectral changes observed durgq controlled potential
reduction of 34 in DMF containing 0.1 M TBABF; at process 1l (-0.94 V). The

first spectrum in (i) is the same as the last specim in Fig. 5.3, where (i) the first

scan and (ii) the final scan.
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Simultaneous two electron processes are very rarghthalocyanines and
simultaneous four electron processes are unknole occurrence of multi-electron
transfer processes may be as a result of the raraphature of comple34, similar
to non-planar porphyrins [439]. It is theoretiggiossible to reduce ¥ato Td and
to reduce the Pc ring by a further five electromgarm P¢&® species. The spectral
changes shown in Fig. 5.4, suggested ring redu¢tidpc* and metal reduction, as
discussed above.

Based on the above discussion, a mechanism wasogaopfor the
electrochemical reduction of £gJlaPc 84) as follows, Egs. 5.2 and 5.3, with axial

chloride ligands left out:
TaPc?+e” o TaVpc™? (process) (5.2)

TaVpPc?+e” o Ta'Vpe™ (processl) (5.3)

Processll was tentatively assigned to:

TaVpc3+4e” o Ta'Pc™ (processll ) (5.4)
Reduction of GJTaPc B4) is expected to be accompanied by a stepwiseofabe ClI
ligands. Equations 5.2 and 5.3 were proposed baseithe spectroelectrochemical
data which showed a one-electron reduction (atrpiaie of process$) at the metal
and a one-electron reduction at the ring at paéntf procesd. Equation 5.4 was
tentatively proposed to account for the " 4dransfer confirmed by

spectroelectrochemistry.
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5.2 Oxotitanium(lV) phthalocyanines
5.2.1 Phenoxy- and 4tert-Butylphenoxy-substituted OTiPcs:

(37a, 37b, 38a, 38D)

Similar to TaPcs, detailed electrochemical studiestanium phthalocyanine
derivatives had not been reported. Figure 5.5 shiv cyclic voltammogram (CV)
and square wave voltammogram (SWV, insert) perfdrne de-aerated DMF
containing TBABE. Only one set of CV and SWV (for compl8%a) is shown since
all the complexes3(a 37b, 38a and 38b) had similar behaviour. The half-wave
potentials (k) are listed in Table 5.1.

Three reversible reduction processes (labdlledll ), a poorly defined quasi-
reversible oxidation process (labelldd) and an irreversible oxidation peak (labelled
V), were observed. For couples Il , the cathodic to anodic peak currents/lic)
were near unity and anodic to cathodic peak saparddE) ranged from 60 to 98
mV, thus suggesting reversible to quasi-reversti@@aviour,AE of 90 mV was
obtained for the ferrocene standard. A plot ofghak currentlf) as a function of the
square root of the scan rate”{) for all processes gave straight lines which are
characteristic of a behaviour associated with &usibn controlled process.
Comparing the relative CV currents for procedsasdll to those of procedd may
suggest that the former two couples involved mégeteons than the latter. As stated
above for GTaPc, multi-electron processes occurring in onp ste not common.
Stated above also is the fact that two-electronsfeas in one step are known for
distorted (non-planar) porphyrin complexes [441}448herefore, it is possible that
the complexes will show a single step multi-electtoansfer process since titanyl

phthalocyanine complexes have been reported tasbarteéd [33,36,444,445].
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Figure 5.5: Cyclic and square wave (insert) voltammograms of 37a in DMF
containing 0.1 TBABF,. Scan rate 0.1 V3.

The lack of symmetry of TiPc complexes thus resuiteelectrochemical behaviour
different from that of the corresponding ZnPc coexplk such as the Zn complex of
2,(3)-tetratert-butylphenoxyphthalocyanine (ZnTBPPc), which showw®b one-
electron reductions and one one-electron oxidd288], Table 5.1. MPc complexes
are known to show one-electron redox processes],[3h&refore the different
behaviour exhibited by the TiPc complexes was dueeir highly distorted nature, as

was observed above for comple4(ClsTaPc).
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Table 5.1: List of redox potentials for MPc complges studied in this work.

Complex Redox processH;i ., (V)]
| I 1] \Y; Oxidations
TVPc? Ti" Pc? Tl'Pc? Ti'Pc¥
Ti" Pc? Ti'Pc? Ti"pc® Ti'Pc?
33 -0.72 -0.98 -1.21 1.35
37a -0.37 -0.78 -1.04 0.81, 0.99, 1.19
37b -0.46 -0.77 -1.08 0.81, 1.00, 1.20
37c -0.18 -0.58 -1.51 -1.76
37d -0.14 -0.55 -1.42 -1.71
37e -0.07 -0.46 -1.33 -
37f -0.09 -0.40 -1.30
38a -0.32 -0.74 -1.05 0.88,0.99, 1.19
38b -0.37 -0.78 -1.0f 0.82, 1.01, 1.40
38c -0.17 -0.59 -1.48 -1.74
38d -0.14 -0.52 -1.40 -1.70
38e -0.07 -0.37 -1.20
38f -0.09 -0.42 -1.28
39a -0.10 -0.47 -1.32
39b -0.08 -0.42 -1.33
39c -0.09 -0.41 -1.26
39d -0.05 -0.37 -1.22
41 -0.42 -0.80 0.75,8.9
ZnTBPPc’ -0.84 -1.32 0.70

. . il 2 b .
® Two electron reduction assigned to T Pc¥Ti"Pc? "Two electron reduction

assigned to T Pc%/Ti'Pc?, “One electron reduction, assigned to TRP¢¥/Ti'Pc?

4TBPPc =tert-butylphenoxy phthalocyanine. Data from [289].
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In order to identify ring-based redox processelim 5.5 and Table 5.1, the
peak potentials were compared to those of the sporaling zinc derivative
containing the same ring substituents. All proesssre ring-based in ZnPc
complexes since the central Zn metal is electroiv@¢341]. In Table 5.1, the peak
potentials of ZnTBPPc (as an example) reportedrbef@39], have been included.
The first ring reduction in this complex was obsshat -0.84 V vs. Ag|AgCl in DMF,

a value in the range of procelds and the first oxidation at 0.70 V, which is less
positive than proced¥ of complexes37b and38b, containing the same substituents,
l.e. 4iert-butylphenoxy groups. These observations showed ith ZnTBPPc,
oxidation was easier and reduction more difficidimpared to the corresponding
complexes37band38b. This observation was due to the electropositateire of the
Ti™ which makes oxidation more difficult and reductiasier.

Analysis of the closely spaced coupld¥a and IVb) observed for the
oxidation process, suggested that they may hawdtedsfrom aggregation of the
complexes. It has been well documented [341] that closeness of the peaks
generally results from aggregation of the electiiwac species due to the
concentrations employed for voltammetric studid$V/Vis data of the complexes
recorded at these concentrations (*M) showed broadening of spectra. The effect
was further supported by the disappearance ofdhele labelledVa on dilution of
the solution, showing that this process was dubdaggregated species. Processes
— IV were easily seen on the SWV and a small peak Wwasreed on the SWV at
~200 mV, but not on CV and thus could not be assign Reduction in TiPc
complexes is expected to occur at the central nagidlat the ring, while oxidation is
expected to occur only at the ring. Comparing thenoxy substitute@7a (non-

peripheral) and38a (peripheral), shows that the latter was marginatigre easily
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reduced (for couplek andll) and more difficult to oxidize (proce$¥). The trend
for the 4tert-butylphenoxy substituted complexé&¥b and 38b was not clear.
Aromatic ring substituents function as electrona@srhence are expected to enhance
oxidation. Complexe87b and 38b containing the 4ert-butylphenoxy substituents
should oxidise easily, hence the observation oflaton peaks. Similarly, complexes
37aand38acontaining phenoxy substituents also showed oxadateaks, due to the
electron donating behaviour of the phenoxy gro@ompared to the unsubstituted
TiPc 33), complexes87a 37b, 38aand38b were easily oxidised and easily reduced,
Table 5.1.

To obtain a more accurate measurement of the redawalency, the three
1/2

reduction processes were studied by chronocoulgme®ots ofQ (charge) vst

(time) from Eq. 5.5 (same as Eqg. 1.24)

_ 2nFACDY 21/ 2

Q
112

(5.5)

showed linear behaviour for processedll , Fig. 5.6.

/ - y = 1587 X h
30 - R? = 0.9997
-6
_ 1 y =1.487 X 10
@) 20 | 2 _
=2 R? = 0.9997
Q
10 .
III y =6.049 X 10
R” = 0.9999
O I I I 1
2 6 10 14 18

k t (ms)l/2 /

Figure 5.6: Anson plots for complex 37a showing prcess | — .
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The linear responses were also obtained for thes®lexes. Slopes with a 2:2:1
ratio were obtained and were consistent with tlvelirement of two electrons fdr
andll, and one electron fdtl . The 2:2:1 ratio was determined in the following
manner: For processes Il , the potential was swept from 0O to -0.40 V, 0G@OV

and 0 to -1.05 V vs. Ag|AgCI respectively. Frone tAnson plots in Fig. 5.6, the
slopes for processeés- Il were respectively found to He487x107°, 1.587x107°

and 6.049x10°" .

The ratios were found using Egs. 5.6 — 5.8, i.e.

-6
process| :%:1_0 (5.6)
1.487x10
—6
processl| =% =11 (5.7)
1.487x10
~7
processlI| :%:OA (5.8)
1.487x10

And therefore:

IR
1.0:11:04 (x2)
20:22:08

Spectroelectrochemistry was employed to furthewipi information on the
nature of the redox processes observed in Fig. RS.was the case with cyclic
voltammetry all the complexes showed similar smetéctrochemical behaviour, and
complex37awas employed as an example, Figs. 5.7 and 5.8ud®en at potentials
of procesd, resulted in the spectral changes shown in Figa,5vhich consisted of a
fast shift of the Q-band from 722 nm, first to 74 and then to 703 nm. These
changes occurred within seconds. Coulomefy (hFVC) confirmed the number of

electrons to be 1.93 (~2), hence confirming a t¥ecteon reduction. The step-wise
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nature of the visible spectral changes confirmedstep-wise one-electron transfers,
hence procesk in Fig. 5.5 indicated an overlap of two one-electtransfers. The
observed spectral changes were typical of reductibrthe central metal which
consists of shifting in the Q-band [168]. Thus #pectral changes in Fig. 5.7a were
consistent with metal reduction from™®c to TI'Pc species. Further reduction at
potentials of couplé resulted in the spectral changes observed ing=rdp and 5.7c.
The figures have been separated for clarity. Tisepart of the changes in Fig. 5.7b,
consisted of a decrease in intensity of the Q-ban@03 nm, and an increase in
intensity in the 500-650 nm region. These spedin@nges were typical of ring-
based processes in MPc complexes [338], and seghte formation of TPc>,
Continuation of the reduction at processes of alipl resulted in spectral
changes shown in Fig. 5.7c. These changes cathsadtea further increase in
intensities of the peaks in the 500 — 650 nm reggoshifting of the 703 nm band to
713 nm and the increase of the peak at 638 nm.selbBpectral changes suggested
continuation of ring reduction accompanied by megdluction as judged by the shift
in the Q-band. However, the final spectrum in Big.c essentially showed a split Q-
band, which could be a result of decrease in symym@uch as demetallation).
Demetallation was ruled out since re-oxidationtsd tomplex at this stage, resulted
in the regeneration (>65%) of the starting spectriihus the spectral changes were
due to simultaneous reduction of the ring and furtieduction of the central metal to
form the TIP¢®, accompanied by a decrease in the symmetry ofnthiecule, hence
the split Q-band. The number of electrons wasutaled to be two at this stage,
hence confirming the simultaneous reduction ofrthg and metal to TPc®. Again
the observed step-wise nature of the spectra steghésat one-electron transfers

overlapped in the CVs.
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Figure 5.7: UV/Vis spectral changes observed durg controlled potential
reduction of 37a in DMF containing 0.1 M TBABF,. Applied potential at: (a)
couple I, (-0.50 V); (b) couple Il (-0.80 V); (c) ontinuation of couple 1l (-0.80 V)

and (d) couple 1l (-1.2 V). The first scan in (b)is the same as the last scan in (a).

The first scan in (c) is the same as the last scam (b) and the first scan in (d) is

the same as the last scan in (c).
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Continuation of the reduction at potentials of deupl resulted in spectral
changes shown in Fig. 5.7d. These consisted ofi¢icecase in the peak at 713 nm
and an increase in the peak at 638 nm, without sinff. The total number of
electrons obtained at the end of electrolysis (foamplel tolll ) was 5, as confirmed
by coulometry. This suggested that the last stdgeduction involved one electron.
The only possibility is further reduction of thexgi and the formation of the 'Pic*
species. However, reduction toPspecies is expected to show a new broad band
near 500 nm and the decrease in the peaks duethspBcies. These changes were
not clear in Fig. 5.7d.

Reduction of the central Tinetal would result in demetallation. However, the
reoxidation of the final species even at this stegad still regenerate spectra. Thus
procesdll was tentatively assigned to the formation of tiied* species. Oxidation
at potentials of procesd/ andV resulted in spectral changes shown in Fig. 5.8
(shown for complexd7d. The changes showed clear decomposition as resedieby
the decrease in the Q-band with no new bands Weimged. These observations
confirmed the CV behaviour shown in Fig. 5.5, whettowed oxidation of these TiPc

molecules to exhibit irreversible to quasi-revesibehaviour.
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Figure 5.8: UV/Vis spectral changes observed durgn controlled potential
oxidation of 37a in DMF containing 0.1 M TBABF,. Applied potential for 1.10V.

Based on the cyclic voltammetry, square wave vaitatny,
chronocoulometry and spectroelectrochemistry dssiis above, the following
mechanism may be proposed for the reduction, Egs- 5.10 and oxidation, Eq. 5.11

of the TiPc complexes:

Ti'VPc?2+2¢" o Ti''Pc™ (process) (5.9)
Nl o2 - | 53

Ti"Pc “+2e o Ti Pc (processl ) (5.10)
N a3 o A | a4

Ti'Pc "+e o Ti Pc (processdll ) (5.11)

Ti''Pc™? +2e” o Decomposition products (processV andV) (5.12)
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5.2.2 Benzyloxy- and 4-(benzyloxy)phenoxy tetra- and octa

substituted OTiPcs: (37c, 37d, 38c, 38d, 39a — d)

The need to study the electrochemical propertig3ToPcs in literature cannot
be expressed enough as it is under-developed ondtaseen reported. As was the
case with these abovementioned complexes, theratbeimical characterisation of
the complexes under study was undertaken. The ti@oluelectrochemical
characterisation of benzyloxy and 4-(benzyloxy)mhentetra-substituted complexes
(37¢ 37d, 38c and 38d) as well as the octa-substitute894 — g complexes was
studied and compared to that of phenoxy andrdbutylphenoxy tetra-substituted
complexes discussed in 5.2.1, Table 5.1. The reséurther study a wide range of
OTiPcs is that the complexes exhibited differert&bchemical behaviour.

The cyclic voltammogram (CV) and square wave volteagram (OSWV) of
complexes37¢ 37d, 38¢ 38d and 39a — dwere also performed in deaerated DMF
containing TBABR as electrolyte, Figs. 5.9 and 5.10. For comple&&s 37d, 38c
and38d, only one set of the CV and OSWYV are shown siheecomplexes displayed
similar electrochemical behaviour, Fig. 5.9. Sarli} for complexe89a — d the CV
and OSWV of39b are shown as representative of the rest of the leomagp, Fig. 5.10.
The half-wave potential€E(;) of the couples are listed in Table 5.1. The GM a
OSWV of complexes37c 37d, 38c and 38d exhibited four reduction processes
labelledl — IV while complexe$89a — dexhibited three couples labelléd 11l . The
anodic to cathodic peak separatidfE) of coupled — Il at 0.1 Vs§* ranged from 60
to 70 mV for all complexes, thus suggesting thatptes| — Il were reversible. The
AE of procesdV was ~60 mV for complexe37¢ 37d, 38c and38d, however, the

current for the forward (cathodic) peak was muchieremhanced than the current of
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Figure 5.9: CV and SWYV (insert) of 38c in DMF cordiining 0.1M TBABF,.
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Figure 5.10: CV and SWV (insert) of 39b in DMF cotaining 0.1M TBABF,.
Scan rate 0.1 V.&.
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the return (anodic) peak, thus suggesting quasirsiisle behaviour. The cathodic to
anodic peak current ratidpd/l,5) were near unity for couplds—1ll . Linear plots of

I, as a function of the square root of the scan(sdt® were obtained, thus suggesting
diffusion control. The nature of the couples and humber of electrons transferred
were confirmed by spectroelectrochemistry belovhe E;/; values of the complexes
(Table 5.1) show that the benzyloxy appended coxegle@7c and 38¢ were
marginally more difficult to reduce than the redpex 4-(benzyloxy)phenoxy
appended complexe84{d and38d). Table 5.1 also shows that the benzyloxy and 4-
(benzyloxy)phenoxy appended complex&sq 37d, 38cand38d) were much easier
to reduce (Yand 29 reduction) than the phenoxy andett-butylphenoxy substituted
complexes §7a 37b, 38aand38b). The 4tert-butylphenoxy substituted complexes
(37b and 38b) contain strong electron donating ligands makieguction more
difficult. Complexes39a — dwere even easier to reduce'é@nd 2 reduction) than
the rest of the complexes. However, tffer8duction did not follow the same trend
for all the complexes. Of the octa-substituted clexgs,39b is expected to be more
difficult to reduce thar89aand39cdue to the electron-donating nature of thier4-
butylphenoxy substituents, as was the case forctreesponding tetra-substituted
complexes 7b and 38b) compared tdB7a 37¢ 37d, 38a 38cand38d). However,
the three octa-substituted complex884— ¢) have about the same first reduction
potentials. It is not clear at the moment why 4kert-butylphenoxy substituents did
not shift the reduction potential to more negatxsdues for the octa-substituted
derivatives. Similarly, the octa-substituted thil@rivative 89d) was expected to be
more difficult to reduce than complexe39é — c) due to the even more electron-
donating nature of the thiol groups. The firstuettbn for 39d was observed in the

same range as that of comple88s—c.
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First reductions for37¢ 37d, 38¢c 38d and 39a — d were shifted to less
negative potentials compared 38, 37a 37b, 38a and 38b; implying that the first
oxidations were also shifted to more positive vaJueence the latter were outside the
usable range of the solvent-electrolyte-electrogstesn employed in this work.
Within the potential window of 0 — 1.50V, no oxidat peaks were observed for
complexes37¢ 37d, 38¢, 38d and39a — d but oxidation was observed for complexes
33, 37a 37b, 38aand38b. Also looking at the unsubstituted TiFRZ3) in Table 5.1,
oxidation was not easier. This suggested thattsubsts do affect the redox
properties of TiPcs. For complex83a 37b, 38a and 38b described in 5.2.1, an
overlap of voltammograms whereby 2 one-electromiegdns resulted in one couple
were observed, Table 5.1. For the rest of the ¢exep it was further proved below
that they were one-electron processes without appihg of currents.

Oxidation of complexes39a and 39b was expected, due to the electron
donating nature of the phenoxy andedt-butylphenoxy substituents as was the case
with 37a 37b, 38a and 38b, but no oxidation peaks were observed for the &rm
complexes within the potential window employed. isTimight imply differences in
the electrochemical behaviour of octa- vs. tetiastituted derivatives. For example,
the octa-substituted derivatives are easier to aedtompared to the rest of the
complexes implying that the redox processes afeedhio more positive values.

For a more accurate measurement of the redox dgquoosaof couples — IV
for complexes37¢ 37d, 38c and 38d, chronocoulometry was employed. For the

complexes, plots o versust?

(not shown) yielded linear responses with slopes in
1:1:1:1 ratio, for potential steps encompassingcgseesl — IV. Similarly for
complexes39a — d a 1:1:1 ratio for the slopes for procesteslll was obtained.

The observation suggested that a one-electronférapsocess was involved in each
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redox step. For complex&3Fa 37b, 38a and38b, however, the ratio was 2:2:1 for
the CV couples of the®1, 2" and & reductions respectively.

To obtain further information on the nature of tedox processes observed in
Figs. 5.9 and 5.10, spectroelectrochemistry wasleyagd. The tetra-substituted
complexes37¢ 37d, 38c and38d showed similar spectroelectrochemical behaviour;
hence complexX38c was employed as an example. Comp89b was used as a
representative of the octa-substituted derivatiReduction at potentials of cougle
resulted in the spectral changes shown in Fig.&@8&c¢ and 5.11b 39b), which
consisted of a shift of the Q-band from 701 to 684 for complex38cand from 698
to 693 nm for comple®89b. The observed spectral changes were typicalmétal-
based reduction in MPcs. A one-electron transfas wonfirmed by coulometrfE

nFVC), therefore suggesting a metal reduction fraPe to TI'Pc species.
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Figure 5.11: UV/Vis spectral changes observed dung controlled potential
reduction of (a) 38c at an applied potential of cgple | (-0.14 V) and (b) 39b at an
applied potential of couple | (-0.08 V) in DMF con&ining 0.1M TBABF.,.

Further reduction at potentials of coupleresulted in the spectral changes observed
in Fig. 5.12a88¢) and 5.12b39b). At the potentials of coupl¢, the Q-band shifted
from 694 to 687 nm for38¢ thus suggesting another metal-based reduction.
Coulometry confirmed a one-electron transfer thuggesting that TiPc was reduced

to Ti"Pc. For39b, a shift from 693 to 687 nm occurred. Thus, hmibcesses shown

in Figs. 5.11 and 5.12 involved reduction at theta@ metal as judged by the shift in
Q-band positions without significant loss in intiyng168]. The spectral changes
occurred with clear isosbestic points showing thrdy two species were involved in
each transformation. Reduction at the central hie&xpected to result in the loss of
the oxygen atom, resulting in irreversibility, hovee the CV showed reversibility and
the original spectra in Fig. 5.11, could be regatezt (>75%) by applying 0 V

following reduction.
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Figure 5.12: UV/Vis spectral changes observed durgn controlled potential
reduction of (a) 38c at an applied potential of caoie 11 (0.6 V) and (b) 39b at an
applied potential of couple Il (-0.4 V) in DMF contining 0.1M TBABF,. The

first scans in (a) and (b) are the same as the lastans in Fig. 5.11(a) and (b),

respectively.
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Spectral changes observed during the reductiacooiplexes37c 37d, 38c
and 38d to give TI"Pc followed by T{Pc were in agreement with the reported
reduction of37a 37b, 38aand38b in that distinct spectral changes were observed fo
each species (TPc and TIPc), Table 5.1, even though the CV of the latter
complexes showed only one couple for both proces$esrefore an overlap of one-
electron reductions was observed 8a 37b, 38a and 38b, but was separated for
37¢ 37d, 38cand38d and complexe89a — d Pc ring substitutions are expected to
modify the redox potentials of the central metél.seemed for the tetra-substituted
phenoxy and tetra-substitutedeft-butylphenoxy TiPc complexes; the first reduction
was shifted to more negative potential values t@xdent that it overlapped with the
second reduction. However, for the octa-substitaterivatives containing the same
ring substituents, the overlap of reduction potdstivas not evident. Isomers could
also play a role on the reduction potentials of twnplexes. Tetra-substituted
complexes have isomers while the octa-substituezd/atives do not. From Table
5.1, it seemed that the easily reduced compleXés 87d, 38cand38d, 39a — g are
the ones that did not exhibit overlap of redox psses, as opposed to compleXés
37b, 38aand38b. An even further reduction at potentials of ceupl resulted in
spectral changes observed in Fig. 5.13a and 5WBich consisted of a decrease Iin
the Q-band maxima accompanied by an increase @msity in the 500 — 600 nm
region. The spectral changes observed were typifcahg-based processes in MPcs,

therefore, suggesting formation of'Pic> [338].
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Figure 5.13: UV/Vis spectral changes observed dung controlled potential
reduction of (a) 38c at an applied potential of cople 11l (-1.4 V) and (b) 39b at
an applied potential of couple Il (-1.3 V) in DMF containing 0.1M TBABF,.

The first scans in (a) and (b) are the same as tlst scans in Fig. 5.12(a) and (b),

respectively.
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Figure 5.14. UV/Vis spectral changes observed dung controlled potential

reduction of 38c at an applied potential of couplelV (-1.71 V) in DMF
containing 0.1M TBABF,. The first scan in Fig. 5.14 is the same as thast scan
in Fig. 5.13(a).

Further reduction at potentials of couplé for complex38c resulted in the
spectral changes observed in Fig. 5.14. The Q-b@adma further decreased while
there was an emergence of a broad peak at ~500Thim.was typical [338] of a
reduction of P¢ to P¢*, thus suggesting that "Rc® was further reduced to "Fc*
for 38c Coulometry also confirmed a one-electron tran&e coupleslll and1V.
Up to four Pc ring reductions are possible howduaitations due to electrolyte,
solvent and electrode can impose difficulty in obs®y at times, the last two ring
reductions.

It was interesting to note that for complexd@& 37b, 38aand38b, reduction
to the TPc* species was observed, but in the casg70f37d, 38cand38d, reduction
to the TPc* was observed without going through théPEi species. Based on the

discussed electrochemical techniques, i.e. CV, SWMYronocoulometry and
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spectroelectrochemistry; the following mechanism tiee reduction [Eqgs. (5.13)-
(5.16)] of the newly synthesised tetra-substitu@dc, 37d, 38c 38d) and octa-

substituted39a — g TiPc complexes was proposed:

TiVPc?2+e o Ti'lPc™ (process) (5.13)
M 52, - N 5a—2

Ti""Pc“+e o Ti' Pc (processl) (5.14)
M 52 4 o Nl 5~—3

Ti"Pc “+e o Ti" Pc (processll ) (5.15)

and for complexe87¢ 37d, 38cand38d

Ti'pe3+e o Til' pet (processV ) (5.16)

5.2.3 Phenylthio- and benzylthio-substituted OTiPcs:

(37e, 371, 38e, 38f)

Thiol-substituted titanium phthalocyanines are wwn and hence their
solution electrochemistry data is unknown. Simitathe complexes discussed above,
the cyclic voltammograms of the four thiol-deris®d complexe87¢ 37f, 38eand
38f, were performed in deaerated DMF containing TBABE electrolyte. Only one
set of cyclic voltammogram (CV) and square wavdaramogram (SWV) is shown
since the complexes shared similar structural featwand thus displayed similar
electrochemical behaviour. The half-wave potenti@s,) for all complexes are

summarised in Table 5.1.
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Figure 5.15: Cyclic and square wave (inset) voltamograms of 37e in DMF
containing 0.1 M TBABF,. Scan rate 0.1 V §-

Fig. 5.15 shows the CV and SWV of compl&#e exhibiting three reduction
processes labelled(Ey, = — 0.07 V vsAg|AgCI), Il (Ey2= —0.46 V vs.Ag|AgCl)
and lll (Ey2 = —-1.33 V vs.Ag|AgCl), Table 5.1. Reduction processésafd Il)
displayed reversible behaviour with the anodicathodic peak separatioAE) of 62
and 60 for processésandll , respectively at 0.1 V& For coupldll , AE was 56 mV
but the current for the forward (cathodic) peak wase enhanced compared to the
return (anodic) peak, suggesting quasi-reversiblebiour. For coupldsandll, the

cathodic to anodic peak current ratig/(,s) was near unity. The peak potentials did
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not change with increasing scan rates for all @u®x couples. For all redox couples,
plots of peak currently) vs. the square root of scan rat\e”?() were linear, thus
suggesting diffusion control at the electrode sigfa The relative CV currents of
processes$ — Il were almost identical, thus suggesting that theplesuinvolved the
same number of electrons. The nature of the ceuate well as the number of
electrons transferred was confirmed by spectroglelsemistry below.

Using a narrower scan window (600 to 800 mV) did cttange the shape of
the cyclic voltammograms. TH&; values of the complexes (Table 5.1) did not show
a clear trend when comparing peripherally and nempperally substituted
complexes. Complexes containing the phenylthio tdulesit 37e and 38¢ showed
marginally lower reduction potentials for the fireduction, compared ®/f and38f.
The complexes also showed similar reduction paemtto the octa-substituted
complexes39a — d Table 5.1. There were no peaks for the oxidatibthe TiPc
complexes within the potential range of 0 V to Y.Aconfirming the difficulty in
oxidizing these complexes due to the highly elguisitive central titanium metal, in
a similar manner to complex83¢ 37d, 38g 38dand39a — d Further experiments
such as chronocoulometry and spectroelectrochgmigtre performed in order to
accurately assign procesdes Il . For potential steps encompassing procekses

Y2 (not shown) yielded linear responses with slopes inl:1 ratio

I, plots ofQ vs. t
for all the complexes. The observation suggedtatla one electron transfer process
was involved in each redox step. To identify theture of the redox processes

observed in Fig. 5.15, spectroelectrochemistry evaployed.
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Figure 5.16: UV-visible spectral changes observeduring controlled potential
reduction of (a) 37e (b) 37f (c) 38e and (d) 38f MMF containing 0.1 M TBABF,.
Applied potential just above couple | (-0.13 V).
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The starting spectra in Fig. 5.16a - d (obtaine®MF) were broadened - an
indication of aggregated species - due to high eotrations employed in the OTTLE
cell studies. Fig. 5.16a - d show spectral changeserved when a controlled
potential reduction of complex@3eg 37f, 38eand38f was respectively carried out at
the potentials of procedsof each complex. Reduction at procés®sulted in the
shift of the Q-bands with isosbestic points cleatlpwing the change from 744 nm to
710 nm B87¢ Fig. 5.16a), 744 nm to 700 n87f, Fig. 5.16b), 712 nm to 703 nm
(38e Fig. 5.16¢) and 707 nm to 694 ni®@8{, Fig. 5.16d). These spectral changes
were typical of a metal-based reduction in MPcs8[16Coulometry Q = nFVC)
confirmed a one electron transfer < 1), therefore suggesting metal reduction from
Ti'"VPc to TI'Pc species. Further reduction at potentials ofgssll , resulted in the
spectral changes observed in Fig. 5.17a — B7a 37f, 38e and 38f respectively.
The Q-band maxima shifted from 710 nm to 706 Birg(Fig. 5.17a), 700 nm to 694
nm @7f, Fig. 5.17b), 703 nm to 692 nr@8g Fig. 5.17c) and 694 nm to 687 nB8{,
Fig. 5.17d); thus suggesting a metal-based reduafocouplell. A one electron
transfer process was confirmed by coulometry tloeeefsuggesting reduction of
Ti"Pc to TI'Pc species. Also, the observed spectral changeseshthat upon
reduction, the aggregated complexes gradually dreagted, as judged by the

narrowing of the absorption spectra.
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Figure 5.17: UV/Vis spectral changes observed dung controlled potential
reduction of (a) 37e (b) 37f (c) 38e and (d) 38f DMF containing 0.1 M TBABF..
Applied potential at couple 1l (=0.60 V). The firg scans in (a) 37e (b) 37f (c) 38e
and (d) 38f are the same as the last scans in Fl§16 (a) 37e (b) 37f (c) 38e and
(d) 38f, respectively.

244



Chapter 5: Electrochemical characterisation

Further reduction at potentials of procdfis resulted in spectral changes
observed in Fig. 5.18a — d f87e 37f, 38eand38f respectively, which consisted of a
decrease in the Q-band maxima accompanied by apase in intensity in the 500—
600 nm region. The spectral changes observed typreal of ring-based processes

in MPcs [338], thus suggesting formation of ¢ °.
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Fig. 5.18: UV/Vis spectral changes observed duringontrolled potential
reduction of (a) 37e (b) 37f (c) 38e and (d) 38f DMF containing 0.1 M TBABF..
Applied potential at couple 11l (-1.35 V). The first scans in (a) 37e (b) 37f (c) 38e
and (d) 38f are the same as the last scans in Flgl17 (a) 37e (b) 37f (c) 38e and
(d) 38f, respectively.
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About 75% of the starting spectra were regeneratbén potential was
applied at rest potentidle. 0 V, suggesting reversibility of the complexes.s&hon
the discussed electrochemical techniques, CV, SWV, chronocoulometry and
spectroelectrochemistry, the following mechanism fiee reduction of the TiPc

complexes is proposed:

TiVPc?+e o Ti'llPc™2 (process) (5.17)
M 52, - N 52

Ti""Pc“+e o Ti' Pc (processl) (5.18)
M 52 4 o Nl 5~—3

Ti"Pc “+e o Ti Pc (processll ) (5.19)

5.2.4 Tetraamino oxotitanium(lV) phthalocyanine: (41)

Similar to the discussed OTiPcs, the electrochdmpicgerties of TiPc(Nk),
(41) are unknown, thus the electrochemical charaetiois of the complex was also
undertaken. The electrochemical behaviour4afwas similarly investigated in
deaerated DMF containing 0.1 M TBABE&s a supporting electrolyte. The cyclic and
square wave (insert) voltammograms of the complexshown in Fig. 5.19. The
complex exhibited two reduction processes (labdlladdll ) as well as two oxidation
processes (labelledl and1V). The four processes were observed at half-wave
potentialsEi, =-0.42 V (), E;,=-0.80V (l), E;,=0.75 V (Il ) andE;;, = 0.98 V
(IV) vs. Ag|AgCl, Table 5.1. The anodic to cathodealp separationsAE) of the
processes ranged from 0.1 V to 0.18 V, suggestiegquasi-reversible nature and
sluggish electron transfer of the processes. Horedox processes, plots of peak
current () as a function of the square root of scan reltd) (vere linear, an indication

that the redox processes were diffusion controlled.
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Figure 5.19: Cyclic and square wave (inset) voltamograms of complex 41 in
DMF containing 0.1 M TBABF,. Scan rate 0.1 V3.

Looking at the relative CV currents of procesisedll and comparing them
to that of processV, suggested that the latter involved a multi-etacttransfer.
Chronocoulometry was employed to determine an ateuneasurement of the redox
equivalency occurring at the four processes. Hier peak was in the range for
amino group oxidation, whose potential tends toywaith the nature of the central
metal, being observed at 0.63 V, 0.93 V, 1.15 V anrid V for Cr [355], Mn [356],
Co [341] and Fe [447] tetraaminophthalocyaninepeesvely. A closer look at
procesdl shows two peaks, typical of aggregation in MPc clexgs [341]. Linear
plots of Q vs. ¥? (not shown) were obtained, with slopes in a 1:siduction

processes$ — Il). The ratios were consistent with the involvemehbne electron

248



Chapter 5: Electrochemical characterisation

transfer for processés- Ill . Processesandll were assigned to the reduction of the
metal, i.e. T'Pc to TI"Pc () and TI"Pc to TIPc (1) in comparison with the
electrochemistry of the complexes discussed absee, Table 5.1. The oxidation
processlll was assigned to the oxidation of the ring, i.6"Ad? to TiVPc* (Il ).
Complex 41 was marginally more difficult to reduce and eadieroxidise than
complexes37a — f even more so for complex@8a — fand 39a — d due to the
electron donating ability of the amino groups, Eabll. However, the complex was
much easier to reduce than the unsubstituted B¢ (Compared to the substituted
complexes37a — { 38a — fand 39a — d the effect of amino substitution caused a
potential shift to more negative values while oxiola potentials were shifted to less

positive potentials.

5.3 Conclusion

The OTiPcs exhibited differences in electrochemimtaviour, hence the studies of
this wide range of complexes. The easily oxidisethplexes37a 37b, 38aand38b
exhibited overlap of redox processes as oppost#teteasily reduced complex@sg,
37d, 38638d and 39a — dwhich did not exhibit multi-electron transfers.or@plexes
37b, 38b and 39b with 4+ert-butylphenoxy as substituent exhibited a peculiar
behaviour in that the tetra-substituted derivatiwese easily oxidised while the octa-
substituted derivative was easily reduced. Foc@athplexes, the first two reductions
were proved to be of metal character with thatahplex41 being marginally more
difficult to reduce than the other complexes duethe electron-donating amino

groups.
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Chapter 6: Electrocatal ytic properties

This chapter describes the electrocatalytic progexf OTiPc towards the oxidation
of nitrite. The glassy carbon electrode is modifigth these complexes either by the
drop-dry or electropolymerisation methods. Thealgdit efficiencies and kinetic

parameters of these complexes are discussed.

6.1 Aryloxy tetra-substituted oxotitanium(IV) phthalocy anines:

(837a—d and 38a —d)

The tetra-substituted aryloxy complex834 — dand38a — g were adsorbed
onto the GCE by the drop-dry method since theseptexas were not polymerisable.
The main challenge of lowering overpotentials andreasing oxidation currents
remains in the electrocatalytic oxidation of ndritA decrease in overpotential with a
subsequent increase in catalytic current, are mmortant factors that determine the
catalytic effect of various complexes at an ela#resurface. In this study the
electrooxidation of nitrite at a glassy carbon ®&lete modified by the drop-dry
method was investigated. The drop-dry method wafopned as described in the
experimental section, using the aryloxy tetra-stited OTiPc complexes37a — d
and38a — d The cyclic voltammograms of the OTiPc compleadsorbed onto the
GCE were obtained in pH 7.4 phosphate buffer smiuity scanning between -0.75 V
and 1.00 V vs. Ag|AgCl. As an example, the CV ainplex38cwhich exhibited an
ill-defined peak (labelled proces$ at 0.35 V vs. Ag|AgCl, is shown in Fig. 6.1.
Since no metal oxidation of the complexes was egpethe peak was assigned to a
ring-based oxidation process due t&'Pc¥/Ti'"Pc*. The assignment was compared
to the solution electrochemistry of the complexcdé®d in chapter 5, however peaks
were shifted to more negative potentials in theeags medium compared to the

organic medium (DMF) used in chapter 5.
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Figure 6.1: Cyclic voltammograms of 38c adsorbednoGCE in phosphate buffer
solution, pH 7.4. Scan rate 0.1 Vs

For complexe87a —d 38a 38b and38d, procesd was similarly observed at
0.30, 0.32, 0.31, 0.33, 0.29, 0.30 and 0.38 V \@AHCI respectively. It was clear
that adsorption as well as the nature of the sbhadlowed a shift to more negative
potentials such that oxidation peaks which wereabsierved in the organic medium,
e.g. for complexe87¢ 37d, 38cand38d, were now observed under the conditions of
Fig. 6.1, i.e. through adsorption in phosphate dufolution (pH 7.4). For all
complexes, the ring based prockssgas irreversible. The irreversible behaviour was
not unusual as it has been reported for CoPcs [XDmost, assignment of such peaks
to specific redox processes may appear difficukig. 6.1 also shows the first

A1l

reduction potential due to YPc/Ti"Pc (procesdl) occurring at ~ -0.45 V vs.

Ag|AgCI in comparison to -0.17 V, a potential whialas observed in solution for
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38c Again, adsorbed species normally exhibit difféngotential values compared to
those obtained in solution. The surface conceatratof the complexes adsorbed on
the electrode were estimated from the slope ofalir®ots ofl, vs.v (not shown),

based on Eq. 6.1 (which is the same as Eq. 1.327]]

_ n2F ZFMPCAU

|
P 4RT

(6.1)

The surface concentrations were found to be of nayeo thickness, i.e. ~ 18
mol.cm? (Table 6.1), therefore suggesting a flat orientatin the electrode surface.
For the electrocatalytic oxidation of nitrite, acdkan amount of NaN@was
dissolved in phosphate buffer solution of pH 7.4gémerate the nitrite ion. At this
pH, nitrite disproportionation to NO is insignifiti therefore the reaction catalysed
was that of the oxidation of nitrite. The effe€tanlding 1 mM nitrite on the response
of the GCE modified by adsorption of the OTiPc ctemps is shown in Figs. 6.2 and
6.3. The activity of the OTiPcs bearing differesubstituents was explored and as
examples, the peripherally substituted comple3&s 38c and38d are illustrated in
Fig. 6.2, while the non-peripherally substitutedngdexes37aand37d are illustrated
in Fig. 6.3. As can be seen, the electrode matlifigh the complexes showed better
responses than the bare electrode. This obsemviatiplied that the complexes held
properties which could catalyse nitrite oxidatisgince a high current response
towards nitrite oxidation was achieved comparethébare electrode. The response
observed at the modified electrode is as a redultitoite diffusion towards the
electrode surface, along with the anodic sweeptdrial, thus reducing the oxidised
TiPc! to TiP¢? (as will be determined later by a mechanism). uBiameous
oxidation of the regenerated TiPoccurs several times in one scan, thus resulting i

the enhancement of the catalytic current. The aththcurrent at the modified
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electrode is for the same reason not observedanpthsence of nitrite since the

oxidised TiPc, i.e. TiPtis consumed during a chemical step.

Table 6.1: Peak potentialsEp) obtained during the electrooxidation of nitrite (1
mM) at a modified GCE with 37a — d, 38 a — dpoly-37e,poly-37f, poly-38e,poly-
38f and poly-41 in phosphate buffer solution (pH 7.4).

Method of Complex I'vpc (Mol.ecm®) | Ep(V)

modification

Drop-dry 37a 1.5x10710 0.77
37b 1.8x10°10 0.75
37¢ 2 7%10710 0.74
37d 1 9x10-10 0.70
38a 5 Ox10-10 0.77
38b 1 4x10-10 0.77
38c 5 5x10-10 0.64
38d 5 7x10-10 0.62

Electropolymerisation | poly-37e 2 2x10710 0.64
poly-37f 2 5x10710 0.67
poly-38e 2 7x 10710 0.59
poly-38f 3.6x10°10 0.67
poly-41 33x107° 0.67
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Figure 6.2: Cyclic voltammograms of bare GCE, 38a38c and 38d for 1 mM

nitrite oxidation in phosphate buffer solution, pH7.4. Scan rate 0.1 V&
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Figure 6.3: Cyclic voltammograms of bare GCE, 37and 37d for 1 mM nitrite

oxidation in phosphate buffer solution, pH 7.4. San rate 0.1 V§".
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Based on the position of the catalytic peak po#éntine order of increasing catalytic
activity was found to be: 38d > 38c> 37d > 37c> 37b > 38a~ 38b ~ 373 Table
6.1. From this trend, it was obvious that com@3&x exhibited the best response in
terms of reduction of overpotential, i.e. 0.62 Wlldwed by38c with catalytic peak
potential observed at 0.64 V. Complex@& 38a and 38b exhibited the lowest
catalytic activities, i.e. 0.77 V, although theserevcomparable to those in literature
[355]. Overall, the overpotential of nitrite oxten at the bare electrode was lowered
by the complexes, illustrating the better catalgtivity of the modified electrodes.
The modified electrodes were investigated at variscan rates for a fixed
nitrite concentration, obtained by analyses of rtfegiclic voltammograms. Peak
currents,l, were found to be proportional to the square rdo$oan rate V%) (not
shown), an indication that the nitrite electrooxida is under diffusion control.
Additionally, kinetic irreversibility was confirmely the peak potentiak,, shifting
with log of scan rate, Fig. 6.4 [70]. Moreovertypical shape that is indicative of a
catalytic process, i.e. EC’, as a result of a mbtsweep-rate normalised current
density (pv'l’z) versus the scan rate was obtained, Fig. 6.5 [T0js type of process
is catalytic since following the electrochemicalidation step (E), the oxidised

complex regenerates the starting complex via a cdameaction step (C).
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Figure 6.4: Plot ofE, vs. logv for the electrocatalytic oxidation of 1 mM nitrite
solution in phosphate buffer, pH 7.4 on: (i) 37a,iij 37d, and (iv) 38b.
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Figure 6.5: Plot ofl,v'? vs.v for the electrocatalytic oxidation of 1 mM nitrite
solution in phosphate buffer, pH 7.4 on 38a, (ii) A, and (iii) 38b.
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Table 6.2: Kinetic parameters for 1 mM nitrite detection on 37a — d, 38a — d,
poly-37e, poly-37f, poly-38e, poly-38f and poly-41 in phosphate buffer solution
(pH 7.4).

Complex | Ep (l-a)ny| a b k n
(V) (mv) | (cm.s?
Drop- dry 37a 0.77| 0.25 0.75 212 0.0106
37b 0.75] 0.32 0.68 167 0.0107
37c 0.74| 0.36 0.64 184 0.011d
37d 0.70 | 0.42 0.58 128 0.0109
38a 0.77] 0.25 0.74 217 0.013d
38b 0.77] 0.39 0.61 138 0.0124
38c 0.64| 0.29 0.7 188 0.0143
38d 0.62| 0.33 0.67] 164 0.0132
Electropolymerisation | poly-37e | 0.64| 0.37 0.6 160 0.0114

poly-37f 0.69 | 0.31 0.69] 191 0.0108

poly-38e | 0.59| 0.33 0.64 179 0.011§

poly-38f 0.67 | 0.36 0.64] 164 0.0108

poly-41 0.67] 0.1 0.90 294 0.0620

For this totally irreversible diffusion-controlleslstem, Eq. 6.2 was used to obtain
additional information. According to Eq. 6.2, thafel slopeb (values shown in

Table 6.2), is defined by:b=23RT/(1-a)nyF and the anodic peak potential is

represented by [337],

2.3RT

=21 jogv+K 6.2
P 1—ayngF O 6-2)
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where a is the transfer coefficienty, is the number of electrons involved in the rate

determining stepy is the scan rateK is a constant (intercept) and the remaining

symbols have their usual meaning. Values(bfa)n, for the complexes were
calculated and related with the Tafel slopewhereb/2=m (or b =2xm) wherem

is the slope of thé=; vs. logv plot.

Tafel slopes ranging from 138 — 217 mV/decade wdr®ined, Table 6.2.
The values suggested that the first one-electaorster is the rate limiting step for the
electrocatalytic oxidation of nitrite. Tafel slgenuch greater (> 240 mV/decade)
than the normal 30-120 mV/decade are known [447-44€6 have been related either
to chemical reactions coupled to electrochemiogphpsti70] or to substrate-catalyst
interactions in a reaction intermediate [447-449he Tafel slopes obtained in this
work deviated from the normal value of 120 mV/dexdalt were less than the values
(> 280 mV) reported in literature [70] for substratgalyst interaction, hence
suggesting a weaker substrate-catalyst interadtiche reaction intermediate. The
Tafel values reported in this work could also refflehemical reactions coupled with
electrochemical steps [70]. The magnitude of tladues is however related to
substrate-catalyst interactions where substrateifgnto the catalyst during the
interaction as the reaction step is moderate tngtr Therefore, the obtained Tafel
slopes may be rationalised as moderate to strondifg of nitrite to the OTiPc
catalysts at the electrode surface since they Veeger than 120 mV/decade. The
values of the transfer coefficiemt were relatively high, ranging from 0.58 - 0.75,
Table 6.2. Transfer coefficients of approximat@l§ indicate that there is an equal
probability that the reaction activated transitistate can form either products or
reactants. The values obtained for these complexggested that product formation

was favoured since the values were above 0.5, swmrer the phenoxy-substituted
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complexes37aand38awhich exhibited higha values of 0.75, Table 6.2. Complex
37d moderately favoured product formation with= 0.58.
Furthermore, the electrode kinetics were evaluabgd determining the

heterogeneous electron transfer coefficiengbtained from Eq. 6.3 [337]:

K =E° +L{O.78+£Iog(mﬂ (6.3)
(L-a)ngF 2 k?RT

where E%is the formal potential, D is the diffusion coefficient of nitrite

(2.1x10°cn.sY), [71,450], and the remaining symbols are as these described
above. The heterogeneous rate constgnis a kinetic facility of a redox process
which when large, defines a system that is ableeézh equilibrium in a short time
scale, but for a smallvalue, the system will be sluggish. For compleXés — dand
38a — d values ranging from 0.0106 — 0.0143 cin(§able 6.2) were obtained, thus
suggesting that the electron transfer in the raterchining step is faster for complex
38c (0.0143 cm.3) and slowest for compleg7a (0.0106 cm.3). The electron
transfer was also found to be faster for the pemalhy substituted complexes

compared to their corresponding non-peripherallysstuted derivatives. The rate

constant at the bare electrode was found tI6e<10™°cm.s?, which is orders of
magnitude smaller than those observed at the neolddiectrodes. The heterogeneous
rate constant therefore explains the large feaifitbe catalytic oxidation of nitrite at
the modified than at the unmodified electrode. whis clear that the modified
electrodes significantly promoted the reaction.

For totally irreversible diffusion-controlled eleatle processes, the total
number of electronsn) involved in the electrocatalytic oxidation of nité was

calculated, from Eqg. 6.4, i.e.:

| p =2.99x10°n[(1-a)n,a 1Y 2AC,DY 2u1/ 2 (6.4)
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where A is the area of the electrode in T(for glassy carbon 0.071 é&n Cois the

concentration of the electroactive reactant in omf and the remaining symbols are
as they were described above. For all the completke total number of electrons
transferred was found to be ~ 2, Table 6.2. Thiggested that two electrons were

involved in the nitrite oxidation, resulting in tmeost likely product, namely nitrate

(NO3).
The chronoamperometric behaviour of the electraatiosh of nitrite with

modified electrodes was also studied using the legodtential-step technique. Using

the Cottrell equation (Eq. 6.5), a plot of the ogtrentl ¢ versust Y 2was obtained,
Fig. 6.6, i.e.:
| =nFDY 2aca™/ %71 2 (6.5)

where the symbols are as described above. Inrdsepce and absence of nitritg;
was obtained by subtracting the background curmmipt-to-point from the current
observed for the modified electrodes. Figure G@ased that the linearity of the plot
was maintained at short time periods however, tlog¢ geviated from linearity at
longer times. From the slope of the plot, the nemif electrons transferred for the
electrooxidation of nitrite was further confirmenllte ~ 2. Also, by extrapolation to
the origin, transient currents of ~ 418 that are largely associated with the catalytic
oxidation of nitrite by the modified electrodes weobserved. Under the same
experimental conditions, only a small residual entrwas observed for a bare
electrode which was complimentary to its CV in g and 6.3, thus confirming the

electrooxidation of nitrite.
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Figure 6.6: Plot of Ine VS. t ™12 for GCE modified with 38a for the

electrocatalytic oxidation of 1 mM nitrite solution in phosphate buffer, pH 7.4.
Scan rate 0.1 V&,

The electrooxidation of nitrite seems to be mediditye the ring based process,
i.e. TIVPcHTi"Pc?!, since the catalytic peak potentials were in taege of this
process. Further understanding of the mechanisoivied in the electrooxidation of
nitrite was probed by spectroscopic studies, wibhemges in absorption spectra were
monitored on addition of nitrite to solutions ofettomplexes in DMSO, Fig. 6.7.
The spectral changes shown in Fig. 6.7 consisteal sifift of the Q-band from 700
nm to 695 nm, followed by an increase in intensiGhanges in the Q-band without
decrease in intensity are associated with eithed éigand exchange or metal-based
reduction/oxidation processes. Metal reduct®mexpected in TiPcs as discussed
before. Spectral changes observed on metal reduofi the complexes have been

discussed in chapter 5 and consist of much lagéissk.g. 701 nm to 690 nm for
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complex38b than were observed in Fig. 6.7. Thus Fig. 6.7#iocoed the loss of the

axial oxygen ligand in the complexes and its regaent with the nitrite ion.

-~

Absorbance

600 630 660 690 720 750

Wavelength (nm) /

Figure 6.7: UV-Vis spectral changes observed on diion of nitrite to 38b in
DMSO, where (i) is 38b in absence of nitrite withynax = 700 nm and (i) in the
presence of nitrite.

In light of this and based on the discussion abaweechanism was proposed

for the electrocatalytic oxidation of nitrite, L.e.

XTiV'Pc™2 +2NO; — (NO5 )(Ti'VPc™2)+ X 2 (6.6)
(NOZ )o(Ti"V Pc™?) — [(NOZ )o(Ti'V Pc™)] * +&” E (67)
[(NOS )o(TiVPc™) " +H,0 - [TiIVPc?]2" +2NO; +2H " +e-  C (6.8)

whereX = axial ligand
The proposed mechanism may be explained by thewwll: according to the
spectrum observed immediately following addition rofrite, the 5 nm blue-shift

suggested coordination or binding of nitrite t&'Pc? in Eq. 6.6 as predicted by the
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Tafel slopes, i.e. substrate-catalyst binding tpl@ice. The rate-determining step in
Eq. 6.7 accounts for the oxidation of“Hc? to TiVPc’. Since no metal oxidation
was expected, the observed catalytic activity wasstnlikely mediated by the
phthalocyanine ligand. Thus theRc¢%Ti"VPc' was responsible in mediating the
electrocatalytic oxidation of nitrite which tookagle within the range where oxidation
to TiVPc! occurred, i.e. nitrite oxidation began at ~ 0.4ckhinvolved the oxidised
ring observed at ~ 0.3. The™Pc? is regenerated and nitrate is the end product of
nitrite oxidation as was confirmed by the numbeeelactrons transferred during the
catalysis (Eq. 6.8). A feature with the EC’ medbkanis that before any reaction with
nitrite can take place, the phthalocyanine com@axest be in an oxidised state as
was the case with ¥iPc? being oxidised to T{Pc* (Eq. 6.7). Thus before nitrite
oxidation can be observed, the electrode potemtiadt be sufficiently near the redox
potential of the TYPc%Ti"VPc! couple to generate at least a small concentration

TiVpcl.

6.2 Arylthio tetra-substituted oxotitanium(lV) phthaloc yanines:

(37e, 371, 38e and 38f)

Electropolymerisation of the arylthio tetra-suhged OTiPcs I7¢ 37f, 38e
and38f) was employed since these complexes were easityrepolymerisable on the
GCE surface compared to the aryloxy-substitutedptexes which were adsorbed by
the drop-dry method. In this study the electroatimh of nitrite at a glassy carbon
electrode modified by electropolymerisation was estigated. The
electropolymerisation of the OTiPc complexes oti® GCE was best performed by
repetitive scan of cyclic voltammetry. Continuqaetential cycling from 0.10 V to -

0.90 V vs. Ag|AgCl at 0.1 V5in DCM containing 0.1 M TBABE resulted in the
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deposition of an electroactive polymer on the etetd surface and this procedure was

the same for each OTiPc complex.

-900 -700 -500 -300 -100 100

\ E (mV/Ag| AgCl) /

Figure 6.8: Evolution of cyclic voltammograms of 8f (1 mM) in DCM

containing 0.1 M TBABF, during cathodic repetitive cycling on a glassy cdron
electrode (GCE). Scan rate = 0.1 Vs

The CVs were recorded in the range of the processesmpassing the two
metal reductions, i.e. TiTi" and TI'/Ti". The evolution of the cyclic
voltammograms during the cathodic electropolyméosaof 38f (1 mM) in DCM
solution — representative of the rest — is showhkig 6.8. DCM was employed for
electropolymerisation of these complexes due toed@se of evaporation and it is
known [451] to form better polymers for phthalocyencomplexes substituted with
bulky groups, than in DMF. The voltammogram showaeplair of redox peaks that
were associated with TiTi" (procesd) and TI"/Ti" (procesdl), as was previously

established in chapter 5, with,, = -0.46 V and -0.72 V vs. Ag|AgCI respectively.
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The half wave potentials obtained in DCM were ddfg from those observed in
DMF (Table 5.1) wher&;, = -0.09 V and -0.42 V vs. Ag|AgCl for YiTi" (process
1) and TI"/Ti" (procesdl) respectively.

With increase in scan number, irreversibility adlvas a general progressive

shift to less negative potentials of the1Ti"

couple to -0.39 V was observed. Peak
shifts are an indication that the surface of tleetebde is changing due to deposition,
hence film growth. The shift was accompanied bgearease in the anodic peak
current resulting in the irreversibility of the pess. Additionally, an emergence of a

broad peak which successively increased with secamber was observed around -

0.28 V vs. Ag|AgCl. The presence of new peaksidscative of polymer formation.

-950 -750 -550 -350 -150 50

k E (mv/Ag| AgCl) /

Fig. 6.9: Cyclic voltammograms 38f (1 mM) at GCEn DCM containing 0.1 M
TBABF 4 showing (i) first and (ii) last scans.

266



Chapter 6: Electrocatal ytic properties

For comparative purposes as well as to controffittrethickness, hence the
surface density, 50 electropolymerisation scansevparformed with each complex
now represented gsoly-37¢ poly-37f, poly-38e and poly-38f. The Pc molecular
structure (with or without substituents), the cahmetal, electrode material and the
deposition rate are conditions that tend to deteentihe mode of growth of Pc films
[446]. It was obvious that after 50 scans, thetfgcan was different from the last
scan (Fig. 6.9), further confirmation that the céemps were electropolymerised on
the GCE surface. Hence electropolymerisation sfigd by an increase in peak
currents, peak shifts and formation of new peakthasnumber of scans increases.
Rinsing the electrode in DCM removed unadsorbedPOTand a layer of green
substance was found to be deposited on the electrode OTiPc-modified electrode
was then transferred to a fresh phosphate buffatigo (pH 7.4) and characterising it
by CV confirmed the adsorption of an electroactim, Fig 6.10. The couples
associated with the metal reductions were obseate@.63 V for TV/Ti" and -0.87
V for Ti"/Ti" and were shifted to more negative potentials (@ewto Fig. 6.8) as
they were in a different medium.

To further confirm deposition onto the electroddinaar plot of currentl)
vS. scan ratevj, typical of a surface reaction of adsorbed spgeuwias obtained, Fig.
6.10 (inset). The polymer surface coverage of Mfecs on the electrode was
estimated from Eq. 6.9 (same as Eq. 1.33) by iategy the peak area under the

Ti"/Ti" couple, i.e.

Impe = (6.9)

" nFA
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The T' values were found to be of the order 10§10 % molcni?, thus indicating
monolayer coverage as illustrated in Table 6.1udfiqn 6.1 could also be employed

to determine the surface coverage of the adsoridecsM

Ti'"Y/Ti" 16 : : : :

<11 pp o I11 ’ -
Ti /Ti v/Vs™

-900 -700 -500 -300 -100 100

E (mV/Ag| AgCl)

Figure 6.10: Cyclic voltammetry of modified GCE wth complex 38f phosphate
buffer solution, pH 7.4. Inset = Plot of current \ersus scan rate. Scan rate 0.1
Vst

Varying the potential window - such that wider @atlt and anodic ranges are
utilised - was not promising and CVs shown in Fi§ @ere not obtained. However,
scanning the electrode potential in the cathodigorealone and in the anodic region
alone resulted in the electropolymerisation of¢theplexes as shown in Fig. 6.8 and
Fig. 6.11 respectively. Anodic electropolymerisatiwas obtained by cycling a
solution of the OTiPc complexes in DCM from 0.20t¢/1.60 V vs. Ag|AgCl, Fig.

6.11. Two peaks associated with Pc ring oxidatiothe sulphur substituents at ~1.2
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V and ~1.5 V vs. Ag|AgCl were observed. The Pc orglation peaks were expected
at high potentials due to the high electronegatioft the titanyl ion bond to the Pc
ring. Complexeg87e 371, 38eand 38f exhibited oxidation peaks in DCM (Fig. 6.11)
but not in DMF (Table 5.1), showing that they arereneasily oxidised in DCM and
more difficult to reduce as was observed aboveDMF these complexes were found
to be easier to reduce and difficult to oxidisel€a5.1). Electropolymerisation of
the complexes onto the electrode was probablyitaetl throughrn-nt interactions
between the phenyl substituents and the GCE anchitgublymerisation from sulphur
groups, as was the case with amino groups in MiRtptaxes [355]. In the case of
the sulphur containing MPc complexes, S-S bondddvimum, giving disulphides. In
this work, the modified GCE by cathodic electropogrisation (Figs. 6.8 and 6.10)
was used to determine the efficiency of the eleletras an electrocatalyst towards the

oxidation of nitrite in agqueous solutions.

200 500 800 1100 1400
K E (mV/Ag| AgCl) /

Figure 6.11: Anodic electrodeposition of 38f (1 mWin DCM containing 0.1 M
TBABF,. Scan rate 0.1 V8,
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Fig. 6.12 shows CVs of 1 mM nitrite on a bare etm¢ and on the
electropolymerised film in pH 7.4 phosphate bufetution. As mentioned earlier
the catalysed reaction is that of nitrite since disproportionation to NO is
insignificant. At the bare electrode, only a wealdd broad anodic peak at ~0.80 V
was observed, Fig. 6.12. At the modified electrbdevever, an anodic oxidation
peak current fopoly-38¢ poly-37¢ poly-38f andpoly-37f was respectively observed
at 0.59 Vv, 0.64 V, 0.67 V and 0.69 V, Fig. 6.12t wlas obvious that the best
responses were obtained with the modified electpide. a negative shift of the peak
potentials (lowering of overpotential) and an irase of the current densities were
observed. Furthermore, the bare electrode exhil@tenore positive response, thus

clearly confirming the catalytic effect of the poilgrised complexes.

/
Im "

0 200 400 600 800 1000
\ E (mV/Ag| AgCl) /

Figure 6.12: Cyclic voltammograms of unmodified GE, poly-37e,poly-37f, poly-

38e andpoly-38f, for 1 mM nitrite oxidation in phosphate buffer solution, pH 7.4.
Scan rate 0.1 V3.
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Of the four complexegoly-38edisplayed the best catalytic activity in terms
of the extensive lowering of the overpotential, 059 V. To the best of the author’s
knowledge and compared to adsorbed aryloxy complakeve, i.e37a — dand38a
— d, this was the lowest reduction in nitrite overpoit@ ever observed for any MPc
modified electrode. Nitrite overpotentials have roéawered to potentials mostly in
the 0.70 V region. The shift to negative potest@hd an increase in current density
could be of importance in applications of sensofdso, the phenylthio substituted
derivatives 87e and 38¢ showed better catalysis than the correspondimz\bnio
derivatives 87f and38f) in that the former shifted the oxidation of rigrmore to less
positive potentials than the latter.

The modified electrodes were investigated for $itgland reproducibility by
repetitively scanning (10 scans) 1 mM nitrite inopphate buffer solution (pH 7.4),
Fig. 6.13 and 6.14. About 24 — 40 % decrease tal\ta peak current was observed
after the ' scan, an indication that there was some passivaiio the electrode
surface probably due to moderate coordination efritrite oxidation product(s) to
the TiPc catalysts. Thereafter, the peak currstabilized showing no significant
differences between the subsequent scans and hagiteesistance to passivation.
Potential windows larger than the 1.0 V used in. Fdl2 resulted in increased
passivation of the electrode; hence the analyses lwveited to 1.0 V. Interestingly,
the initial catalytic peak current (i.e% 5can) was simply obtained upon renewal of

the electrode by rinsing in buffer solution.
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Figure 6.13: Repetitive cyclic voltammogram of 1 il nitrite at a 38f modified
GCE in phosphate buffer, pH 7.4. Scan rate 0.1 Vs
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Figure 6.14: Plots of variation of peak currents wh scan number for the

voltammetric response of 1 mM nitrite in phosphatebuffer solution, pH 7.4 on
(a) poly-38e, (b)poly-37e, (c)poly-38f and (d) poly-37f.
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Analyses of cyclic voltammograms at various scaesdor a fixed nitrite
concentration were obtained. Firstly, a lineaatiehship between the peak current
(I,) and square root of scan rat’q) was obtained (Fig. 6.15), thus indicating a
diffusion-controlled nitrite electrocatalytic oxigen. Secondly, a plot of sweep-rate
normalised current densitpr'l’z) vs. the sweep rate (Fig. 6.16), exhibited a giic
shape indicative of a catalytic process. Lastty, &ll the complexes, Fig. 6.17
showed that the peak potentials increased with san(logv), thus indicating the

chemical irreversibility of the nitrite electrochtiac oxidation process.

(i)\
: i)
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(iv)
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Figure 6.15: Plot ofl, vs.v'2 for the electrocatalytic oxidation of 1 mM nitrite

solution in phosphate buffer, pH 7.4 on: (i)poly-38e, (ii) poly-37e, (iii) poly-38f
and (iv) poly-37f.
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Figure 6.16: Plot oflpv'“2 vs.v for the electrocatalytic oxidation of 1 mM nitrite

solution in phosphate buffer, pH 7.4 on: (i)poly-38e, (ii) poly-37e, (iii) poly-38f
and (iv) poly-37f.
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Figure 6.17: Plot ofE, vs. logv for the electrocatalytic oxidation of 1 mM nitrite

solution in phosphate buffer, pH 7.4 on: (i)poly-37f, (ii) poly-38f, (iii) poly-37e
and (iv) poly-38e
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Figure 6.18 shows a linear relation of the peakerniragainst the concentration of
nitrite ions for the range 0.4 — 3.5 mM, i.e. theodic oxidation peak of nitrite is
proportional to the nitrite concentration. At centrations higher than 3.5 mM,
linearity is lost, thus the electrode is useful &mralyses at nitrite concentrations less
than 3.5 mM. The linear part of Fig. 6.18 indicattest the concentration of nitrite in
solution can be determined through possible usg @fs an analytical parameter.
Additional information was obtained for a totallgreiversible diffusion-controlled
system. The anodic peak potential can be repreddit Eq. 6.2. In accordance with

Eqg. 6.2, values of(l—a)n, (obtained from Fig. 6.17) ranging from 0.31 — 0.37

(Table 6.2) for the complexes were calculated asldted with the Tafel slope

(b=23RT/1-a)ngsF).
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Figure 6.18: Plot of variation of peak current (p) vs. nitrite concentration ([NO,

]) for poly-38f in phosphate buffer, pH 7.4 on. Scan rate 0Ms™.
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Values ranging from 160-191 mV/decade 8te 37f, 38e and 38f (Table
6.2) were obtained for Tafel slopes, thus sugggghat the first one-electron transfer
was the rate limiting step for the electrocatalyass was the case for adsorbed
complexes37a — dand38a - d The large Tafel slopes are more likely to ineolv
chemical reactions that are coupled with electrotbal steps since as will be
discussed below, a chemical reaction between enitnitd the catalyst was observed.
As was the case witB7a — dand 38a — d the values of the transfer coefficieat
were relatively high, ranging from 0.63 - 0.69, gshsuggesting product formation.

Generally, when one electron is involved in the{@étermining step, (i.e1,=1) a

is equal to 0.5 for Tafel slopes of 120 mV/decadalues of o listed in Table 6.1
were close to 0.5, hence confirming that one edectwas involved in the rate
determining step.

Furthermore, the heterogeneous electron transkfficent, k, was obtained

from Eq. 6.3. Using = 2.1x10 °cn?.s* for nitrite ion, the values of the constant
37e 37f 38eand 38f were obtained and they ranged from 0.0108 - 0.0dh&"
(Table 6.2). These were comparable to those oatylexy complexes. The transfer
of the electron involved in the rate determiningpstwas found to be faster fpoly-
38e(0.0118 cm.3), followed bypoly-37e(0.0114 cm.3), and slowest fopoly-37f
andpoly-38f (0.0108 cm 3 for both).

Comparing all the complexes, i.87a — fand 38a — f it was clear that
complexes37a — d 38eand38f had lower rate constants compare®8a — d The
electron transfer from the nitrite to the catalydittive center in the Pc, is facilitated
by the MPc-nitrite adducts, thus completing thedakion cycle. Therefore the lower
rate constants iB7a — d 38eand38f may suggest that the bond between the adduct

of MPc and nitrite is weaker such that electromgfar from the substrate to the
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catalyst center becomes difficult. Ultimately, thatal number of electronsn)
involved in the electrocatalytic oxidation of ni&iwas evaluated according to Eq. 6.4,
as stated above, which is valid for totally irresible diffusion-controlled electrode
processes. The number of electrons transferred faiasd to be ~ 2 for all the
complexes (Table 6.2), thus suggesting that twatreles were involved in the

oxidation mechanism of nitrite(NO,), with nitrate - NOgz) as the most likely

product of the reaction.

The interaction between nitrite and the OTiPc caxes 87¢ 37f, 38eand
38f) was investigated in solution using UV-Vis spestapy. Fig. 6.19 shows the
spectrum of comple88ebefore (Fig. 6.19a) and after addition of nitrikeg( 6.19b)
in DMSO. Addition of nitrite to the complex solati resulted in the Q-band shift
from 713 nm to 705 nm. The observed shift couldezibe due to the reduction of the
central metal (TY) in complex38e or to ligand exchange of the axial oxygen for
nitrite, as was observed f87a — dand38a — dabove. In section 5.2.3, the reduction
of Ti" (712 nm) to TI' (703 nm) determined during the controlled potémé&duction
of complex38e was observed. Therefore the peak at 705 nm wastaldé" Pc
species. The spectral changes in Fig 6.19 weredha to the metal being reduced to

Ti"Pc. The reduction occurred instantly on additibnitite.
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Figure 6.19: UV-Vis spectral changes observed orddition of nitrite to 38e in
DMSO, where spectrum of (a) 38e (OT{Pc) in absence of nitrite WithAmax = 713
nm and (b) in the presence of nitrite resulting information of Ti"' Pc with Amax =
705 nm.

To understand and ultimately propose the mecharué nitrite oxidation
catalysed by thpoly-thiol-modified electrodes, several factors arestdered. Nitrite
is an ambident ion which contains more than one typlone pairs that are able to
potentially coordinate to a metal atom. The thyges of possible structural isomers
are shown in Fig. 6.20, whereby coordination maguowia nitrogen or oxygen atom,
formally called nitro and nitrito complexes respeety. Coordination must first take

place before reduction of "iby nitrite occurs.
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Figure 6.20: Schematic diagram illustrating the tiee limiting coordination

modes of the nitrite ligand.

Table 5.1 showed that the arythio-substituted cengs37¢ 37f, 38eand 38f were
easier to reduce than the aryloxy-substituted cergd37a — dand38a — d The
latter complexes were not reduced by nitrite, buoty ceffectuated axial ligand
exchange, instead of reduction observed for thedorcomplexes in Fig. 6.19. Since
nitrite oxidation occurred in the range for ringidation for complexe87¢ 37f, 38e
and 38f, a mechanism similar to that proposed 3@a — dand 38a — dis proposed.
However, oxidation of the central metal td"Twould occur first or T Pc* species

could be involved. The nature of the mechanisnoisclear at this stage.

6.3 Amino tetra-substituted oxotitanium(lV) phthalocyanine

The electropolymerisation of completl on GCE in DMF containing
TBABF, was accomplished by repeatedly cycling the appetential between 1.20
V and -0.70 V vs. Ag|AgCI. A series of consecut®s (20 scans) for the coating of
GCE with complex41 at a constant scan rate of 0.1™\s illustrated in Fig. 6.21.
Upon electropolymerisation, the peak associatett Wie first metal reduction at ~
0.40 V gradually increased in current intensity &nohdened. The broadening is due
to the presence of more than one peak or due tantheomer and polymer. The

peaks due to the first ring oxidation disappeardudlesthat associated with amino
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group shifted to more positive potentials and titel peak became more irreversible.
The shift to positive potentials with increase aars number is an indication that the
electrical resistance of the film is increased andverpotential would be required to
overcome this resistance. The observed anodic ptakl.18 V narrowed and
exhibited quasi-reversible to irreversible behavias the electropolymerisation

proceeded due to the slow charge transfer incwvittain the polymeric film.

-800 -400 0 400 800 1200
E (mV/Ag| AgCl)

Figure 6.21: Evolution of CVs during the electropoymerisation of complex41 on
GCE in DMF containing 0.1 M TBABF, at a potential range of -0.70 to 1.20 V vs.
Ag|AgCl. Scan rate 0.1 V8.
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The initial step in the polymerisation of the coeploccurs via the oxidised amino
group, resulting in the deposition of an electriv@cpolymer on the electrode surface.
The simplified electropolymerisation process igsttated in Scheme 6.1. The redox-
active polymer film formed on the electrode surfaceow represented gmly-41.

Also, variation of the number of electropolymergiscans controls the polymer

thickness [452].

D D+ e D
R_/ R ’ R

2 ﬁNH - @NH=NH‘<:z>R +2H" + 2e”
NG R J

Scheme 6.1: Initial sequence of the electropolymeation process which is

sustained by repeating this initial sequence via 8t1NH, groups remaining on the
R residue. R represents the rest of the tetraamimithalocyanine.

A plot of anodic peak current of the quasi-revdesitbuple (labelled) as a function
of electropolymerisation scan number (10, 20, 80add 50) was linear, showing that
the relative conductivity of the polymer increagasleast up to 50 scans), Fig. 6.22.
Thus when the film was thin (10 scans), the curresponse was low due to the film
possessing few catalytically active sites, as oppas a thicker film (50 scans).

The poly-41-modified electrode was removed from solution sghseat to the
coating and rinsed with DMF and then water. Orselexamination of the surface of
the modified electrode, a green colour which becdar&er as the film thickened was

observed. The modified electrode was further atarsed by cyclic voltammetry,
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which confirmed the deposition of an electroactile, when immersed in fresh

phosphate buffer (pH 7.4) solution, Fig. 6.23.

/ 300 - \
< 200 -
%
100 -
0 I I I I I 1

0 10 20 30 40 50 60

K Scan number /

Figure 6.22: Redox activity of polymer in terms ofcathodic current, I, as a

function of the electropolymerisation scan number b complex 41 in DMF
containing 0.1 M TBABF,. Scan rate 0.1 V.

The redox processes observed in Fig. 6.21 werenada$en Fig. 6.23, with the feature
associated with the first metal reduction obseraedhore negative potentials, i.e. -
0.61 V and the processes associated with the labgl{edll ) and amino oxidations at
~0.1V and 0.72 V respectively. The amino oxidatreas observed as an irreversible
peak. The shift to negative potentials in Fig.36(2ompared to Fig. 6.21) is not
unusual and is brought about by the difference edim i.e. organic (Fig. 6.21) vs.
aqueous (Fig. 6.23). The surface concentratioh Was estimated according to the

following Langmuir isotherm equation (Eq. 6.1) wadetermined to be
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3.33x10 9 mol.cmi?, which was slightly higher than an average moreiapverage

of ~ 10*° mol.cm? and thus indicates multilayer adsorption [453,454]

NH,
100 pA

IT

-800 -300 200 700 1200
E (mV/Ag| AgCl)

Figure 6.23: Cyclic voltammetry of poly-41-modified GCE in phosphate buffer
solution (pH 7.4). Scan rate 0.1 V5

A linear plot (not shown) of currentl (,) vs. scan rate (up to 0.1 Wsfor

procesd in Fig. 6.23, that is typical of a surface reactad adsorbed species, further
confirmed the deposition onto the electrode. Atnstates higher than 0.1 Vsthe

separation between peak potentiald=()) for procesd increased with increase in

scan rates, i.e. the peaks become more asymmetndappear irreversible. Thus the
electron exchange process between the GCE and erdiblvas retarded, indicating
the limitation that arises from the charge trangfeetics. Kinetic data of electron

transfer between the complekl and the GCE surface was obtained from the
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parameters of the peak separation in protessscribed by Laviron [455]. Laviron
derived general expressions for the linear potestieeep voltammetric response for
the case of surface-confined electroactive speBigsneasuring the variations of the

anodic and cathodic peak potentialE() with the logarithm of scan rates, it is

possible to determine the apparent charge tramaferconstantK) as well as the
transfer coefficientd) for electron transfer between the GCE and comglex The

following expressions are fokE, > 200h mV commonly obtained at very high scan

rates,
Epc = E¢ —(RT/ anF)In(RTk; / anFv,) (6.10)
Epa = Ea —(RT/(1-a)nF)In(RTky / (1~ 0)nFvy) (6.11)

where v, and v, respectively denote critical cathodic and anodans@ates obtained

from the extrapolation of the linear portion of thg, vs. logv plots, to the formal

cathodic E2) and anodic EJ) potentials observed at slow scan rates. Frentth
vs. log v plots, the slopes of the linear portions are2.3RT/anF and
2.3RT/@-a)nF for the cathodic and anodic branches respectivefhe charge
transfer rate constant&. and k, are respectively given bynFv./RT and
@-o)nFvy/RT.

Figure 6.24 shows the typical plots of the pealeptials as a function of the

log of scan rates for th@oly-41 film in phosphate buffer of pH 7.4. As can berse

the E,values were proportional to the log of scan ratehigh scan rates. Kinetic
parametersk., k; anda were extracted from the linear parts of the plofEhe

evaluated values for the charge transfer rate aotstk, and k,, were 5.33S and
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4.96 §' respectively and the transfer coefficientsand (le) were 0.12 and 0.10
respectively. The values of the rate constanttfipds the slow establishment of
equilibrium, and were similar and comparable tosthaf other surface-confined
species. The transfer coefficients however were knd deviated from 0.5
considerably due to defect of the orientation af tomplex41l molecules on the
electrode surface [456,457]. Kinetic parameterstomplexes37e 37f, 38eand 38f

could not be compared since irreversibility of fhe was observed with increase in
scan rate, whereas for complés reversibility of process was maintained with

increase in scan rate, allowing the use of Eq. 6riD6.11.

-0.2 1
slope = 0.637
-0.5 1
s E,
I —= N |
" o8 — —
E, f
11 - . slope = -0.507
v=118Vs? il v=114Vs'
f
-1 4 T T \: -\/ T T T 1
-2 -1.7 -1.4 -1.1 -0.8 -0.5 -0.2 0.1

logv

Figure 6.24: Variation of the cathodic (E c) and anodic (E p;) peak potentials

with the log of scan rate forpoly-41 in phosphate buffer (pH 7.4).

The main aim of this work was to develop a moditekctrode that is capable

of the electrocatalytic oxidation of nitrite. Thp®tential of thepoly-41-modified
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electrode to electrocatalyse nitrite was testedinggeahat of the bare electrode.

Cyclic voltammetric responses were obtained inpgresence of 1 mM nitrite in pH

7.4 phosphate buffer solution, Fig. 6.25. As alyestated, the disproportionation of

nitrite to NO was insignificant at this pH, thugtbbserved responses were as a result

of the oxidation of nitrite. A weak response a0.80 V was obtained at the bare

electrode, Fig. 6.25(i), while an enhancement efdhodic peak current with a very

strong electrocatalytic effect was observed, Fig5@i), as has already been observed

for complexes37a — fand38a — fabove.

10 pA

0 200 400 600 800 1000

K E (mV/Ag| AgCl) /

Figure 6.25: Cyclic voltammograms of electrooxidabn of 1 mM nitrite at (i) the

bare GCE and (ii) poly-41-modified electrode in phosphate buffer (pH 7.4) Scan
rate 0.1 Vs,

Additionally, the peak current was observed at Ipssitive potentials than that
observed with the bare electrode. Therefore, etarsi with the strong
electrocatalytic effect, a decrease in the overga@tkof ~ 150 mV was achieved, i.e.

Ep= 0.67 V. It can be envisaged that hely-41 exhibited a catalytic response,
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however it performed worse thaoly-38e(0.59 V), 38d (0.62 V),poly-37e(0.64 V)
and 38c (0.64 V). The stability and reproducibility ofethmodified electrode was
examined by potential recycling in the phosphatéfebu A 23 % rapid current
decrease was observed after the first scan, 2§, @hereafter the current remained
almost constant for a number of scans, exhibitigd nesistance to passivation. The

current decrease may be owed to passivation hyenatxidation product(s).

[ I
3. e

< IS

= 2 - ’0’

B ® e o o o
1,
0 ! ! ‘

0 3 6 9
\ Scan number /

Figure 6.26: Plot of variation of peak currents wih scan number for the

voltammetric response of 1 mM nitrite in phosphatebuffer solution (pH 7.4) on
poly-41. Scan rate 0.1 V&
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Figure 6.27: (i) Plot ofl, vs. vY2 for the electrocatalytic oxidation of 1 mM

nitrite solution in phosphate buffer (pH 7.4) onpoly-41. (i) Plot of I,y vs.v
for the electrocatalytic oxidation of 1 mM nitrite solution in phosphate buffer
(pH 7.4) onpoly-41. (iii) Plot of E, vs. logv for the electrocatalytic oxidation of 1
mM nitrite solution in phosphate buffer (pH 7.4) onpoly-41.

For a fixed nitrite concentration, i.e. 1 mM, arsdyg of cyclic voltammograms at
various scan rates were obtained, Fig. 6.27. Aalinrelation between the peak
current (,) and square root of scan rate’qy was obtained, an indication of a
diffusion-controlled nitrite electrooxidation, Fig6.27(i). A typical EC’ curve,
indicative of a catalytic process was obtained dosweep-rate normalised current
density (pv'l’z) vs. the scan rate, Fig. 6.27(ii). Also, a pléttloe peak potentials
increased with log scan rate thus indicating thenabal irreversibility of the
electrooxidation process.

Kinetic parameters for the electrocatalytic oxidatiof nitrite were further

obtained, Table 6.2. For a totally irreversiblsteyn, the anodic peak potential was
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given by Eq. 6.2. A Tafel slopebE 23RT/(1-a)nyF) of 294 mV/decade was
determined and related 1@ — a)ny which was calculated to be 0.10. The Tafel slope

suggested substrate-catalyst interactions confirlnetV/Vis spectroscopic studies
(not shown) and that a first one-electron trangethe rate-determining step for the
electrocatalytic oxidation of nitrite. The transfmefficient @ = 0.90 was high, an
indication that the reaction equilibrium favouremdquct formation, i.e. nitrate, much
more than for complexe¥/a — fand38a — f Table 6.2. The value was much higher
than the other discussed complexes, an indicatianelectrocatalysis by compldi
ensures product formation. The heterogeneousrefettansfer coefficienk, at the
modified electrode , was obtained from Eqg. 6.3.e Ttained rate constark, =
0.0620 cm.¢ was found to be ~ 6 times larger than those oérotatra-substituted
titanium phthalocyanine complexes discussed, aicatidn that the acceleration of
the rate of electron transfer at the surface ofpiblg-41 is faster and more efficient
than that of the latter complexes. The total neindf electronsii) transferred in the
electrocatalytic oxidation of nitrite was calculhtizom Eq. 6.4. A total of 2.4 (~ 2)

electrons were obtained, therefore suggesting ttatnitrite oxidation results in

nitrate (NOg ) as the most likely product, Table 6.2.

The electrode reaction of the catalytic oxidatidnndrite at the surface of
poly-41-modified electrode was also investigated by doytoiential step
chronoamperometry. Measurementsgoty-41-modified electrode were done in the
absence and presence of nitrite. The catalyte cahstank, was evaluated for the
chemical reaction between nitrite and the surfamead poly-41 according to the

method of Galus [458]. At intermediate times (5.8.75 s in this work), the catalytic
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current|l .5¢, IS dominated by the rate of electrocatalysed abaah of nitrite. Thus

the rate constant can be estimated from the folgviéaq. 6.12

|
|

where || is the limited current in the absence of nitrite,= kCyt (C, is the

concentration of nitrite) is the argument of aroefunction andt is the elapsed time.

/ 24.00 | y = 7.5707x + 0.4136 \
R* = 0.9995
22.00 -
S
20.00 -
18.00 ‘ ‘ ‘
2.3 25 2.7 2.9

k t2 (s"?) /

Figure 6.28: Plot of | 5 /I derived from chronoamperometric data for 1 mM

nitrite in phosphate buffer (pH 7.4) solution onpoly-41.

From the slope of .4/1, Vvs. t* 2in Fig. 6.28, the value dt was found to be 0.0603

cm.s® which was in good agreement from that obtainedyiclic voltammetry, i.e.
0.0620 cm.2. Since the catalytic peak potential is in thédiity range of the ring
based process, the nitrite oxidation is thus medidty TIYPc#Ti"Pc'. Based on
the data discussed above, the oxidation of nitntes believed to occur as was

described in Eq. 6.6 — 6.8, represented here agaliy. 6.13 — 6.15.
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XTiVPc™2 +2NO; — (NO; )(Ti'VPc™2)+ X 2 (6.13)
Ka
(NOZ )o(TiV'Pc™2) S [(NOZ )(TiVPch) " +e” E (6.14)

[(NOZ )o(TiV Pc™)] ¥ +H,0 E[Ti Vpc2]2* 4 oNO; +2H  +e- C (6.15)

whereX = axial ligand.
Therefore the end product is nitrate as was coefirrhy the number of electrons

transferred during the catalysis.

6.4 Conclusion

The electrocatalytic oxidation of nitrite was féeited by the aryloxy-, arylthio and
amino-substituted OTiPcs through the phthalocyaning as the active catalytic
center. Nitrate was confirmed as the product eflation. Although the lowering in
the nitrite oxidation overpotential was observed & complexes, modification by
electropolymerisation was found to be better imteof stability and reproducibility.
The arylthio-substituted complexes underwent chahmgactions, i.e. metal reduction
in the presence of nitrite. The same cannot be &ai the aryloxy and amino-
substituted complexes which were instead coordihdte nitrite. Complex41
facilitated the transfer of electrons six timeddashan the other complexes. Overall,
complex41 exhibited better performance in terms of rate xiflation, but complex

38e gave the largest lowering of overpotential.
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CHAPTER 7

Conclusions
And

Future perspectives




7.1 GENERAL CONCLUSIONS

In conclusion, this work reports on the synthesfsaonew family of
oxotitanium phthalocyanines which were substitwtet aryloxy, arylthio and amino
groups at the peripheral or non-peripheral posstiomhe majority of the complexes
were tetra-substituted while others were octa-sulbsti. The differently sulphonated
tantalum and titanium phthalocyanines which werentb to be disulphonated by
HPLC, were obtained from the sulphonation of theulostituted derivatives. The
complexes were fully characterised by spectroscomthods as well as methods of
mass spectroscopy and elemental analysis whichircwd the purity of the
complexes. Significant solubility increase was esied and remarkable solution
properties such as UV/Vis were exhibited. Substituwith arylthio and amino
groups resulted in the red-shift of the Q-band, clwhwas more obvious for
substituents at the non-peripheral position. Thphonated complexes exhibited
different properties in DMSO, methanol and PBS 3olution, with the titanium
derivative highly aggregated in PBS. The tantaldenived showed broadened Q
band in DMSO, methanol and aqueous solvents. Hawemeaqueous solutions,
addition of Triton X-100 had no effect on the spactlonic interactions between the
cationic methylviologen and the anionic sulphonatedhplexes were followed by
spectroscopic methods. Evidence of the interaatiohe studied MPgScomplexes
with MV?* was obtained, where two heterotrimers in the TiP®®v?* and one
heterotrimer in the TaPgSIMV?* systems were obtained by spectrophotometric
titrations. The complexation served as potentigbramnolecular assemblies for
electron transfer. The complexation was founddstoonger for the TaPc derivative
than it was for TiPc. The synthesised complexesewarther studied for their

photophysicochemical and electrochemical properties
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Sufficient singlet oxygen in air-saturated soluiowas generated by the
complexes. Substitution at the peripheral pos#ti@amd more especially with arylthio
groups seemed to enhance the singlet oxygen quanéltnas opposed to those at the
non-peripheral positions. The arylthio-substitutamimplexes 7e and 37f) at the
non-peripheral position generated the lowest yields to the J-type aggregation in
DMSO. Moreover, the peripherally substituted cammpk were found to be slightly
more stable than the non-peripherally substitumenterparts, at the same time the
arylthio-substituted MPcs were found to be sligilys stable than the corresponding
derivatives. The use of chloronaphthalene as solf@ singlet oxygen quantum
yield determination of octa-substituted derivaf@syed to lower the yields due to the
radical-attack of the MPcs. OTiPc fluorescencentua yields and triplet yields
were found to be comparable to those in literagxeept for complexe37eand 37f
due to quenching by aggregation. The triplet ihfiels of the octa-substituted
derivatives however varied due to other procesisesphototransformation of the
complexes taking place. Fluorescence lifetimesclvimay otherwise be impossible
to obtain due to equipment limitations, were detead by quenching experiments.
Correspondingly, the quenching efficiency of BQ wasesented through
fluorescence-quenching experiments which were fotmdbe diffusion-controlled.
Quenching of the photoexcited singlet state of wetter-soluble complexes by
methylviologen was also investigated. Dependingthe combination of the MPc
with the quencher, the fluorescence propertiehefTiPci and TaPcScomplexes
were explored, and the fluorescence of TiPe&avily quenched (~ 73 %) by MV
compared to the fluorescence of TapPeS24 %) due to complexation.

Aryloxy and arylthio tetrasubstituted complexes eveselected for the

photocatalytic transformation of 1-hexene. The plaxes were found to catalyse the
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photooxidation of 1-hexene by two competing Ty@adl Type Il mechanisms. The
photooxidation products were found to be 1-hexes-8s minor product as well as
1,2-epoxyhexane as the major product in good selees (75.5 — 87.1 %). The
reaction products were dependent on the naturgasition of the substituents with
the peripherally substituted complexes being beat&talysts than the corresponding
non-peripherally substituted counterparts. Thastiin governed the generation of
singlet oxygen quantum vyields which were also fotmde directly related to the
photostability of each complex. Moreover, the #ig substituted complexes better
performed than the aryloxy complexes. Overallghenoxy substituted compl&8a
was found to be the best catalyst in terms of singixygen quantum yield,
photostability and activity. Use of molecular oeygas being attractive in these
photocatalytic processes for economic reasons ea®dstrated.

The complexes were investigated for their electeosical properties.
Electrochemistry and spectroelectrochemistry oftalam phthalocyanine were
reported and confirmed that the reduction occuaiethe central metal followed by
the ring. Spectroelectrochemistry confirmed twe @lectron process, followed by a
simultaneous four electron process. A multielecttansfer in a single step is a
unique behavior which is not common in phthalocgasiand was explained in terms
of the nonplanar nature of the complex. For comgs&7a 37b, 38aand 38b, the
first two reductions consisted of two electron retthn steps, and the last reduction is
a one electron step confirmed by spectroelectro@dignio be a confirmed 2 electron
and 1 electron reductions respectively. For corgd87c — { 38c — f 39a — cand
41, reduction processes were found to involve onetrele transfers, thus further

emphasising the role that the substituents havartisyproperties of these MPcs. For
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all complexes, the first two reductions were métded followed by ring-based
processes.

The aryloxy-substituted complexes were adsorbedewtiie arylthio and
amino-substituted complexes were electropolymeris&tie overpotential of nitrite
oxidation was lowered to values as low as 0.59 \cwlare much lower than the
reported values of ~0.80 V. The catalytic peakenis were also enhanced compared
to the bare electrode. Kinetic parameters wereiddted, where a one-electron
transfer was the limiting chemical step. The totanber of electrons transferred for
the nitrite electrocatalytic oxidation was ~2, tlaugygesting that the final product is
nitrate. Again the effect of substituents could be ignored as the complexes
displayed unique electrocatalytic properties. Thmadified electrodes thus offer an

effective route in the fabrication of nitrite elemthemical sensors.

7.2 Future perspectives

The synthesis of substituted tantalum phthalocyemioould be attempted
since these complexes have not been exploited aydexhibit interesting properties
that may be useful in many applications. The sysighof titanium phthalocyanines
can further be exploited, e.g. axial substitution azta-substitution at the non-
peripheral positions. The TiPcs can also be ingatd as catalysts for the selective
formation of epoxides (> 90 %) in the presencerobaidant such as oxygen and a
reducing agent, e.g. benzaldehyde. Furthermoee TtRcs may be investigated as
electrocatalysts of various analytes, including teduction of oxygen and nitrate
since the complexes exhibit a number of redox Eeeg i.e. first two metal

reductions as well as ring-based reductions.
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