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ABSTRACT

The syntheses, extensive spectroscopic charadteriza photophysical and
photochemical studies have been conducted foriaticar of d° metallophthaloycanines
(MPcs). Comparisons have been made taking intoideraion the influence of the
central metal ion, solvent properties, substitugpeé and position. Coordination to heavy
central metals i.e. Hg gives enhanced triplet giedperties.

Low symmetry metallophthalocyanine complexes wenglarly characterized and the
influence of interactions with nanoparticles onithghotophysical and photochemical
properties determined. The MPcs have been linkedl atsorbed or mixed with
nanoparticles i.e. chemically functionalized singiglled carbon nanotubes (SWCNT)
and mercaptocarboxylic acid capped CdTe quanturs (@Ds) and changes in the
spectra accounted for with respect to the proposedjugate structures. Distinct
differences occur for linked and adsorbed or migedjugates in the absorption, infrared
(IR) and Raman spectra and for thermal gravimelegicay profiles, suggesting successful
formation of covalent bonds (linked) and point tiusturally different materials.

SWCNT quench MPc fluorescence by a photoinducecirele transfer mediated process
to give low fluorescence quantum yields.

The QDs were used as energy transfer donors arlitafi@c energy transfer, through
Forster resonance energy transfer (FRET) from tbs @ the MPcs. Improved FRET
efficiencies were found for linked MPc-QD conjugatelative to the mixed species.
Photophysicochemical properties of MPcs were, megal, improved as a result of

interactions with nanoparticles.
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Introduction

1. Introduction

This chapter gives a general overview of nanoparties and
metallophthalocyanines, including basic propertiesnomenclature and
associated characteristics. The characterization ¢dniques used in this

thesis have also been summarized.



Introduction

1.1 Nanoscience

Nanomaterials can be defined as aggregates of awths the nanometer (nm) size
range. They are considered as a subdivision ofkarbaterial but possess properties that
differ from those of pure bulk materials, as a hestitheir unique crystal structures [1,2].
In this work, nanomaterials i.e. single-walled aartmanotubes (SWCNT) and quantum

dots (QDs) will be linked to phthalocyanines, hetiewy are discussed.

1.1.1 Single-walled carbon nanotubes (SWCNT)

Since their discovery, by lijjima and Ichihashi [Bj 1991, carbon nanotubes have
become the focal point of widespread scientificeegsh owing to their outstanding
chemical, mechanical and physical properties. Siwgdlled carbon nanotubes (SWCNT)
are defined as quasi-1-dimensional (1-D) quantunncires or pseudo-quantum wires
due to the spatial confinement of electrons inrathsions (Figure 1.1) [1,2].

SWCNT consist entirely of elemental carbon in &g hybridization; their structure is
essentially a single graphite sheet rolled inteeandess hollow tube (Figure 1.2) with
diameters ranging from 0.4-2 nm and lengths of évricrons [5-8]. The orientation of
the graphite plane relative to the tube axis anel timbe diameter are pivotal in
determining the unique physical properties assediatith these structures which include
high electrical conductivity, surface area, tenstlength, resilience, thermal stability and
metallic to semiconducting current carrying capafst9-14].

SWCNT have been known to absorb up to 100 times tven volume of hydrogen
atoms, which makes them of particular use for gg@maf hydrogen for fuel cells [15]. In

vitro medical studies have shown that these cad®Ems tubules are useful molecular
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Quantum Wire Quantum Dot

Energy Energy Energy Energy

Figure 1.1: Quantum confinement structural featuresand density of states (DOS)

effects [2].

transporters and can thus be used to deliver that@pdrugs and diagnostic molecules
into cells [16-19]. The ability of SWCNT to absolight in the near-infrared (NIR)
region and initiate cell deatha a photothermal or photohyperthermia (PHT) effdé] [

is of particular interest. Death of cancerous tsisunitiated since such tissue is sensitive
to heat, while normal cells are often unaffectedapplication of high temperatures [20].
PHT is also known to improve the effectiveness tifeo cancer therapies such as
chemotherapy, radiotherapy and photodynamic thef@pyl). PDT is a cancer treatment

that uses light, a photosensitizer and singlet eryig initiate cancer cell death.
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Figure 1.2:  Schematic representation of (a) a 2-diensional graphite layer with
the lattice vectors a and & and the roll-up vector G, = ha; + ma; = (n,m) and (b) the

resultant SWCNT tubular structure [5].

The application of SWCNT in chemical, biochemicaldabiomedical applications is
often limited by a lack of solubility [9,18,21,2Znd and side-wall functionalization is
often necessary to enable solubilization, dispargigssolution and enhance the chemical
compatibility of SWCNT with other molecules. Littmee comments on two main
modification pathways to functionalize SWCNT i.g. ¢ovalent (Figure 1.3a and Figure
1.4) and non-covalent (adsorptive) (Figure 1.3b)amse Biomedical applications, in
particular, make reference to an additional methioe;hybrid approach whereby a small
‘anchor’ molecule is initially adsorbed onto thenotube surface, following which

covalent linkage occurs to the molecule of inte(Eggure 1.3c) [18].
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Covalent functionalization alters the conjugasgfthybridized system tsp’; which is

seldom a desired characteristic as many of thealptlectrical and thermal properties

are dependent on the extendedonjugated system.

\) covalent / (b) non-covalent

il
> _

D =Dbiomolecule

@® = anchor molecule

(c) hybrid

Figure 1.3:  Schematic diagram showing the 3 main ggroaches to obtain modified
carbon nanotubes with biomolecules (a) the covalerdpproach, (b) non-covalent
approach and (c) hybrid approach (i) a small anchormolecule is attached non-
covalently to the nanotube surface and then (ii) achemical reaction links the

biomolecule of interest to the anchor [18].

The introduction of carboxylic acid groups on carbmanotubes is the most common
method for covalent functionalization. This can rfeadily achieved by reaction under
oxidative conditions using strong acids, such asOgiMdind or HSO, which form

carboxyl terminated groups primarily at the opedseor defect sides of SWCNT (Figure

5
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1.4a) [6,9,10]. Such acid treatment generates dangbnds that impart reactivity to the
nanotubes [10]. Nitrene cycloaddition (Figure 1,4d@dylation, using diazonium salts
(Figure 1.4c) or 1,3-dipolar cycloadditions (Figurdd) can be employed for direct side-

wall functionalization [7,23].

i“‘:‘ -:" FEd

s =3
.-*-zezﬁ‘ﬁ SEeses

Figure 1.4:  Carbon nanotube chemical modification i (a) oxidation using strong
acids, (b) nitrene cycloaddition, (c) arylation usig diazonium salts and (d) 1,3-

dipolar cycloaddition [18].

Non-covalent surface modification is the resultimtermolecular bonding processes,
which preserve tharconjugated backbone of the nanotubes and thus ihiginsic

electronic and catalytic properties [1,22,24,29isTfunctionalization is best served by

6
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planar molecules that are capable of adsorbing threta@arbon nanotube surfage Te1
interactions [26,27]. The resulting strong intei@ts between carbon nanotubes and
other aromatic molecules can serve as a platform fémther functionalization,
particularly with biomolecules [18].

In this work, acid and amine functionalized SWCNIll we used for the attachment of
phthalocyanine (Pc) units. Development of such fanbktional agent may be used in
bimodal cancer therapy, combining PDT and PHT,ifigoroved treatment of cancers.
The SWCNT bound to Pc are thus characterized bgieiotransform infrared (FT-IR),

ultraviolet-visible (UV-Vis) electronic absorpti@nd Raman spectroscopies [28-37].

1.1.2 Quantum dots

Quantum dots (QDs) are defined as 0-dimensionalcegrductor materials (Figure 1.1)
as a result of quantum confinement of electronalli3 physical dimensions [1,2]. They
are often synthesized from elements that belomgydaps 12-14 or 13-15 with physical
dimensions smaller than the exciton Bohr radiusallg less than 10 nm [2,38-40]. QDs
have quantized energy which gives way to their waigptical properties, which lie
between those of bulk and atomic materials [2,38-@1 particular interest is their broad
absorption spectrum, which allows excitation over@ad range of wavelengths and their
size tunable narrow emission spanning the ultravigUV) to infrared region [39,42],
which makes them well suited for imaging applicaid43,44]. They also show great
promise due to their excellent photostability [42].

Due to their size dependent properties, QDs has@ faund application in various fields

including high-density data storage, chemical sepsioptics, telecommunications,
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computing and more extensively in biomedicine [243H%5]. Recently QDs have found
focus as a new generation of photosensitizers angolynamic therapy (PDT) [41,45-47].
QDs are capable of transferring energy to groumtkestnolecular oxygen to generate
cytotoxic singlet oxygen and thus enhance the afficof PDT [46,48,50]. The singlet
oxygen generating capabilities of QDs are limité€]] therefore conjugation of QDs to a
mediating PDT photosensitizer e.g. a metallophttalaine, facilitates the probability of
increased PDT efficiency through energy transfdan) (E

Therefore, the aim in this work is to synthesizeraaptopropionic acid (MPA) capped
CdTe QDs. The terminal -COOH groups of the MPA aagpagent will facilitate
conjugation to mono-substituted phthalocyanim@sthe formation of an amide bond.
Such biomolecules are of particular use for thegimg and therapeutic treatment of

cancers.

1.1.2.1 Aqueous synthesis of QDs

QD synthesis is often tailored to specific requiests. Biomedical applications often
require water-soluble systems to enable biologioehpatibility. For high quality QDs
with narrow size distribution within 2 % [51], attéon must be focused on the core, shell
and coating characteristics, all of which may ieflae the photophysical properties i.e.
photoluminescence (PL) quantum yields and luminesedifetimes. Several methods
exist for the surface modification of QDs [47,53,68t currently two synthetic strategies
are used to prepare QDs; non-agueous and aquetthesg. The former, more common
method produces QDs by pyrolysis of organometatiecursors in high boiling point

organic solvents such as trioctylphosphine (TOPirioctylphosphine oxide (TOPO) to
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give hydrophobic QDs [54-56]. Further modificatios necessary to transfer the
hydrophobic QDs to the aqueous phase; steps whitén aresult in decreased

photoluminescence [57-59]. Alternatively, the aqueaynthetic route is cheaper and
more reproducible and produces water-soluble bigadgiinle QDs directly without the

need for further modification [60].

Therefore organic cappings that produce water-$ol@Ds are frequently used for
functionalization. Thiol moieties such as MPA acenenonly used for surface attachment

(Figure 1.5), while terminal carboxyl groups fatte hydrophilic interactions and

Figure 1.5: Schematic illustration of a QD nanocrywl coated with thiol

solubilizing ligands.

bioconjugation to other molecules [57,61]. Thiobgps are also useful in suppressing

intermittence of emission (blinking) [62]. Follovgnsurface functionalization, further
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molecular interactions can be achieved covalent attachment, electrostatic forces,
adsorption, hydrogen bonding and silanization [3B,6

The most common aqueous synthetic procedure ibyttithermal method (Figure 1.6)
[60,64,65]. It has been used for the synthesis\araety of nanocrystals i.e. CdS, CdSe,
CdTe, ZnS, ZnSe and HgTe. The focus of this work been on CdTe. The method
involves dissolution of the salt of interest e.g, @ water followed by the addition of a
stabilizer e.g. MPA, thioglycolic acid (TGA) unden inert, oxygen free, atmosphere, to
form the Cd precursor solution. NaOH is added tsidthe solution pH to alkaline
conditions. Rapid injection of a freshly preparedHNe (for CdTe QDs) solution [66-
68], follows, which reacts with Gland thus affords an aqueous colloidal CdTe saiutio
The introduction of heat (~ 100°C) progresses QDwtrovia the Ostwald ripening
process [69], which is subsequently terminated dheedesired emission properties are
attained. Under the basic pH conditions used ferrdaction, the stabilizer binds to the
QD surface and the carboxylic end is deprotonatem ¢arboxylate and thus renders the
QD water-soluble [70]. During growth, the stabilize responsible for control of the size

and shape distribution, crystal structure and btglpr 1].

10
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Cd precursor
solution

(CdCl,, R-SH)

Figure 1.6: Diagram illustrating the synthetic route to obtain thiol-capped CdTe

QDs.

1.1.2.2 Absorption and fluorescence spectra of QDs

The properties of bulk semiconductors are depenadienhe energy bandgap between its
valence and conduction band. A progression fronk buhterial to QDs results in
discreteness and the density of states ceases ¢orb@uous. As a result, there are a
specific number of well-separated states for tleetedbns to occupy at a given energy
(Figure 1.7) [72,73].

Any alteration in the crystal size alters the sif¢he bandgap, where a decrease in size
results in a larger bandgap identified by a shifthe absorption spectra from the infrared
to the visible region. This allows one to tune éhectronic and optical characteristics of
the nanomaterial. Figure 1.8 shows the influencesiaé changes on the emission

properties of QDs.

11
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Quantum Dot Bulk semiconductor

Figure 1.7:  Simplified diagram illustrating discrete energy levels of a QD
compared to the continuous levels in a correspondinbulk semiconductor crystal

[72].

The typical absorption spectra of QDs are charae@rby sharp well resolved features
(Figure 1.9). Broadening is often a consequencedispersion in size and shape
distribution. The lack of well resolved features ymalso be influenced by growth

conditions i.e. temperature, pH and solvent proggripresence of defects and solution
concentrations used for the spectra. Band flattemnCdTe QDs has been attributed to

more pronounced confinement [40].

12
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Figure 1.8:  Size dependent fluorescence emissionesfra of QDs. QDs have been

drawn to scale.

The radiative recombination [74] of excitons orefrearriers in QDs leads to narrow

distinctive photoluminescence or fluorescence apmsspectra (Figure 1.9).

13
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Figure 1.9: Classic absorption and fluorescence ession spectra of high quality

QDs [55].

1.1.3 Methods of characterizing nanoparticles

A broad inventory of characterization and analytitechniques, other than those
discussed, applies to nanostructure materialsehei@l two fundamental techniques exist
for characterization of nanomaterials: imaging byicroscopy and analysis by
spectroscopy [75].

X-ray diffraction (XRD) is a spectroscopic techneqused for elucidation of structural
information relating to the crystal lattice, FigutelO [66,76,77]. The mean patrticle size
can be determined using the Scherrer equation [78].

9
Cod (1.1)

d(A) =

14
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wherek is an empirical constant (0.9),is the X-ray source wavelength (1.5405 A for
Cu), B is the full width at half maximum (FWHM) of theffiaction peak, and is the

angle of the peak (Figure 1.10).
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Figure 1.10: Simplified diagram illustrating typical X-ray diffractogram of QDs

[76,77].

Fourier transform infrared spectroscopy (FT-IR) t&nused for asymmetrical vibration
analysis. It is particularly useful for the chamcation of chemically functionalized
CNT. Raman spectroscopy similarly is often used dbaracterization of SWCNT.
Raman spectra of SWCNT are distinguished from ofthens of carbon by 2 dominant
Raman signatures i.e. the radial breathing modea/)Fbetween 100 — 300 cfrand the

G band, typically found around 1590 ¢nUV-Vis electronic absorption spectroscopy is
often employed for analysis of the optical proprtihat accompany nanoparticles such

as SWCNT and QDs. Thermal gravimetric analysis (JG4 a thermodynamic

15
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characterization method that records the mass d¢wsgain from a sample versus
temperature. The technique may be considered sgeofic, where different decay
profiles point to structurally different materiaad provides information related to phase
changes, thermal stability and composition.

X-ray photoelectron spectroscopy (XPS) is usedstoface analysis and depth profiling.
Scanning electron microscopy (SEM) gives high-nesoh images of the sample surface
and transmission electron microscopy (TEM) is usedprobe the internal surface
structure and give access to morphological fineucttiral details. Atomic force
microscopy (AFM) and scanning tunneling microscof®TM) are scanning probe
methods, both of which provide surface topologicdbrmation, and imaging of the
surface structure. Other commonly employed techesqinclude solid-state nuclear
magnetic resonance spectroscopy (NMR) and diffedestanning calorimetry (DSC)
[19,36].

In this thesis, XRD, FT-IR, UV-Vis and Raman spestiopies and TGA have been used
to elucidate the structural properties of SWCNT ctionalized with carboxylic acid
groups (-COOH1a) or ethylamine units1lp) and MPA capped CdTe QDg)((Figure

1.11) and the interaction of these materials widtatiophthalocyanines.

16
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Figure 1.11: Basic structure of the nanoparticles sed in this work.
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1.2 Metallophthalocyanine (MPc) Chemistry

Since their discovery in the early 1900s, the clsenyiof phthalocyanines (Pcs) has been
studied extensively owing to their high chemicat @hermal stability, high degree of
aromaticity, synthetic flexibility and ability todapt to a wide range of applications. The
term, ‘phthalocyanine’ was initially conceived bynktead as a result of its structural
origin from a phthalic acid precursor and ‘cyanimdiich refers to their blue colour [79-
82]. Metallophthalocyanines (MPc8) are planar, tetrapyrolic macrocyclic aromatic
compounds which absorb strongly in the red endoregif the visible spectrum due to
their highly conjugated 18electron system (Figure 1.12). Variation in thatca metal,
type, number and position of substituents (eithkenon-peripheral substitutionf3-
peripheral substitution or axial substitution),aatied to the MPc macrocycle, greatly
influence the robust chemical properties that nthken applicable in a diverse range of

fields [83,84].

M = Metal lon

Figure 1.12: Molecular structure of metallophthaloganines (MPcs).
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Commercial applications, in which MPcs are mostlsedi as dyes, rely on their
characteristic intense blue-green colour, chenstability and their exceptional fastness
to light [85]. They have also found applicationhigh-technology industrial applications;
as photoconductors in laser printing devices, fptical data storage in the form of
rewritable optical media (CD-RW) [86], in photocheal and photovoltaic cells for

energy conversion [87], non-linear optics [88,8%ngmuir-Blodgett thin films [90,91],

field effect transistors [92], chemical sensors][89§uid crystals [94-96], as catalysts for
degradation of pollutants [97] and in medicine,tipatarly as photosensitizers in PDT
[98-101] and as photocatalysts [102-104].

Extensive research has gone into the use of MPdopbuositizing properties for

therapeutic cancer treatment i.e. PDT which consbitiee selectivity of fibre optic

directed light with the cell destruction propertie$ singlet oxygen. For ease of
administrationvia injection into the blood stream and transport s€ripid membranes,

water soluble, lipophilic derivatives have oftenebe considered for PDT [98-

100,105,106]. The covalent or non-covalent conjogatof MPcs to site specific

molecules, such as proteins, for targeted druyeisij has also been reported [107].

1.2.1 Phthalocyanine syntheses

Success of the synthetic approach is dependentwerad factors namely choice of:
precursor, metal salt (metals, metal salts, oxidatphates and halides), solvent (high
boiling point solvents), temperature (to facilitateelting of the precursor and rapid

cyclotetramerization), base and catalyst.
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The most common routes involve the use of diffemthalyl groups (Scheme 1.1) i.e.
phthalic acid (4) [108], phthalic anhydride(5) [109], phthalimide (6) [110], o-
cyanobenzamid€7), phthalonitrile(8) [111] or 1,3-diminoisoindoling9). The use of
phthalonitrile precursors is considered the sintpdggproach and generally gives highly

pure products.

NH

(9) W\

M Solvent, NH;, A

M, urea
A g

5 M, urea, A (a)M ROH, base,A
—— N
(b)M Li, ROH, A

N

Solvent, A

(3)
M, urea, A

Scheme 1.1: Synthetic routes to obtain MPcs from fierent precursors.

Phthalonitriles are often reacted at high tempeeaitu the presence of a metal salt and a
basic solvent, such &N-dimethylaminoethanol (DMAE) to afford cyclizatiaf the Pc

macrocycle. Alcoholic solvents e.g. 1-pentanol ambination with bases such as 1,8-

20
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diazabicylo[5.4.0Jundec-7-ene  (DBU), 1,5-diazabioj#.3.0]lnon-5-ene  (DBN),
piperidine or cyclohexylamine can be used as arradtive route which facilitates mild
and efficient cyclotetramerization of the phthatdta to the Pc [112].

Labile metals such as lithium or sodium may be ugedsynthesis of Pcs with large
central metals. Labile metal ions can be easilyharged within the reaction vessel to
form the desired MPc [113]. The presence of urdachvacts a source of nitrogen, and
catalysts such as ammonium molybdate or boric analy also promote cyclization to

form the Pc ring when using phthalic anhydride phthalimide precursors [114].

1.2.1.1 Symmetrically ring-substituted phthalocyanines

Substitution at either the (non-peripheral)p3 (peripheral) or axial positions of the MPc
is known to enhance their solubility. Variationtime number of substituents attached to
the Pc ring is achieved by the condensation of mombd or tetra-substituted
phthalonitriles, to produce the corresponding sytniced tetra-, octa- or 16-substituted
Pcs [115,116].

The condensation of phthalonitril@) monosubstituted at either the 3 or 4-position
[117,118] gives tetra substituted Pcs (Scheme Lf)ally as a mixture of positional
isomers withCyp,, Dop, Gy, andCs symmetries, with a relative allocation of 12.5 24,5

%, 25 % and 50 % respectively [119,120] for fasubstituted (Figure 1.12) complexes.
Allocation in a-substituted (Figure 1.12) Pc complexes dependbh®mentral metal ion
and structure of the substituents. Isolation tegvsingle isomer can be achieved using
specifically designed high performance liquid chatography (HPLC) separation

techniques, which are very difficult and often timensuming [121]. However, it has
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been found that the enhanced solubility that oftecompanies tetra substituted Pcs is a
result of the presence of such isomers in additotine use of bulky substituents, which
prevent aggregation. The use of a mixture contgisimch isomers may be more useful
than a single isomer, therefore purification stigpgive a single isomeric compound have

been omitted in this work.

CN
catalyst, solvent Metal salt, solvent
——

RT A

R CN
catalyst, solvent Metal salt, solvent
— P
RT A R
CN

(14)

Scheme 1.2: Synthesis of non-peripheral (12) and @eheral (15) tetra substituted

MPcs from monosubstituted phthalonitriles (10) and13).

1.2.1.2 Low-symmetry A3B type phthalocyanines
In recent years, research focus has shifted taestumh unsymmetrical Pc systems. The

intrinsic symmetry of the Pc molecule at times pras limitations for various purposes;
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therefore lowering the symmetry allows the co-exise of different functionalities and
the fine tuning of their physical properties forieais applications [122-126].

A3B type phthalocyanines consist of one different tmde identical isoindole subunits.
There are 3 main synthetic approaches that canmmpoged to obtain these Pcs: the
statistical condensation route [127-129], the pa@ymaupport route [130,131] and the
subphthalocyanine (SubPc) route [132]. Owing to sisnplicity, the statistical
condensation approach is the most widely appliethateto obtain these molecules. It is
a non-selective method based on the reaction offifferently substituted phthalonitriles
or 1,3-diiminoisoindolines (A and B) to afford imipciple, a mixture of six compounds
as indicated in Figure 1.13 [133,134]. The desipedduct can be isolated from the
statistical mixture of compounds using chromatogrageparation techniques.

Increased solubility, less tendency to aggregateraduced number of products can be
attained by adding, at least one bulky or rigidugréo the Pc macrocycle [135,136].

In the quest to obtain optimum vyields of the debir&B derivative, particular
consideration must be given to the stoichiometryhef reactants. Often a 3:1 ratio for
two precursors of similar reactivity affords a nuisd of products in the following
predicted percentages:;A33 %), AB (44 %) and 23 % for other cross-condensation
products. Therefore a 3:1 ratio is commonly adnimexd for favourable formation of the
A3B type Pc [137-139]. Modification of the stoichioing to higher ratios, may be
necessary upon consideration of the relative naactof the precursors involved, for
example, A:B molar ratios of up to 9:1 may be uatbeén the reactivity of B exceeds that

of A [140,141].
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Figure 1.13: Statistical condensation of two phthalnitriles to give 6 possible

products [133,134].

In this work, the desired low-symmetry derivativémve been prepared using
conventional methods and involve either reactioriwben a substituted phthalic
anhydride(16) and a phthalic dianhydrid@7) precursor or reaction of two differently

substituted phthalonitrile derivativés9 and20) (Scheme 1.3).
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o} Q 0O
R Metal salt, urea,
o + O 0 >
solvent, catalystA

O o) O

(17)

(a) Li, solvent, H, A

(b) Metal salt, solvent,

Scheme 1.3: Synthesis of 8 type MPcs.

1.2.1.3 Phthalocyanines synthesized in this work

The structures of the phthalocyanines that hava bgethesized and studied in this work
are shown in Figure 1.14. The synthetic routes usedbtain unsubstituted MPc

derivatives of zinc 42), cadmium 23) and mercury 44) are well documented in

literature [142-144]. Photophysicochemical studibave indicated the excellent
photosensitizing ability of ZnP2®) [145,146] and its substituted derivatives, sush a
tetrakis{2,(3)-pyridyloxyphthalocyaninato}zinc(llYZnTPyPc, 259, which has been

reported, but containing a 3-pyridyloxy substitugt7] instead of 2-pyridyloxy which is
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used in this work. However, the photophysicochemiggoperties associated with
ZnTPyPc 258 was not reported. Similarly the synthesis of sitiited tetrakis{2,(3)-
pyridyloxyphthalocyaninato}cadmium(ll) QdTPyPc, 263 and tetrakis{2,(3)-
pyridyloxyphthalocyaninato}mercury(IDHgTPyPc, 273 derivatives is reported here for
the first time. In general, there have been inadegstudies on CdPc and HgPc
derivatives.

A few reports have described the synthesis andtrgiseopic properties of octa-alkyl
substituted CdPc derivatives [148,149]. Howeverreghis no literature on tetra-
substituted CdPc derivatives. CdPc complexes great&d to show enhanced triplet state
properties; a characteristic that may be exploiteghotocatalytic applications. It is for
this purpose that aryloxy substituted CdPc denesti 6a-d and 28a-d) will be
synthesized and their photophysicochemical progerstudied. The choice of the
substituents is based on their bulkiness, oftewknt prevent aggregation and enhance
solubility.

Mystery surrounds the spectroscopic behaviour dPd¢sg Although some records make
mention of HgPc complexes [150,151], not much isviam about their photosensitizing
tendencies. They have been used for the catalggradiation of hydrogen peroxide
[152], but there are no other reports on theirlatistate yields and singlet oxygen
producing capabilities to determine their efficaoy photocatalysis. In this work we
report the photophysics and photochemistry asstiaith unsubstituted HgP&gPc,
24) and a new pyridyloxy-substituted derivativégTPyPc, 273.

The synthesis of numerous symmetrical zinc phthyaloime analogues, such as

tetrakis{2,(3)tert-butylphthalocyaninato}zinc(ll)§-ZnttbPc, 29) [153] and
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(22) ZnPc : M =Zn

@ (23) CdPc : M = Cd

(24) HgPc : M = Hg

30

R= (a) \ /

BN

iy R NNy ® O\_O
-'\"- ij N—c::d—N
HN SR O@Jr

RO
d
4/ (d)

(25) M = Zn (28)
(26) M = Cd
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Figure 1.14: Structural representation of MPcs studed.

tetrakis{2,(3)-mercaptopyridinephthalocyaninatojih) (B-ZnTMPyPc, 30) [154],

have been investigated, however synthesis of theirsymmetry counterparts has not

been reported. Unsymmetrically substituted MPcsseme interesting spectroscopic

chemistry but there are limited accounts of themotpphysicochemistry [155,156].
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Reported in this work, is the development of new-Eymmetry ZnPc derivatives, tris{9
(20), 16 (17), 23 (24)t¢rt-butyhimidophthalocyaninato}zinc(ll) 4nttblPc, 31) and
tris{9 (10), 16 a7, 23 (24)-(4-2-mercaptopyridjriz (4-
carboxyphenoxy)phthalocyaninato}zinc(IgrfPc-COOH, 32), with the aim of studying
their photophysical and photochemical performance.

This work thus reports on the spectroscopic andtquitysicochemical properties of
various MPc complexes, investigating the influerafethe nature and position of

substituents and symmetry reduction.

1.2.1.4 Synthesis of phthalocyanine-nanoparticle conjugates

Nanoparticles may enhance the photosensitizing goties associated with Pcs. The
synthesis of low-symmetry ZnPc derivatives thusgsathe way for conjugation to
nanoparticles such as SWCNT and QDs and an inagistig into the photophysical
consequences of the interaction between them dasuéto determine their potential as
photocatalysts. The adsorptive interaction of sngalled carbon nanostructures with
symmetrical phthalocyanines for application in PiaE been reported [16].

There have been a few reports on the synthesisVBCNT-low symmetry ZnPc
conjugates (Table 1.1) [33,157,158]. In both cakesjever, the ZnPcs were substituted
at 7, of the 8, [B-positions to give hexadrt-butylphenoxy-2-
hydroxymethyl)phthalocyanine zinc(Il) 39), hexa-{ert-butylphenoxy-4-
formylbenzoyloxymethyl)phthalocyaninato Zn(li34) and Zn(ll) azidophthalocyanine
(35). In the reported studies, the conjugates areddrby different reaction methods i.e.

direct reaction between the functional groups atdcto the carbon nanotubes and the
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phthalocyanine unit without the use of couplingactivating agents. Also, the SWCNT
were modified with complexes which are not readiWilable. The aim of this work is to
form a direct chemical (amide) linkage between thePc molecules and the
functionalized SWCNT with the aid of commerciallyadlable complexes. As yet there
have been no such studies with low-symmetry ZnRuptexes. Similarly, work using

low-symmetry ZnPc complexes adsorbed onto SWCNe@&psrted here for the first time.
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Table 1.1: List and structures of MPcs adsorbed oor linked to SWCNT.

MPc AStructure °SWCNT Ref

ZnPc (22) See Figure 1.14 SWCNT-COOH [16]

ZnPc (33) Ry B SWCNT-COOH [33]
g SWCNT-HiPco

ZnPc (34) Ray SWCNT-COOH [33]
V\QN SWCNT-HiPco
ZnPc (35) SWCNT [157]

2-Bu = tert-butyl; "HiPco= High-pressure carbon monoxide.
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There have been numerous reports on the interaofi@Ds and MPcs [154,158-166].
Passivation of the QD surface is known to facitatteraction with other molecules,
such as MPcsyia electrostatic forces, hydrophobic interactionsdriogen bonding,
adsorption or covalent attachment [38,47,63]. Apsee interactions between CdSe and
CdTe QDs, capped with various carboxylic acid tlgmups i.e. L-cysteine (L-cys), 2-
mercaptoethanol (2-ME), MPA and TGA, and varioumgetrically substituted MPc
derivatives (including zinc (ll) tetracarboxyphtbeyanine ZnTCPc, 36) and aluminium
(AITSPc, 37 and zinc ZnTSPc, 38) tetra-sulfonated phthalocyanines) (Table 1.2) are
commonly reported [154,164,165]. However, the clvamtoordination of MPcs to QDs
has received little attention. Burda’s group hgsorted extensively on the synthesis of
linked conjugates of SiPS[Pc4(39), SiPcl117(40), SiPc123(41), SiPc158(42)] with
CdSe QDs, formed through axial ligation [46,47,1%3]. Recently the synthesis of a
chemically coordinated CdTe MPA QD-ZnPc conjugads heen reported. The ZnPc is
tetra-substituted with amino grougn{TAPc, 43) that can be attached to the QD surface
ligands through an amide bond [166]. The presefo@imerous amino groups presents a
problem in identifying the number of ZnPc units mtinated to the QD-surface; one Pc
unit may interact with several QD clusters. To d#tere have been no reports on the
covalent attachment of low-symmetry ZnPcs sucZmattblPc (31); thus the aim is to
synthesize new conjugates of CdTe QDs and this culde The presence of a single

imido-group allows specific attachment to the QBr®tgh one point on the Pc ring.
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Table 1.2: List and structures of MPcs adsorbed oor linked to QDs.
MPc °Structure ‘QD Ref
ZnTPyPc See Figure 1.14 CdTe MPA [154]
(25a) CdTe TGA
ZNnTMPyPc See Figure 1.14 CdTe MPA [154]
(30) CdTe TGA
ZnTCPc (36) GOOH CdTe 2-ME [165]

E\ E CdTe TGA

N COOH

HOOCAQ:‘«N—.%n—N;:(j

/’{‘ N

COOH
AITSPc (37) R CdTe MPA [164]

g CdTe TGA

I}I,ClN\ R

RAO:fN—}u—W CdTe L-cys
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Table 1.2 contd.

MPc °Structure ‘OD Ref
ZnTSPc (38) CdTe TGA [165]
E ; CdTe 2-ME
N—Zn—
R = SOy Na*
SiPc CdSe TOPO | [46,47,158-163]|
8 CdSe TBPO
mN—Sl—N
HO$

|
' R =S~

(39) SiPc4
(40) SIPCL17 : R =Ssa~a~A
(41) SiPc123 : R =5 " AN

(42) SIPC158 : R =Sk~ M,
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Table 1.2 contd.

MPc °Structure ‘QD Ref

ZnTAPc (43) W, CdTe MPA [166]

SAITSPc = alumunium (Ill) tetrasulfophthalocyanine; ZnTSPc = zinc (Il)
tetrasulfophthalocyanine; ZnTAPc = zinc (II) tetraaminophthalocyanine; °SiPc4 =
HOSIPcOSI(CHs)2(CH2)sN(CHa)z;  SiPc117 = HOSIPcOSI(CH)2(CH2)sN(CH3)z;
SiPc123 = HOSIPcOSI(CH)2(CH2)sN(CeH19)2; SiPc158 =

HOSIPcOSIi(CHs)2(CH2)3NH»; “TBPO = tributylphosphine oxide.

1.2.2 Ground state electronic absorption spectra of phthicyanines

1.2.2.1 Origins of spectra

The absorption spectra of monomeric MPcs are cteriaed by intense electronic
absorptions between 600-750 nm, to give the cheniatit Q band (@), with a molar
absorptivity often exceeding 10 mol™* cm*[167,168]. The less intense broad band at ~
350 nm is the Soret or B band [167-169]. The B bemmsists of two bands, thg Bnd
B, bands. The Q band is also accompanied by onemwtak vibronic bands (£) with

an absorbance of less than 10 % of the mayb@nd (Figure 1.15).

The origin of these bands can be explained usingt€dman’s four-orbital model [170],

which considers four frontier molecular orbitaldghiest occupied molecular orbital-1
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Figure 1.15: Typical ground state electronic absorfpon spectra of symmetrical

(red) and low-symmetry (blue) MPcs.

(HOMO-1), HOMO, Ilowest unoccupied molecular orbidlUMO) and LUMO+1
account for transitions that give rise to the ftegd allowed transitions in the UV-visible
spectrum (Figure 1.16). These transitions are gdiger1t* (X/y polarized), where the Pc
Q band (Qo) is the result of a transition from the,gHOMO) to the degeneratg, e
(LUMO) orbital while the transition from,a and b, to g results in the B band
absorptions (B and B). Additional bands referred to as N, L and C, émns of
ascending energy, are accessible below 300 nm irtr@hsparent solvents such as
dichloromethane (DCM) [171,172]. Significant enesgpparation between thg,and a,
orbitals results in less configuration interactad thus accounts for the greater intensity

of the Q band versus the B band.
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Figure 1.16: Electronic transitions (a) in symmetrcal MPcs showing the origin of
the Qoo band and B, and B, absorption bands [176] and (b) in symmetry lowered

MPcs showing the origin of the Q and Q, bands.

The absorption spectra of Pcs are sensitive to gdsann central metal, solvent,
substitution pattern and tendency to aggregate,1¥43. These will be considered in turn
below.

Metal free Pcs are characterized Dy, symmetry. Introduction of a metal that fits into
the Pc cavity (3.96 A) [175,176] maintains the pldty of the molecule and results in
increased symmetry t®,, and an accompanied reduction in number of allowed
electronic transitions. Further symmetry perturdradi can occur on the introduction of
large metals ions i.e. 2h Srf*, PE*, which often do not fit into the Pc cavity and shu

lower the symmetry t€4,. Zinc is displaced 0.45 A from the plane of theraatic ring
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to form a domed shape [171,177] andPions force the Pc to adopt a shuttlecock
configuration [178].

Absorption spectra, in solvents of different pdigriaffect the shape, position and
intensity of absorption bands. In general, withré@asing polarity, the Q band becomes
red shifted [179]. The use of coordinating solvesteh asN,N-dimethylformamide
(DMF), dimethylsulfoxide (DMSQO) and pyridine resailin interactions which stabilizes
the LUMO to give Pcs with red-shifted Q bands [18Ddnjugated and aromatic solvents
have a similar effect [181]. Acidic solvents suchXCM and chloroform can effect ring
oxidation, at times resulting in demetallation [1453,182] or protonation [146] and their
non coordinating nature favours the formation otBgregates [180,183].
Non-peripheral ¢) substitution results in a larger destabilizatdiect on the HOMO and
thus red shifted spectra relative to peripheralpy 6ubstituted complexes when
coordinated with electron donating groups, while #ituation is reversed on attachment
of electron-withdrawing groups [184,185]. This effés in relation to the magnitude of
atomic orbital coefficients at the- or B-position; molecular orbital (MO) calculations
have found that coefficients at thecarbon atoms tend to be larger than those agthe
position. Symmetry reductions by reaction of diéieity substituted precursor units may
alter the shape of the absorption spectra, ofteunltreg in a split Q band (Figure 1.15) as
a result of a transition from the HOMO to orbitalipn-degenerate split LUMO and

LUMO+1 levels (Figure 1.16).
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1.2.2.2 Phthalocyanine aggregation

In polar solvents such as water and methanol (Me®td¥ are particularly prone to
aggregation due to their largesystem [186]. This intrinsic property alters their
absorption features giving an indication of thesprece of additional electronic levels of
the aggregates (Figure 1.17). By definition, aggteq is referred to as a coplanar
association of Pc rings progressing from monometitwer and higher-order complexes
often driven by non-covalent interactions rert interactions between the conjugated Pc
rings or hydrophobic interactions in polar solvetitat arise as a function of their
lipophilicity [186-188]. The molecular arrangemeritthe Pcs in the aggregate can result
in broadening and splitting of the main absorpt@fand with the loss of resolution of
the vibrational components and a hypsochromic {blme bathochromic (red) shift
[189,190].

According to the exciton coupling model [191,198}eractions between molecules that
have sufficient overlap, gives rise to a splittioiythe degenerate excited state (E) to
generate two new exciton statésalad E'. For parallel transition dipoles, an out of phase
dipole arrangement corresponds to a lowering inrgn€E’), while an in-phase
interaction causes repulsion and thus an increasenergy (B. The sum of the
individual transition dipole moments for a tramsitito E' is zero and thus forbidden
while transitions to Eare highly allowed resulting in a blue-shifted @iption spectrum
(Figure 1.17a). This is the case for cofacial dsreand these arrangements are commonly
referred to as H-aggregates. For a co-planar Pangement, with in-line transition
dipoles, transitions to the lower energy)(Become allowed, while a transition to the

higher energy (E) is forbidden owing to a transition moment of z€efais gives rise to
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red-shifted absorption (Figure 1.17b) characteriefi J-aggregates, which are observed
in some molecules, usually under certain conditeush as the nature of the solvent and
substituents attached to Pc ring periphery [193].

The tendency for Pcs to aggregate is dependeriteocentral metal, position and type of
substituents on the Pc periphery as well as theesblproperties such as polarity
[188,194-196] and coordinating power [184]. Introdon of bulky substituents,
particularly at thea-position of the Pc ring, are predominantly helpfulreducing the
tendency to aggregate as a consequence of thdity aloi impose steric repulsion
[197,198]. Bulky substituents can also distort #e ring from planarity to give a

significant reduction in aggregation [199].

(a) (b)

crallel transition dipoles\ (In-line transition dipoles\

c

G G
Monomer Dimer Monomer Dimer
levels levels levels levels

Figure 1.17: Exciton coupling in (a) co-facial dimes that gives rise to blue-shifted

spectra and (b) co-planar dimers that gives charaetistic red-shifted spectra [192].
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1.2.3 Magnetic circular dichroism (MCD) spectroscopy

This spectroscopic technique has been applied ttallmeomplexes since 1970 to
explicate their electronic structures [167,176,203]. MCD is based on the wavelength
dependent differential absorption of left (Icp) aight (rcp) circularly polarized light in
the presence of a magnetic field to form excitettebnic states. The signal that arises is
due to similar transitions as those seen in thetreleic absorption spectrum, but with a
variation in the selection rules. Intensity in th€-Vis absorption spectrum is dominated
by the electric dipole moment (m), however, the M@itensity is dependent on the
coupling of the ground and excited states throunghelectric (m) and magnetic dipole
moments i) [204,205]. The MCD intensity equation, modifiesrh a previous form
adopted by Piepho and Schatz [204], is given ims$eof AA,, for the difference in

absorption of Icp and rcp by Equation 1.2:

AA —1525Bcl, (ij + (@0 + ij f (1.2)
E dE KT

where B is the field strength (in Tesla),is the product of the concentration in mét L
and path length in cih E represents the energy coordinate incrhrefers to the
normalized band shape function (normally assumdukta Gaussian shaped curve). The
expression takes into account the rigid-shift, BOppenheimer and Franck-Condon
approximations [201,206]. Analysis of the MCD spacts thus a function of an
estimation of the magnitudes of the three Faradamsg 4, 8, and Cp based on the
Zeeman splitting of the absorption bands for Icd ap, the fieldinduced mixing of
zero-field states and the Zeeman splitting based grastate population adjustment,

respectively (Figure 1.18).
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Figure 1.18: The origin of the Faraday (a).4; (b) 8 and (c) C, terms in MCD

spectra [176].

The Faraday1;term is a temperature independent term that afises the presence of
orbitally degenerate excited states that becometsphpplication of the magnetic field.
The Zeeman splitting of the band centers of the(ldd; = +1) and rcp AM; = -1)
absorption bands is given by Equation 1.3:

AE = 2gLu M B (1.3)
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where g = Landé factor (g-factorys = Bohr magneton, B = field strength. The Zeeman
splitting is responsible for the characteristicidtive shape (Figure 1.18a). Thigterm

is generally anticipated for molecules that possmsseast a 3-fold symmetry axis,
therefore the MCD spectra of plan@g,, MPc complexes are typically dominated by

derivative-shaped/y—polarized; terms [206].

The Gaussian shaped, temperature indeper@i¢etm arises from mixing of the excited
states with nearby transitionga magnetic dipole transition moments. A lowering in
molecular symmetry, below,, results in MCD spectra that are completely doneitia
by coupled oppositelsigned, Gaussiaishapedx— and y—-polarized Farada, terms
(Figure 1.18b) [207,208]. Pseudn-terms often occur as a result of small splittifghe
x/y—polarized transitions.

The ¢, term gives Gaussian shaped bands that show strohd) (temperature
dependence (Figure 1.18c) used to identify an aipidegenerate ground state. The
temperature dependence is a function of the Boltznmepulation distribution across the
split orbital components of the degenerate grouate$209,210]. Pcs lack ground state
degeneracy, therefore tlggterm can be excluded when considering the MCD spexdt
MPcs.

MCD spectroscopy provides the ground and exciteatestdegeneracy information
required to fully understand the electronic stroetaf high symmetry complexes based
on the orbital angular momentum properties of ttamtfer molecular orbitals (MOs)
[204,206]. MCD is also utilized to accurately assapsorption bands. A combination of

UV-Vis electronic absorption and MCD spectral daliaws for spectral deconvolution
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that provides good estimates of the band energaarizations and intensities which can

be used to test the validity of theoretical caltiales [176,201,206,209,210].

1.2.4 Molecular orbital (MO) theoretical calculations

The application of theoretical models is of patacuuse for correlation with
experimental spectral data. Calculations allow metgation of the MOs involved in
transitions responsible for the optical spectra &mergies of these orbitals and the
intensities of the resultant transitions. The eatliorbital assignments made for the
porphyrins to give a straight-forward molecular itabpicture of the porphyrimtring
was described by Simpson [211] and was based edeon the 18 MO arrangement
in a cyclic polyene. This method is applicable pda an introduction to the spectral
properties of porphyrins and Pcs. Later, calcutetispecific for Pcs were introduced and
today several revised techniques, based on sirtioretical models, exist [170,212-
215]. Modern computational techniques such as tdefisnctional theory (DFT) [216]
and more common time-dependent DFT (TD-DFT) [218]2hn provide a significantly
more accurate description of the ground state gegmghan the semi-empirical
techniques used by Gouterman and Michl [170,211-2IB-DFT based UV-Vis and
circular dichroism (CD) predictions using the etectand magnetic dipole based
properties enables determination of the expectedngr state electronic absorption and
MCD spectra of radially symmetric and low symmaeaiorphyrinoids using the Gaussian
03W software package [219-221].

Calculations based on mono-substituted low symmtryderivatives are of particular

interest [181,204,219,222]. The MO calculationsegdvseveral characteristic features:
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(1) a characteristic split Q band to give, @, peaks can be assigned to transitions from
the HOMO to the LUMO (§Q and HOMO to the LUMO+1 ({), the lower energy
transition (Q) often being of weaker intensity. However the pres of extra nitrogens
at the meso positions of Pcs is known to shift@hband to longer wavelengths with a
concomitant increase in intensity compared to pgnipk. Therefore, the condition with
respect to intensity may be reversed in such dasése Q and Q bands; (2) Soret band
splitting is also possible but is often difficulb tdistinguish as a result of a
superimposition of several transitions [172]; (3 Dscillator strengtf)(is a function of
the size of fused molecules, with larger magnitudi@s the attachment of larger
molecules; (4) ring expansion destabilizes the HOMG@nsiderably while there is
minimal effect with respect to the HOMO-1 and LUNITB1,222].

In this work, molecular orbital calculations wererformed with the aid of the GO3W
software package [221] to analyze the electronfactaire of a low symmetry Pc
molecule. The molecular geometries were firstroed at the DFT level using the

B3LYP functional with 6-31G(d) basis sets, followleg TD-DFT calculations.

1.3  Photophysical Properties
The photophysical properties of Pcs are of pawicuhportance in PDT, optical data

storage systems as red or near-infrared (NIR) lajigorbers, photoconductors and in
solar cells. The Jablonski diagram [223-225] (Féegdr19) explains the origin of the
radiative (fluorescence (F), phosphorescence (®))ren-radiative (internal conversion
(IC), vibrational relaxation (VR), intersystem csosy (ISC)) photophysical properties

[224].
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Figure 1.19: A modified Jablonski diagram showing he transition between the
singlet ground state (9) and electronic excited states ¢(Sand T;). A = absorption, F
= fluorescence, VR = vibrational relaxation, IC = mternal conversion, ISC =
intersystem crossing, P = phosphorescence. Ssinglet excited state and T= triplet

excited state.

1.3.1 Fluorescence

1.3.1.1 Fluorescence spectra

Fluorescence in MPcs is usually short lived, of trder 16 s. MPc fluorescence
properties such as fluorescence intensity, fluemese quantum vyield &) and

fluorescence lifetimestf) are influenced by several factors which includg &re not

limited to, aggregation, solvent properties, comi@ion (quenching), nature of the
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central metal atom, substituent type (particuladjogenation) and photo-induced energy
transfer [101]. Fluorescence is reduced substantial the presence of paramagnetic

metals and metals of high atomic number, an effeotsponse to the heavy atom effect.
These types of compounds encourage ISC, a spidéteb process, but which occurs as
a consequence of spin-orbit coupling (SOC).

As a result of the lower energy emitted photonflRarescence emission spectra are at
longer wavelengths than the absorption spectrau(€ig.20), where the difference in

spectral position is known as the Stokes shift. iMal rearrangement of the atomic

coordinates of normal Pcs on photoexcitation resalsmall Stokes shifts [210].
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Figure 1.20: Typical (a) absorption and (b) fluoresence emission spectra of a

symmetrical Dy, type MPc [165].

In general, the excitation spectra are similarhe torresponding absorption spectra;
however conformational reorganization on excitatiay influence alteration in the

shape of the spectra. Such a change reflectsaatiffe in the nuclear arrangement of the
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ground and excited states as a result of changebenstructure of the absorbing
molecule. This is typical of MPcs with reduced syetm as a result of protonation or the

presence of large central metals prone to demgtallf146,226].

1.3.1.2 Fluorescence quantum yields and lifetimes

Quantum yields®) are used to give a measure of the efficiency phatophysical or
photochemical process. Fluorescence quantum yiglgsare determined by steady-state
fluorescence measurements and give a measure effitiency of an emission process.
@ is defined by a ratio of the number of fluorescnglecules to the number of photons
absorbed. Relative®dr can be determined by a comparative method usintaradard
reference [227,228], whereby tlig- of an unknown substance is related to that of a

sample with a knowr value (standard) using Equation 1.4:

F.Asrd.l’]2

O =0 ————
2
I:Std"A"nStd

(1.4)

where ®3“is the fluorescence quantum yield of the standaraind ky refer to the areas

under the fluorescence emission curves of the Midaeference respectively; A andA
are the absorbances of the sample and referenspectevely, at the excitation
wavelength and n andigare the refractive indices of the solvents usedte sample
and standard, respectively.

Fluorescence lifetimes are usually performed ihegithe frequency [229-231] or time
domains [232,233], although other techniques inmghmulti-pulse measurements have
also been demonstrated [234]. Time domain measuntsnage more commonly used.

The equipment used for time-domain measuremeriaged on gating the fluorescence
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signal using either time-correlated single-photoanting (TCSPC) techniques [231,235]
or gated image intensifiers [232]. Fluorescenadifiie determinations can also be made
using the absorbance and emission spectra of ME3%,737] in the PhotochemCAD
software package [238], which is based on appbtoatf the Strickler-Berg equation
[239]. The equation is legitimate only for molecutbat do not interact with the solvent
and that do not, upon excitation, undergo geometranges. Figure 1.21 shows a typical

fluorescence decay curve for QDs, obtained usinG&PC set-up.

—~
[2]
=
c
>
(@)
O
~
=2
2]
c
Q
=
£

Residuals

40
Time (ns)

Figure 1.21: Typical fluorescence decay curve of QD

The fluorescence lifetimes of MPcs are usuallyhef drder of a few nanoseconds {X).
Table 1.3 lists the photophysical properties of s@nPc and CdPc derivatives [145,240-

246]. The results show a strong dependence onhibieec of central metal. According to
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the SOC theory, th@¢ values of Pcs coordinated to large metals, sucbdagend to be

lower than those that correspond to small metad &m Zn, as Table 1.3 shows.

There is a lack of photophysical data pertainin@t#’c and HgPcs in general. Therefore

the aim of this work is to determine the propertigth respect to unsubstituted CdPc

(23) and HgPc Z4) derivatives, as well as several new substitutdBcC6a-d and28a-

d), and HgPcZ73a) derivatives. Photophysics relating to low-symmeitlyc derivatives

is also quite sparse, hence is reported for ZnRgtexes31 and32.

Table 1.3: Photophysical properties of some MPcs.

"MPc Solvent (O (o 7 (US) Ref

ZnPc DMF 0.30 0.58 330 [145,240,24
DMSO 0.18 0.65 350 [145,242]

CdPc DMF 0.03-0.08 - 27 [243]
Quinoline 0.03-0.08 - - [244]

ZnPc(t-Bu), Benzene 0.37 0.24 41.1 [245]

ZnPc (t-Bu)3(OH), Benzene 0.18 0.038 176 [245]
DMSO - 0.50 250 [246]

%-Bu = tert-butyl.

1.3.1.3 Forster resonance energy transfer (FRET)

FRET is a photophysical process based on fluorescelh involves the non-radiatve

transfer of excitation energy from an excited ddhawrophore to a ground-state acceptor

fluorophore, brought into close proximity, whictdratively emits a lower energy photon
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(Figure 1.22) [247-249]. As a result, the exciteates lifetime of the donor is reduced.
The process is driven by dipole-dipole interacti@ml is largely dependent on the
amount of spectral overlap between the donor fem@ece emission spectrum and the
acceptor absorption spectrum and minimal centeetder separation distance),(
between the donor and acceptor, to enable efficlaough space energy transfer from
the donor to the acceptor [250]. The relative degon of the donor and acceptor
transition dipoles also has a significant influentaddition to the fluorescence quantum

yield of the donor [248].

Donor excited state Acceptor excited state
transitions transitions

Figure 1.22: Simplified Jablonski diagram showing e origin of transitions that
give rise to Forster resonance energy transfer (FRE. D = donor, A = acceptor, DA
= donor absorption, DE = donor emission, VR = vibrdonal relaxation, NRDR =
non-radiative donor relaxation, ET = energy transfe (FRET), AE = acceptor non-
radiative excitation, ASE = acceptor sensitized erssion. $ = singlet ground state

and S = singlet excited state [224,249].
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The FRET efficiency accounts for the fraction ofcikons transferred from donor to
acceptor, by non-radiative means, and can be detednexperimentally by monitoring

the changes in the donor and/or acceptor fluorescartensities from the fluorescence
quantum yields of the donor in the absergd) and presence of the accept®pa)

as shown in Equation 1.5 [248,250-252]:

®
Eff =1-—"°% (1.5)

F(D)
The FRET efficiency is related to the sixth powef,the donor-to-acceptor center-to-

center distance (r, A) by Equation 1.6 [247,248]:

R

Eff =———
Ro+r°

(1.6)

where R (the Forster distance, A) is the critical distategween the donor and the
acceptor molecules for which efficiency of energgnsfer is 50 %. Ris given by
Equation 1.7 [247,248];

R§ =8.8x10%°k’n " ® ) (1.7)

Thus it depends on the quantum yield of the domekf), refractive index of the
medium (n), the Forster overlap integrd) @nd k? the dipole orientation factok?
depends on the relative orientation of the donaraateptor dipoles in space; its value is
assumed to be 2/3. This assumption is often madednor-acceptor pairs in a liquid
medium, since their dipole moments are consideyduktisotropically oriented during the
excited state lifetimes. The use of the isotropjnainical averagekf= 2/3) is more
appropriate than the static isotropic average 0.476) because the donor-acceptor pair

is not in a rigid medium
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The Forster overlap integral, is a quantitative measure of the donor-accepiectsal
overlap and is defined by Equation 1.8:

J=[ 1 (A)e,(A)A%0A (1.8)
wherefp is the normalized donor emission spectranrefers to the wavelength of the
acceptor (nm) anel is the molar extinction coefficient (Mcm™) of the acceptor. These
FRET parameters are often computed using the pro§taotochemCAD [238].

Until recently, QD-Pc interactionsa a FRET mechanism had received modest attention
in literature [46,48,158-166]. In most reports thain interaction avenue is by adsorptive
means. There has been limited research on cheynioakled conjugates of QDs and
photosensitizers, particularly Pcs [46,47,158-168]1The chemical linking of QDs to
low symmetry phthalocyanines is unknown. Therefarehis work, the implications of
the attachment of a low-symmetry Pc analogue to témminal carboxyl groups of
carboxylic acid thiol capped CdTe QDs have beeestigated. Indirect activation of the
MPc,via FRET is examined and the efficiency of the endrggsfer process determined.
Although the study is not carried out in aqueouglimewhich is ideal for biological
applications, the study will give an indication thfe benefits, if any, of using low-

symmetry Pc-QD conjugates.

1.3.2 Triplet quantum yields and lifetimes

The triplet state properties of MPcs are often mheitged by laser flash photolysis, which
involves the rapid introduction of an intense pub$dight, using a laser source, into an
MPc solution, followed by analysis of the time-exed electronic absorption signal. In

this way, the relative population ob{) and the time spenty) in the triplet state (i)
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can be determined. The technique essentially manibe absorption from the, Ftate to
a higher T, state (Figure 1.19) [225,249]. Apart from tripbdisorption detection, flash
photolysis also provides information on the excistate lifetime of transient species. A

typical triplet state decay curve is shown in (Fe0.23).

Figure 1.23: Typical triplet decay curve of MPcs.

The triplet quantum yielddy) may be determined by the relative method usingaEign

1.9

std
@, = q)?d M (1.9)

AAS &,

where ®%“is the triplet quantum yield of the standafds+ and AA%“are the changes in

the triplet state absorption of the sample anddstahrespectivelys, and £3“refer to the

triplet state molar extinction coefficients of ttemple and standard respectively and are

determined using Equation 1.10 [242]:
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£ = &g AL (1.10)

AAg
where AAT and AAS“are the changes in the triplet state absorptiothefsample and

standard respectively adlis the singlet state molar extinction coefficiehthe sample.
The triplet state lifetimet) is determined by the time resolved absorptionsueament
described above.

Fitting of the triplet decay curves (as shown igufe 1.23), using OriginPro 7.5 software
has been used in this work for determination oflifleéimes of the MPc transients. MPc
T, lifetimes are in the range between micro-secopg3 &nd milliseconds (ms), Table
1.3. The forbidden - S transition accounts for this longer lifetime.

The triplet state properties intrinsic to phthalkmcines are particularly sensitive to
changes that deactivate fluorescence. High trgikge quantum yieldsbf) are expected

to accompany low fluorescence quantum yields) (and vice-versa The ®+ and ®¢
values of MPcs in solution are particularly infleed by the nature of the central metal
ion; heavy diamagnetic metal ions or paramagne&tamons are known to enhance the
triplet state yield. Diamagnetic metal ions suclZes also promote long lived lifetimes,
while a shortened lifetime is experienced in thespnce of paramagnetic species, such as
CU?*, due to the presence of low-lying d-orbitals whiztdorse quenching of the 3tate
via charge transfer processes. Heavy metals e.g. @ow dow 11, Table 1.3.
Condensation reactions that result in substitutrdh heavy atoms, particularly halogens,
also result in highdr. However, the 7- S transition may be enhanced as a result of
heavy atom induced structural deformation. Thisultssin subsequent reduction in

energy transfer efficiency to ground state molecalg/gen (photosensitization). Features
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that lead to amplified molecular rigidity lesser tikelihood of non-radiative electronic
energy ‘leaking’ which promotes fluorescence [25Bhis rigidity feature may also be
subjective to solvent properties such as polaritigcosity, refractive index and
temperature. Lowbr values are often predicted for aggregated MPc4,pPH5] and on
the departure of molecular symmetry fr@w, in symmetry-lowered Pc analogues [256-
258].

Although there have been extensive reports on ti@ophysical and photochemical
parameters associated with MPcs [145,146,157,185226], there is still a need for
more in-depth deliberation, particularly with respé& unknown MPc derivatives. The
photophysical properties associated with CdPc hosvs in Table 1.3. However, there
has been no further development with respect tstguted CdPc derivatives. Therefore
this work has undertaken an investigation of thetgbphysics and photochemistry of
various aryloxy substituted CdPcs. The propertissoaated with symmetrically
substituted ZnPc derivatives have been reportednsitely [145,146,259-261]. The
influence of the nature and position of substitaesutd solvent properties of solvents
used is reported in this thesis. The effect of e@mhetal is also investigated with a set of
similarly substituted Zn, Cd and HgPcs. Symmetrywdong considerations are also
detailed.

The interaction between low-symmetry ZnPc analogsesh as ZnPtBu);(OH),
(Table 1.3), covalently linked to SWCNT has beeporeged and their photophysical
properties studied [33,157]. These conjugates hman explored as photoconducting
entities in photovoltaic applications. The adsamptinteraction between a symmetrical

ZnPc molecule and carbon nanohorns has been edploredouble PDT-PHT cancer
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therapy [16]. The aim in this work is to carry aatsimilar study using novel low-
symmetry ZnPc derivatives adsorbed on and chemidalked to SWCNT. Charge
transfer, from a charge separated state, to maleaxygen generates oxygen radicals
(02" ) and other reactive species such as hydroxyl atsliwhich subsequently promote
the death of nearby cancer cells [262-264]. The iait@ conduct a similar study using
low-symmetry ZnPcs adsorbed on and/or linked to $WC

Photophysical properties in relation to QD-Pc iattions are similarly not well
established [154,164,165], particularly triplet alggertaining to low-symmetry Pc-QD
conjugates. Determination of the triplet stateperties of QD-Pc and SWCNT-Pc
conjugates in this work are particularly relevanot tlucidation of the influence of

nanoparticles on the improved efficacy of PDT.

1.4  Photochemical Properties

1.4.1 Singlet oxygen

Singlet oxygen 'O, 1Ag) is believed to be the ‘chief cytotoxic speciesngrated by
electronic excitation transfer as a result of thteriaction between the excited triplet state
of an MPc speciesIPc*) and ground state molecular oxygé®4 °zy) (Scheme 1.4,
Type Il mechanism).

This process is known as photosensitization andhes predominant method for
production of*O, in the laboratory’O, is a highly reactive species responsible for the
light-induced oxidative attack in a number of syste but of particular significance in
PDT where it is known to initiate premature deathcancerous tissue and in the

photocatalytic conversion of industrially importdoyt-products. The efficiency of the
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Type I Type Il

MPc* + O < MPe* + 10,

MPc¢'* + Sub

| MPc + 10,
MPc + Sub Sub
O'ZI_

Oxidation Products Oxidation Products

Scheme 1.4: Type | and Type Il photochemical mech&ams. Sub = substrate.

photosensitization process is reliant on the temnsf energy from the jTstate to triplet
oxygen. The T state must lie above 94 kJ nipthe energy of singlet oxygen above its
ground state [101,102]. Triplet states are moraisa@ant for photochemical reactions
owing to the longer-lived lifetimes i.e; E 10° s versus §= 10%° s [265].

The Type Il mechanism, Scheme 1.4, is understodzktthe most prominent method of
interaction betweefMPc* and ground state dioxygen in PDT and most pimdidation
processes. The Type | mechanism may also lead tbogdnsitization. The process
involves the generation of radical species, by tebec transfer or hydrogen atom
abstraction, to allow photo-initiated autoxidati@cheme 1.4) [101].
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The quantum vyield of singlet oxyge®[) is used as a quantitative measure of the
efficiency with which various photosensitizers gate singlet oxygen. Th@, varies as

a function of the triplet state properties of tiespgective MPc molecules i.e. triplet state
guantum vyield @), triplet state lifetime 17), triplet energy (E), energy transfer
efficiency (quantified by § and substituent quenching abilities. Relativgvalues are
often elucidated by a comparative method, usingaion 1.11:

Std
®, = @itd.% (1.112)

where @3 is the singlet oxygen quantum vyield of the stadg& and R are the

singlet oxygen quencher (1,3-diphenylisobenzofuBdPBF) photobleaching rates in the

presence of the respective MPc complexes understigetion and the standard

respectively; Jos and 15¢

s are the rates of light absorption by the MPc atahdard
respectively.

Singlet oxygen quenchers include, DPBF, 1,4-diazato-octane (DABCO),
tetrasodiuma,a-(anthracene-9,10-diyl) dimethylmalonate (ADMA) asddium azide
(NaNg); the latter two are often used in aqueous camahti while the former are often
employed in organic solvents. The quencher is mixghl the photosensitizer solution,
the mixture irradiated and absorption decay ofghencher monitored spectroscopically
over a period of time and the values of singlet gexy generated determined using

Equation 1.11. The disappearancé®f in the mixture, in the presence of the DPBF can

bevia a series of reactions (Scheme 1.5)
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0, (%, Natural decay (i)

Products Chemical quenching (ii)
0, (*%, +DPBF Physical quenching (iii)
Products Chemical quenching (iv)

0, (%) +MPc Physical quenching (v)

Scheme 1.5: Photochemical reactions leading to thiecay of singlet oxygen in a
solution of photosensitizer (MPc) and quencher (DPB); Kq, Kchem and Kpnys refer to

the rate constants for first order natural decay, bemical and physical quenching by
DPBF respectively; kproa and k, are the rate constants for chemical and physical

guenching of singlet oxygen by the photosensitizer.

DPBF acts exclusively as a chemical quencher [B3,2n organic media, therefore
reaction (iii) is ignored. In addition, the rate mdaction of singlet oxygen with the
photosensitizer is insignificant; therefore (iv) @&so ignored. Reaction (v) is also
overlooked, as the singlet oxygen quantum yieldasdependent on the photosensitizer
(MPc) concentration. Consequently, the rate of gexdasinglet oxygen depends entirely
on reactions (i) and (ii) resulting in Equationd2,. for standard (Std) and sample (S)

respectively, which becomes Equation 1.11 afterimaation [268].

_ Kenen| DPBH™.03¢

o (1.12a)
-[oPeF] kd
S xS
oS - kChem[DEBF] @, (1.12b)
-{oper] d

60



Introduction

Singlet oxygen can be detected through the us®gfluenchers, as shown above, or by
the detection of its characteristic luminescenc&Zat0 nm [269]. With the latter method,
the dynamic course ofO, concentration 0,] can be clearly recorded, following

Equation 1.13 as theoretically described in liter@{270].

Tp

I=A

exp(") - exp(Y)] (1.13)
T T

Tr = Tp T D
where | is the luminescence signal intensity®f at time t,1p is the lifetime of'O,, 17 is
the lifetime of MPc at triplet state, andl is a coefficient involved in sensitizer
concentration antD, quantum yield.

10, quantum yields can then be determined using Enjuatil4:

m DStd

— Std
O =@; ASYDOD

(1.14)

where ®3 is the singlet oxygen quantum yield of the stadgdar and A" refer to the
coefficient for the sample and standard respegtieeid; OD and OB to the optical
density or absorbance of the sample and standaspectvely at the excitation
wavelength. A typical singlet oxygen decay curve &Pcs is of the form shown in
Figure 1.24.

The singlet oxygen producing capabilities of an MdPe affected by the nature of the
central metal. The presence of large central mete facilitates ISC to the triplet state,
through the SOC theory, thus the prospectefgeneration is increased. Aluminium and
zinc Pc complexes have a closed-shell configurafiBrand d° respectively) and have
shown appreciablé, values in relation to long lived triplet lifetimeSolvent induced

effects also bring about trends [101].
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Figure 1.24: Typical singlet oxygen decay signal fdviPcs.

The photochemistry of a number of aryloxy substiuZnPc derivatives have been
reported (Table 1.4) [145,146,259-261]. Howeveadartaining to similarly substituted
CdPc and HgPc derivatives is yet to be obtainedavilemetals tend to promote
population of the triplet statgia ISC, through SOC processes, hence impro¥gad

Singlet oxygen yields of QD-Pc conjugates give arditative measure of the efficiency
of PDT, therefore the photochemical properties bése complexes will also be

determined in this thesis.
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Table 1.4:  The photochemical properties associateslith some ZnPc derivatives.

MPc Solvent (O ®pq (10°) Ref

ZnPc DMSO 0.67 2.61 [145,146,26%

ZnPc a-(BenzyloxyPhenoxy) | DMSO 0.76 0.50 [261]

ZnPc B-(BenzyloxyPhenoxy) | DMSO 0.52 0.33 [261]

ZnPc B-(t-Bu), DMSO - 0.13 [259]
EtOH 0.54 - [260]

ZnPc B-(t-Bu-Phenoxy) DMF 0.42 9.41 [146]
DMSO 0.60 3.33 [146]

1.4.2 Photodegradation

Photodegradation is the photochemical induced dixielalegradation of a molecule into

lower molecular weight fragments [271]. It is oftarsinglet oxygen mediated process,

since the ability of macrocyclic metal complexesré¢act with singlet oxygen has been

reported [272-274], and is used to determine thbility of MPc molecules to light. The

photodegradation process generally involves oxrdasittack of the MPc excited triplet

state macrocycle by singlet oxygem a Diels-Alder cycloaddition mechanism, the

product of which is the respective substituted plihide (Scheme 1.6) [102,272,273].

However, the process may also occur without theolirement of singlet oxygen.

Photodegradation varies as a function of the MRPactire i.e. nature of substituents

attached to the ring periphery and central metalyent, light intensity and the

concentration of singlet oxygen since it is a sitgixygen mediated process. Electron-
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Phthalimide

Scheme 1.6: [4+2] cycloaddition reaction of MPc wlit singlet oxygen tO»).

donating substituents hasten the probability ofiRg photooxidative degradation. On the
other hand, electron-withdrawing substituents cordeme stability to the Pc ring
resulting in reduced photodegradation yields ovtmthe difficulty in oxidizing the MPc
ring [275-277]. Substitution at the non-periphdrgl positions of the macrocycle are also
known to result in a stabilizing effect an orderns&gnitude greater than substitution at
the peripheral{) positions [275]. Photodegradation is more promeahin chlorinated
solvents such as chloroform (CHLCBnd DCM as a result of their low basicity, which
leaves the MPc molecule open to oxidative attadb[182,278]. Strongly coordinating,
highly solvating basic solvents, such as DMSO, jeaxial coordination to the central
metal atom thus partly shielding the MPc molecudarf oxidative attack [279]. Rates of
photodegradation are also reduced in the presdna@nte singlet oxygen quenchers due
to their ability to trap singlet oxygen [276,277].

Equation 1.15 is employed for the determinatioplodtodegradation quantum yields:

(G -CUWN,,
St

abs

D, = (1.15)

64



Introduction

where G and G refer to the respective MPc derivative’s concdidrs (M) before and
after irradiation, respectively; V is the reactioolume, N\ the Avogadro’s numberyds
the overlap integral of the radiation source intigrasnd the absorption of the MPc in the
region of the interference filter transmittance@RSS is the irradiated cell area (2.03m
and t is the irradiation time, in seconds.

The photochemical properties of ZnPc derivatives quite widespread [145,146,259-
261]. The aim in this thesis is to study the phbtaical behaviour of newly synthesized
CdPc, HgPc and low-symmetry ZnPc complexes (Fiduid). Their ability to generate
singlet oxygen and hence their photodegradatiollyieill determine their efficacy as

photosensitizers in the photocatalytic transfororatf industrially important molecules.
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1.5 Summary of Aims of Thesis

The aims of this thesis can be summarized as fsllow

1. Synthesis, spectroscopic (ground state electromisorption and fluorescence),
photophysical (fluorescence quantum yields, trigleantum yields and lifetimes) and
photochemical (singlet oxygen quantum yields anotqdegradation quantum yields)
studies of unsubstitutedy and (-aryloxy tetra-substituted (zinc, cadmium and
mercury complexes) and low-symmetry ZnPc derivative

2. Chemical functionalization and characterization, (TGA, Raman) of SWCNT.

3. Synthesis and characterization of carboxylic alidltcapped QDs.

4. Conjugation yia adsorption or chemical bonds) of SWCNT and QDslaw

symmetry Pcs.

o

Spectroscopic, photophysical and photochemicalissuof:-
a. Adsorbed and linked low symmetry Pc-SWCNT conjugate

b. Mixed and linked low symmetry Pc-QD conjugates.

The MPcs under investigation in this thesis argFe 1.14):

Unsubstituted zinc 4nPc, 22, cadmium CdPc, 23 and mercury KigPc, 29
phthalocyanine.

Peripherally tetra pyridyloxy substituted zin@-ZnTPyPc, 259 and mercury R-
HgTPyPc, 273 phthalocyanine.

Peripherally and non-peripherally tetra pyridylog@dTPyPc), 4-(benzyloxyphenoxy)
(CdTBzPhPc), phenoxy CdTPhPc), or tert-butylphenoxy CdTtBuPhPc) substituted

CdPc derivatives26a-d and28a-d).
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Peripherally tetratert-butyl or 2-mercaptopyridine substituted ZnPc coempk [-
ZnttbPc, 29 andB-ZnTMPyPc, 30).

Low-symmetry tetra substituted ZnPc complexastiblPc, 31) and gnPc-COOH, 32).
The nanoparticles used in this study are (Figuté)1i.

Carboxylic acid or ethylamine functionalized SWCNBWCNT-COOH, la and
SWCNT-NH2z, 1b).

Mercaptopropionic acid capped CdTe QQsiTe MPA, 2).
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2. Experimental

Incorporated in this chapter are the experimental pocedures used
during the course of the study i.e. all synthetic )mcedures and methods
of characterization for all molecules used in thiswork are reported

here.
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2.1 Materials

2.1.1 Solvents

Benzene, chloroform, dichloromethane (DCM), dietlksther, N,N-dimethylformamide
(DMF), dimethylsulfoxide (DMSO), ethanol (EtOH), Xane, methanol (MeOH),
tetrahydrofuran (THF), toluene, glacial acetic acidric acid (55 %), sulfuric acid (98
%) and thionyl chloride were purchased from SAARGHEBromine was purchased
from Merck. Ammonia (25 %), deuterated chlorofori@DCls;), deuterated DMSO
(DMSO-as), deuterated pyridine (pyriding)d nitrobenzene and trifluoroacetic acid
(TFA) were purchased from Sigma-Aldrich. All sol¥enwere of reagent grade and

purified according to the methods described byiRemd Armarego [281].

2.1.2 Synthesis and photophysicochemical reagents

Biobeads Sx-2 for size exclusion chromatography \waschased from BIO-RAD
Laboratories. 1-Ethyl-3-(3-dimethylaminopropyl) badiimide (EDC) and N-
hydroxysuccinimide (NHS) were purchased from Flukactanol, silica gel 60 (0.04 —
0.063 mm) and silica gel 60 Bsk-for column and preparative thin layer chromatogsap
(TLC) respectively, were purchased from Merck. Amminbon molybdate, cadmium
chloride, ethylenediamine, phenol, potassium caatmnpotassium bromide, sodium
borohydride, sodium hydroxide, sodium nitrite wenerchased from SAARCHEM. 4-
(benzyloxy)phenol, 1,8-diazabicyclo[5.4.0]Jundecfiée (DBUL), 4-(3,4-
dicyanophenoxy)benzoic acid, 1,3-diphenylisobenzsf(DPBF), 2-hydroxypyridine, 3-
mercaptopropionic acid (MPA), 3-nitrophthalonitri{@0), 4-(2-mercaptopyridine), 4-

nitrophthalonitrile (3), 1-pentanol, 4ert-butylphenol, 4-phenol, #ert-butylphthalic
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anhydride 48), cadmium acetate dihydrate, calcium hydride, mngrcchloride,
phthalonitrile, pyromellitic dianhydride (benzeng M 5-tetracarboxylic dianhydride,
17), quinoline, single-walled carbon nanotubes (SWCBLY — 1.2 nm in diameter and 2
— 20um in length), tellurium powder (200 mesh), thiogiiic acid (TGA), Triton-X 100
(tert-octylphenoxypolyethoxyethanol), urea and zinc aeedihydrate were purchased
from Sigma-Aldrich. Reagents were used without &mnyher purification. Ultra pure
water of resistivity 18.2) was obtained from a Milli-Q Water System (MilligoCorp.,
Bedford, MA, USA) and used for all aqueous solusicand for purification of the

SWCNT.

2.2 Instrumentation

1. FT-IR spectra (KBr pellets) were recorded on a PeBtmer spectrum 2000 FT-IR
spectrometer.

2. Ground state electronic absorption spectra wererded on a Cary 500 UV/Vis/NIR
spectrophotometer.

3. H-nuclear magnetic resonancéH{NMR) spectra were obtained in deuterated
solvents, using a Bruker EMX 400 MHz NMR spectroenetnd a Bruker AVANCE
Il 600 MHz spectrometer.

4. Elemental analyses were carried out at Rhodes Usityeusing a Vario Elementar
EL111 Series.

5. MALDI-TOF mass spectra were recorded using an AgepBiosystems Voyager-DE

STR at the University of Stellenbosch in Cape To®wowth Africa.
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6. Magnetic circular dichroism (MCD) spectra were meleml at Tohoku University,
Sendai, Japan, with a JASCO J-725 spectrodichronegfeipped with a JASCO
electromagnet producing magnetic fields of up @91I (tesla) with both parallel and
anti-parallel fields.

7. Molecular orbital calculations were performed ahdku University, Sendai, Japan,
with the aid of the GO3W software package [221abtalyze the electronic structure
of the molecule. The molecular geometries werst foptimized at the DFT level
using the B3LYP functional with 81G(d) basis sets, followed by F#DFT
calculations.

8. Thermal gravimetric analysis (TGA) was carried ogtng a Perkin-Elmer TGA 7
thermogravimetric analyzer at a heating rate giCLfhin* in a high-purity nitrogen
and air atmosphere. The resultant data was analyadd Pyris Version 4.01
software.

9. Raman spectra was obtained with a Bruker Vertex—7&am Il spectrometer
(equipped with a 1064 nm Nd:YAG laser and a lignittogen cooled germanium
detector). Solid samples diluted with KBr were used

10. X-ray powder diffraction patterns were recordedaoBruker D8, Discover equipped
with a proportional counter, using CuaKradiation A = 1.5405 A, nickel filter).
Data were collected in the range fro 2 15° to 60°, scanning at 1° niwith a
filter time-constant of 2.5 s per step and a sidtivof 6.0 mm. Samples were placed
on a silicon wafer slide. The X-ray diffraction datvere treated using the freely-
available Eva (evaluation curve fitting) softwaBaseline correction was performed

on each diffraction pattern by subtracting a spfitited to the curved background and
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the full-width at half-maximum values used in tlgidy were obtained from the
fitted curves.

11.Fluorescence emission and excitation spectra wbtaimred on a Varian Eclipse
spectrofluorimeter.

12.Fluorescence lifetimes were measured using a tonelated single photon counting
(TCSPC) setup (Figure 2.1) (FluoTime 200, PicoquantbH) with a diode laser
(LDH-P-670 with PDL 800-B, Picoquant GmbH, 670 r20, MHz repetition rate, 44
ps pulse width) or a light emitting diode (LED) aadinear polariser (PLS-500 with
PDL 800-B, Picoquant GmbH, 497 nm, 10 MHz repatitrate). Fluorescence was
detected under the magic angle with a peltier @bgleotomultiplier tube (PMT)
(PMA-C 192-N-M, Picoquant) and integrated electesnjPicoHarp 300E, Picoquant
GmbH). A monochromator with a spectral width obab4 nm or 8 nm was used to
select the required emission wavelength band. €epanse function of the system,
which was measured with a scattering Ludox solu{ldaPont), had a full width at
half-maximum (FWHM) of about 300 ps and 950 ps ttee diode laser and LED
respectively. The data were analysed with the @mgFluorFit (Picoquant). The

support plane approach [248] was used to estirhaterrors of the decay times.
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Figure 2.1: Schematic diagram of the TCSPC s-up.

13.A laser flash photolysis system was used for thierdenation of triplet absorptio
and decay kinetics (Figure 2.2). ~ excitation pulses were produced by a Qu-
Ray Nd:YAG laser1.5 ./ 90 ns at 8 Hz), pumping Lambda Physic FL 3002 d
laser (Pyridin 1 in methanol). The analyzing beamrse was from a Thermo Ori
66902 xenon arc lamp, and a Kratos Lis Projekte $-X3 photomultiplier tube wa
used as the detector. Signals were recorded witlo-channel, 80 MHz digital ree-

time oscilloscope (Tektronix TDS 3032C); the kinaturves were averaged over -

laser pulses.
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Figure 2.2: Schematic diagram of a laser flash photolysis s-up.

14.Photo#rradiations for singlet oxygenand photodegradationquantum vyielc
determinations were dorusing the set-up shown in Figure 2.3. Thansists of a
General Electric Quartz line lamp (300W), a 600glass cut off filter (Schott) and
water filter were used to filter off ultraviolet @nnfrared radiationrespectively ani

an interference filter (Intor, 670 nm with a banddth of 40 nm) which wa

additionally placed in the light path before thenpie.
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Figure 2.3:  Schematic diagram of a photochemical s-up.

15.Light intensities were measured with a POWER MAX081Molelectron detectc
incorporated) power met:

16.The singlet oxygen 'Q.) luminescence at 1270 nm was measured win
ultrasensitive Germanium detector (Edinburgh Imagnats, E-P) combined with
1000 nm long pass filter (Omega, 3RD 1000 CP) and 2012m band pass filt
(Omega, C1275, BP50). Laser pulses were generateéleblaser system describ
above. The neanfrared emission of the sample was focused tal#tector by a len
(Edmund, NT 48-87) with a detection direction perpendicular to éxeitation lase
beam. The detected signals were averaged over &&8 pulses, with the sar

oscilloscope described above, to show the dynaetaylof*O, (Figure 2.4.
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Figure 2.4: Schematic diagram of the singlet oxygen detectiort-up.

2.3 Methods

2.3.1 Absorption studies

The interaction of the nanoparticles used in thiglg i.e. SWCNT and QDs with MF
complexes was studied spectroscopically. Spectriaipgng to SWCNT alone wel
compared with spectra obtained upon modificationtbed nanotubes with function
groups (-@®OH, or ethylamine) or MPcs in DMF. The spectra@bDs alone wer:
obtained in aqueous solution, while their inter@ctivith MPc complexes was carried «
in a DMF:water (4:1v/v) mixture. This solvent mixture allows for solubilization dfet
guantum dotsand phthalocyanine while maintaining the monomaerature of the
phthalocyanine. Absorption spectra of MPcs alongehbeen obtained in vario

solvents. All measurements were performed at ramperature, in a 1 cm quartz c
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2.3.2 Magnetic circular dichroism (MCD) spectra

MCD spectra were obtained at room temperaturelicna spectrophotometric quartz cell,
using the same MPc solutions used for electronisogdtion measurements, with
concentrations of ~ TOM. The solutions were placed in the MCD spectr@netnd

spectra recorded in parallel and anti-parallel nesigrfields.

2.3.3 Fluorescence spectra and quantum yields

In order to obtain fluorescence spectra, solutioh81Pcs and SWCNT or QDs under
investigation, and the required standards, werpasesl such that the absorbance of each
at the excitation wavelength was ~ 0.05. For theZBWCNT conjugates, absorption
corrections (with respect to the carbon nanotulbese made to ensure an absorbance
between 0.04 and 0.05 for ZnPc only. This is touemshat excitation occurs for ZnPc

only. The area under the curves was measured aondeficence quantum yield®H)
calculated using Equation 1.4 and unsubstitutedcZnPDMF (@3¢ = 0.30 [240]) or

Rhodamine 6G in ethanold@’ = 0.94 [248,282]) as standards. The settings en th

instrument remained unchanged until the end ok#tpeeriment, so that the spectra of the

conjugates and the standard were comparable.

2.3.4 Fluorescence lifetimes

Fluorescence lifetimestd) for the MPc-SWCNT and MPc-QD conjugates were
determined from TCSPC measurements using the sempn in Figure 2.1. The ratio of
stop to start pulses was kept low (below 0.05)nsuee good statistics. All luminescence

decay curves were measured at the maximum of tliesem peak and the corresponding
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lifetimes obtained by deconvolution of the decayves using the FluorFit Software

program (PicoQuant GmbH, Germany).

2.3.5 Triplet quantum yields and lifetimes

Triplet quantum yieldsd®+) and triplet lifetimes1t) were determined by monitoring and
recording triplet absorption and decay kinetic pesfusing the laser flash photolysis set-
up as shown in Figure 2.2. Solutions of the respediiPc complexes (absorbance ~ 1.5)
were introduced into a 1 cm pathlength spectrophetdc cell, de-aerated with argon
gas for ~ 20 min and irradiated at the Q band i laser system described above.
Triplet quantum yields &) of the MPc complexes were determined by the dtipl
absorption method, Equation 1.9 using Zn®¢'{ = 0.58 in DMF [241], 0.65 in DMSO
[283] and 0.65 in toluene [284]) as standard. Etidifetimes were determined by

exponential fitting of the kinetic curves using @nPro 7.5 software.

2.3.6 Singlet oxygen and photodegradation quantum yields

Singlet oxygen quantum vyield®f) and photodegradation quantum yiel@®p§)
experiments were carried out using the experimes&tup shown in Figure 2.3
[278,280]. Singlet oxygen quantum yielflA) values were determined in air using a 2 mL
solution of the respective MPc mixed with DPBF, ghiacts as a singlet oxygen
chemical quencher in organic solvents, in a 1 cthlpagth spectrophotometric quartz
cell fitted with a tight-fitting stopper and themgtolysed at the Q band using a 300W
General electric quartz lamp, as described abdveterminations of photodegradation

guantum vyields are carried out in a similar manmet, in the absence of a chemical
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guencher, where a steady decline in the Q bandptiimo intensity with time was noted
and used for calculation dfpq according to Equation 1.15.

Monitoring the degradation of DPBF, at ~ 416 nmthwtime allowed the determination
of @, values using Equation 1.11. Chain reactions indune DPBF in the presence of
singlet oxygen often occur [273] therefore thei@itoncentration of DPBF was lowered
to ~ 3 x 10° M for all solutions. The initial quencher conceions (corresponding to an
absorbance of ~1.0) were kept the same for bothsthiedard and the MPcs. ZnPc in
various solvents @3 = 0.56 in DMF [273], 0.67 in DMSO [259], 0.53 irHF [285]
and 0.58 in toluene [226]) was employed as a standa

The generation of singlet oxygen from MPc-QD coajigg was determined in air by
direct detection of the 1270 nm emission of singieygen using the setup shown in
Figure 2.4. Determinations were made in the absemzk presence of sodium azide
(NaNs), a physical quencher of singlet oxyg&he dynamic course db, concentration
['O,] can be clearly recorded, following Equation 14r3d ®, thus determined using

Equation 1.14, employing ZnPc in DM®{ = 0.56 [273]) as standard.

2.4 Synthesis

2.4.1 Functionalization of single-walled carbon nanotubeg¢Scheme 3.1)
Single-walled carbon nanotubes (SWCNT, 0.7 — 1.2immdiameter and 2 — 2(m in
length) were purchased from Sigma-Aldrich and usitkhout any further purification.
SWCNT: IR [(KBr) Uma/cmil]: 3438, 2924, 2853, (C-H), 1639 (C=0). [Ramam,/cnm’

Y: 2540 (G*), 1595 (G), 1270 (D).
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Functionalization of SWCNT (to form SWCNT-COOH) (1a) (Scheme 3.1(i))
Following literature methods [6,9,10,22], SWCNT Q1 g, 8.3 mmol of C) were heated
at 70C, for 2 h, in a mixture of sulfuric acid and nitcid (3:1 byw/v), Scheme 3.1(i).
The acid modified SWCNT were centrifuged with npiire water several times until pH
7 was obtained, giving carboxylic acid functionaizSWCNT,SWCNT-COOH 1la.
The tubes were then dried overnight atG@o give 65.6 mg of SWCNT-COOH.
SWCNT-COOH (1a): IR [(KBr) Uma/cm]: 3553, 3479, 3414 (O-H), 1639, 1617

(C=0). [Ramarma/cm’]: 2546 (G*), 1597 (G), 1276 (D).

Functionalization of SWCNT with ethylenediamine (to form SWCNT-NH,) (1b)
(Scheme 3.1(ii))

Pristine SWCNT (70 mg, 5.8 mmol of C) were mixedhaiNaNG (93 mg, 1.4 mmol)
and ethylenediamine (85 mg, 1.4 mmol). ConcentrbkeiD, (0.061 mL, 1.2 mmol) was
added and the mixture heated for 1 h &@&0rhe mixture was then allowed to cool, then
DMF added and the mixture centrifuged and washgdraktimes with this solvent and
finally with water to remove any un-reacted ethg@éiamine from the product.
SWCNT-NH> (1b): IR [(KBr) Uma/cmil]: 3552, 3478, 3415 (N-H), 2921, 2852 (C-H),

1639, 1617 (N-H). [Ramanmay/cni’]: 2539 (G*), 1593 (G), 1268 (D).

2.4.2 Synthesis of quantum dots (2) (Scheme 3.2)
Thiol capped CdTe quantum dots were prepared bgcaeous hydrothermal method
adapted from literature [60,64,65]. A Cd precursolution was prepared by dissolving

CdChL.2H,0 (2.19 g, 10 mmol) in millipore water (110 mL)an3-neck flask, Figur#.6.
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Mercaptocarboxylic acid (2.55 g, 24 mmol) used asmpping agent for the CdTe QDs
(2), was then added under stirring at room tempegafline solution was then adjusted to
pH 12 by dropwise addition of 1 M NaOH and nitroggxs bubbled through the solution
for 1 h. The agueous solution was then reacted avittaHTe solution. The typical molar
ratio of Cd:Te:Thiol in each experiment was 2:1:4lBe NaHTe solution was prepared
separately by a method described in literature 6®®3], with little modification.
Briefly, 500 mg (13.2 mmol) of NaBHwas transferred to a 15 mL 3-neck flask, 10 mL
of millipore water was added and nitrogen bubbledugh the solution. 640 mg of
tellurium powder was added in the flask after whaghice bath was maintained around
the reaction flask for cooling. A small outlet wasnnected to the flask during the
reaction to discharge the pressure from the reguliydrogen. After ~ 8 h, the black
tellurium powder disappeared and a white sodiumalvetrate precipitate appeared at the
bottom of the flask. The resulting clear supernatzontained NaHTe and this was
separated and used in the preparation of the ej@dTe particles. The freshly prepared
oxygen-free NaHTe solution was injected into thep@elcursor solution under vigorous
stirring. A rapid change in color occurred at thiage. The solution was then refluxed
under air at 100 for different time periods to control the size the CdTe QDs.
Aliquots of the reaction solution were taken outeggular intervals and the fluorescence
emission spectra recorded until the desired waggtefand hence size) was achieved.
Precipitation of the respective QDs from the agsesalution was achieved using excess
EtOH, following which the solutions were centrifuljéo obtain solid QD sample&)(

which were dried in vacuo. The MPA capped CdTe @)synthesized in this work had
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an emission peak at 640 nm. The QD sizes were athnusing a polynomial fitting
function (Equation 2.1) [286]:

D = (9.8127 x 10)A° — (1.7147 x 18)A% + (1.0064). — 194.84 (2.1)
whereA refers to the absorption maxima of the QDs. Thim§ function is not valid for
sizes of quantum dots outside the size range oh$286]. XRD was also employed as
discussed in Chapter 3.

CdTe MPA (2): IR [(KBr) Uma/cmY]: 3467 (O-H), 2930, 2867 (C-H), 1576 (C=Q)V-
Vis (0.1 M NaOH): Amax M (loge): 575 (4.54). [Ramanma/cm™]: 3235, 2827, 1604,

881.

2.4.3 Synthesis of unsubstituted MPcs [142-144]

The synthesis of zinc (II) phthalocyanine, ZnRx2)(has been well documented in
literature [142]. It can also be purchased frompdieps such as Sigma-Aldrich.

ZnPc (22) Yield: 71 %. UV-Vis (DMSO):Amax Nm (loge): 342 (4.02), 640 (3.58), 672
(5.38). IR [(KBr)vma/cml]: 1605, 1490, 1462, 1441, 1349, 1334, 1279, 12145, 961,

845, 809, 751, 728.

Unsubstituted cadmium (ll) phthalocyanine, CdP8) @nd mercury (Il) phthalocyanine,
HgPc @4) were synthesized and purified following a simitaported method [142-144]
for ZnPc. Phthalonitrile (1.28 g, 10 mmol) and tleeresponding metal salt (2.5 mmol),
(CdChkfor cadmium (1) phthalocyanine and Hg@br mercury (II) phthalocyanine) were
suspended in 1-pentanol (5 mL) and refluxed at €C2@3r 6 h, in the presence of DBU

(10 mmol). The dark blue-green precipitate waseoddld using methanol. The crude
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product was then washed with methanol for 48 Hpfed by acetone using Soxhlet
apparatus.

CdPc (23) Yield: 0.30 g (20 %). UV/Vis (DMSO)imax NM (loge): 346 (4.67), 612
(4.57), 679 (5.37). IR [(KBrpmay/cmil]: 3048 (C-H), 1609, 1560 (C-C), 1113, 724 (C-

H). *H-NMR (DMSO-d): 3, ppm: 9.37 (8-H, m, Pc-H), 8.21 (8-H, m, Pc'-H).

HgPc (24)Yield: 0.15 g (8.5 %). UV/Vis (DMSO)imax nm (logs): 330 (4.52), 618
(4.27), 681 (5.25). IR [(KBruma/cmi']: 3049, 2541 (C-H), 1845, 1560 (C-C), 1217,
1118, 733, 713 (C-H}H-NMR (DMSO-d): 8, ppm: 9.55 (8-H, bs, Pc-H), 8.20-7.99 (8-

H, m, Pc'-H).

2.4.4 Synthesis of mono-substituted phthalonitriles (Schees 3.3 and 3.4)
[117,138,147,183,261,287,288]
3-(2-Pyridyloxy)phthalonitrile (44a): In the presence of a steady flow of nitrogen,
2-hydroxypyridine (3.90 g, 41 mmol) and 3-nitropdithmitrile (10) (5.00 g, 29 mmol)
were suspended in dry DMSO (30 mL). Anhydroy€Rs (9.70 g, 70 mmolyvas added
and the mixture stirred at room temperature. Furdtiquots of kCOs; (2.43 g, 18 mmol)
were added portion-wise after 4 h and 24 h ofisgrrThe reaction mixture was then
stirred for a further 24 h. After 48 h total reactitime, the mixture was poured into®f
thus resulting in a precipitate that was filteredhshed several times with water and
finally recrystallized from MeOH/water (1:1) to giva brownish yellow solid product.
Yield: 6.09 g (95 %). IR [(KBruma/cm]: 2239 (G=N), 1290 (C-O-C), 1210, 1182,

1162 (C-N). *H-NMR (400 MHz, DMSO-g): 5, ppm: 8.28-8.26 (1-H, d, Ar-H), 8.12-
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7.93 (2-H, m, Ar-H), 7.78-7.72 (1-H, d, Ar-H), 7.6561 (1-H, t, Ar-H), 6.60-6.58 (1-H,

d, Ar-H), 6.46-6.44 (1-H, t, Ar-H).

3-[(4-Benzyloxy)phenoxy]phthalonitrile (44b): Synthesis and purification was as
described fo#4a using 3-(4-benzyloxy)phenol (8.40 g, 42 mmol) h€) (6.00 g, 35
mmol) to give a light brown solid product. Yield:88 g (91 %). IR [(KBr)uma/cm™]:
2228 (&=N), 1244 (C-O-C).*H-N-MR (400 MHz, DMSO-g): 5, ppm: 7.53 (1-H, s, Ar-

H), 7.47-7.32 (6-H, m, Ar-H), 7.05 (5-H, m, Ar-H5,10 (2-H, s, Ch).

3-Phenoxyphthalonitrile (44c):  Synthesis and purification was as describediia;
using phenol (5.64 g, 60 mmol) a(tl) (6.00 g, 35 mmol) to give a brownish yellow
solid product. Yield: 7.52 g (97 %). IR [(KBOma/cmil]: 2231 (G=N), 1264 (C-O-C).
'H-NMR (400 MHz, DMSO-g): 5, ppm: 7.08-6.95 (2-H, m, Ar-H), 6.77-6.61 (2-H, m,

Ar-H), 6.56-6.35 (4-H, m, Ar-H).

3-(4-Tert-butylphenoxy)phthalonitrile (44d): Synthesis and purification was as
described fod4a using 4tert-butylphenol (7.80 g, 51 mmol) aifdi0) (6.00 g, 35 mmol)
to give a brownish yellow solid product. Yield: 0.4 (97 %). IR [(KBruma/cm]: 2230
(C=N), 1208 (C-O-C).'H-NMR (400 MHz, DMSO-g): §, ppm: 7.84-7.78 (2-H, m, Ar-
H), 7.50 (2-H, d, Ar-H), 7.26-7.21 (1-H, m, Ar-H},14 (2-H, d, Ar-H), 1.30 (9-H, $;

Bu).
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4-(2-(Pyridyloxy)phthalonitrile (45a): Synthesis and purification was as described
for 44a using 2-hydroxypyridine (7.00 g, 74 mmol) andi#eaphthalonitrile(13) (8.50
g, 49 mmol) to give a brownish-yellow solid produtield: 10.3 g (95 %). IR [(KBr)
VmadCM]: 2284 (G=N), 1220 (C-O-C). 'H-NMR (400 MHz, DMSO-¢): 5, ppm: 8.34
(1-H, s, Ar-H), 8.27-8.25 (1-H, d, Ar-H), 8.04-8.02-H, d, Ar-H), 7.70 (1-H, d, Ar-H),

7.52 (1-H, t, Ar-H), 6.52-6.49 (1-H, d, Ar-H), 6.3T-H, t, Ar-H).

4-[(4-Benzyloxy)phenoxy]phthalonitrile (45b): Synthesis and purification was as
described ford4a, using 4-(benzyloxy)phenol (8.40 g, 42 mmol) gd8) (6.00 g, 35
mmol) to give a brownish yellow solid product. el7.18 g (63 %). IR [(KBrpma/cm

Y: 2229 (&N), 1236 (C-O-C).*H-NMR (400 MHz, DMSO-g): §, ppm: 7.26 (1-H, d,
Ar-H), 6.88 (1-H, s, Ar-H), 6.67-6.48 (6-H, m, Ar}H6.36-6.30 (4-H, m, Ar-H), 4.32 (2-

H, s, CH).

4-Phenoxyphthalonitrile (45c):  Synthesis and purification was as describedis;
using phenol (5.64 g, 60 mmol) a(t3) (6.00 g, 35 mmol) to give a brownish yellow
solid product. Yield: 7.38 g (96 %). IR [(KBDma/cmi']: 2234 (G=N), 1249 (C-O-C).
'H-NMR (400 MHz, CDCY): 8, ppm: 7.68 (1-H, d, Ar-H), 7.43 (2-H, t, Ar-H),2B (3-H,

m, Ar-H), 7.04 (2-H, d, Ar-H).

4-(4-Tert-butylphenoxy)phthalonitrile (45d): Synthesis and purification was as
described fod4a using 4tert-butylphenol (7.80 g, 52 mmol) ar{il3) (6.00 g, 35 mmol)

to give a brownish yellow solid product. Yield 9.4194 %). IR [(KBr)uma/cm™]: 2230
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(C=N), 1240 (C-O-C)*H-NMR (400 MHz, CDCY): 5, ppm: 7.70 (1-H, d, Ar-H), 7.47

(2-H, d, Ar-H), 7.25 (2-H, d, Ar-H), 6.99 (2-H, m\-H), 1.34 (9-H, st-Bu).

4-(2-Mercaptopyridine)phthalonitrile (46), Scheme 34 [147,288]. Under a steady
flow of nitrogen, 2-mercaptopyridine (2.33 g, 21 oljrand(13) (3.63 g, 21 mmol) were
dissolved in DMF (30 mL) and the mixture stirred fb6 min at room temperature.
Thereafter, anhydrous,RO; (7.5 g, 54 mmol) was added portion-wise over &opeof 4

h and the reaction mixture left to stir for a fuethl2 h. The mixture was then added to
water and stirred for 30 min. The resulting preteit@ was filtered off, washed thoroughly
with water, dried and recrystallized from ethamogtve a brownish yellow solid product.
Yield: 3.79 g (76 %). IR [(KBrma/cm™]: 2231 (G=N), 1282, 1157, 1129 (C-N), 643
(C-S-C). 'H-NMR (400 MHz, DMSO-¢): §, ppm: 8.50 (1-H, d, Ar-H), 8.28 (1-H, s, Ar-
H), 8.09 (1-H, d, Ar-H), 7.91 (1-H, dd, Ar-H), 7.8168 (1-H, m, Ar-H), 7.46 (1-H, d,

Ar-H), 7.35 (1-H, m, Ar-H).

4-(3,4-Dicyanophenoxy)benzoic acid (475cheme 3.4 [138]: To dry DMSO (30
mL) under nitrogen, was added 3.5 g (25 mmol) g€®;. 4-Hydroxybenzoic acid (2.36
g, 17.1 mmol) and13) (2.0 g, 11.5 mmol) were added to the suspensioter Af h and
24 h, more KCO;s (3.5 g, 25 mmol) was added to the mixture. Thetunexwas stirred at
room temperature for 5 days, following which thenfed precipitate was dissolved in
water (600 ml), and the pH of the solution adjusied. by addition of HCI to give a
beige coloured product. Yield: 3.10 g (69 %). IRBf) vma/cm™]: 3088 (C-H), 2231

(C=N), 1678, 1591 (C=0), 1491, 1254 (C-O-C), 851 (C-EN-NMR (400 MHz,
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DMSO-a): &, ppm: 13.09 (1-H, s, -COOH), 8.13 (1-H, d, 6™-18)p3 (2-H, m, 3,5-H),

7.89 (1-H, d, 3-H), 7.58 (1-H, dd, 5-H), 7.29 E-m, 2,6-H).

2.4.5 Synthesis of symmetrical aryloxy tetra-substitutedvViPcs (Scheme 3.3)
Tetrakis{2,(3)-pyridyloxyphthalocyaninato}zinc(ll) (B-ZnTPyPc, 259 [147,288]

Under an inert nitrogen atmosphere, compodisd (2.5 g, 14.6 mmol) was dissolved in
dry 1-pentanol (~ 15 mL). To this solution, zincetate (0.60 g, 2.8 mmol) and DBU
(2.49 mL, 10 mmol) were added and the mixture hkateler reflux at 161 for 16 h.
The resultant dark-green coloured precipitate was tadded to methanol, filtered and
purified using methanol and acetone in Soxhlet eqdpa to give a dark-green solid
which was oven dried at 90°C. Yield: 1.30 g (50 @Y/Vis (DMSO): Amax NM (loge):
340 (4.50), 615 (4.32), 680 (5.36). IR [(KBRjaicm™]: 3040 (C-H), 1583 (C-C), 1245
(C-0), 1135, 1096 (C-O-C), 865, 764 (C-HH-NMR (400 MHz, DMSO-g): §, ppm:
9.36-9.23 (8-H, m, Pc-H), 8.20 (4-H, bs, Pc'-H)7177.69 (16-H, m,pyridyloxy).
MALDI-TOF-MS m/z Calc. 950.254 amu; Found: 950.29 amu TMAnal. Calc. For

Cs2H28N1204ZN0: C (6572), H (297), N (1769), Found: C (66,6’9 (301), N (1792)

Tetrakis{2,(3)-pyridyloxyphthalocyaninato}cadmium(l 1) (B-CdTPyPc, 26a)

The synthetic and purification procedure &awas similar to that used for complsa
using cadmium chloride (Cdglinstead of zinc acetate. Amounts of reagents wsad:
compound45a (2.5 g, 14.6 mmol), 1-pentanol (15 mL) and Cd@.60 g, 2.72 mmol).
Yield: 1.52 g (56 %). UV/Vis (DMSO)imax NM (loge): 355 (4.70), 618 (4.52), 685

(5.30). IR [(KBr)vma/ci']: 1614 (C-C), 1205 (C-O), 1133, 1090 (C-O-C), T65H).
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'H-NMR (400 MHz, DMSO-@): &, ppm: 9.47-9.37 (8-H, m, Pc-H), 8.18 (4-H, bs; IR’
7.71-7.69 (16-H, m, pyridyloxy). MALDI-TOF-MSn/z Calc. 997.264 amu; Found:
998.01 amu [M]. Anal. Calc. For gH2gN1,04,Cd: C (62.62), H (2.83), N (16.86);

Found: C (62.65), H (2.83), N (16.85).

Tetrakis{2,(3)-(4-benzyloxy)phenoxyphthalocyaninatgcadmium(ll) ( B-CdTBzPhPc,
26b)

Synthesis was as outlined f5a using the following reagents and quantitiésb (0.625
g, 1.82 mmol), cadmium acetate dihydrate (0.120.452 mmol), 1-pentanol (~ 2 mL),
DBU (0.243 mL, 1.63 mmol). However in terms of figation: the crude product was
purified by column chromatography, eluting with CH®eOH (10:1). Soxhlet
extraction first with acetone and then with EtOHgahe desired compourgbb. Yield:
0.15 g (23 %)UV-Vis (DMSO): Amax nm (loge): 341 (4.12), 631 (3.89), 656 (3.9688
(4.13). IR [(KBr)vma/cm™]: 2848 (C-H), 1216 (C-O-C}H-NMR (400 MHz, CDC)):
0, ppm: 7.83-7.16 (56-H, m, Ar-H/Pc-H/GH MALDI-TOF MS m/z Calc. 1417.8 amu;
Found: 1418.24 amu [M] Anal. Calc. For @HseNgOsCd: C (71.16), H (3.98), N (7.90);

Found: C (70.16), H (4.02), N (8.33).

Tetrakis{2,(3)-phenoxyphthalocyaninato}cadmium(ll) (B-CdTPhPc, 26c)

Following a similar synthetic procedure as2ifa 26¢c was prepared usingbc (1.15 g,
5.22 mmol), cadmium acetate (0.50 g, 1.25 mmol €cand DBU (5 mmol) in 1-
octanol (10 mL). Purification according &b was used. Yield: 0.23 g (18 %). UV/Vis

(DMSO): Amax NM (l0ge): 350 (4.83), 613 (4.61), 681 (5.2BR [(KBI) vma/cmi]: 3167-
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3061 (C-H), 1232 (C-O-C)H-NMR (600 MHz, CDC}): 8, ppm: 7.70-7.09 (32-H, m,
Ar-H/Pc-H). Anal. Calc. For §H3:,NsO,Cd: C (67.71), H (3.25) N (11.28); Found: C

(68.58), H (3.85), N (11.42).

Tetrakis{2,(3)-tert-butylphenoxyphthalocyaninato}cadmium(ll) (B-CdTtBuPhPc,
26d)

Following a similar synthetic and purification pesture as i25a 26d was prepared
using45d (1.38 g, 5.00 mmol), cadmium acetate (0.50 g, A%l excess) and DBU (5
mmol) in 1-octanol (10 mL). On cooling, the darlegn solution was added to MeOH (~
50 mL), filtered and chromatographed using silied-§0, using THF as the eluting
solvent. A dark green solid was obtained once tieest was removed by evaporation.
Yield: 0.25 g (17 %). UV/Vis (DMSO)imax Nm (loge): 355 (5.08), 613 (4.80), 684
(5.47).1R [(KBr) vma/cm]: 2955 (C-H), 1235 (C-O-C)H-NMR (600 MHz, CDCJ): §,
ppm:7.82-7.73 (2-H, br s, Pc-H), 7.69 (2-H, dd, Pc-H})7 (3-H, m, Pc-H), 7.51 (5-H,
m, Pc-H), 7.42-7.40 (7-H, m, Ar-H), 7.06-7.03 (9-hi, Ar-H), 1.33 (36-H, st-Bu).
Anal. Calc. For @HgNgO,Cd: C (71.01), H (5.30), N (9.20); Found: C (72,28)

(6.38), N (7.23).

Tetrakis{2,(3)-pyridyloxyphthalocyaninato}mercury(l 1) (B-HgTPyPc, 27a)

The synthetic and purification procedure &fawas similar to that used for complsa
using mercury chloride (Hg@)linstead of zinc acetate. Amounts of the reagests:
compound44a(2.50 g, 14.6 mmol), 1-pentanol (15 mL) and Hg@.74 g, 2.72 mmol).

Yield: 1.20 g (41 %). UV/Vis (DMSO)imax N (loge): 340 (4.55), 623 (4.06), 690
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(5.17). IR [(KBr) vma/cml: 3045 (C-H), 1586 (C-C), 1270 (C-O), 1130, 1088Q@-C),
748 (C-H).'H NMR (DMSO-d): 8, ppm: 9.31-8.94 (8-H, m, Pc-H), 8.19 (4-H, bs-Pc'
H), 7.80-7.68 (16-H, npyridyloxy). MALDI-TOF-MS m/z Calc. 1085.464 amu; Found:
1085.66 amu [M]. Anal. Calc. For gH»sN1,0sHg: C (57.53), H (2.60), N (15.49);

Found: C (58.30), H (2.64), N (15.68).

Tetrakis{1,(4)-(2-pyridyloxy)phthalocyaninato}cadmium(ll) (a-CdTPyPc, 28a)

A similar synthetic procedure to that f@ba was followed employing cadmium acetate
instead of zinc acetate. Amounts of reagents wita:(0.396 g, 1.82 mmol), cadmium
acetate dihydrate (0.121 g, 0.456 mmol), 1-pent&ndd mL), DBU (0.243 mL, 1.63
mmol). Purification according t86b was used. Yield: 0.09 g (19 %WV-Vis (DMSO):
Amax NM (loge): 323 (4.40), 389 (4.16), 620 (3.99), 684 (4.8R).[(KBr) vma/cm:
1620 (C-C), 1110 (C-O-C}H-NMR (600 MHz, DMSO-g): 3, ppm: 8.82-6.15 (28-H, m,
Ar-H/Pc-H). MALDI-TOF MS m/z Calc. 997.27 amu; Found: 997.84 amu [M*H]
Anal. Calc. For GH»gN120,Cd: C (62.63), H (2.83), N (16.85); Found: C (63,44

(2.82), N (16.80).

Tetrakis{1,(4)-(4-benzyloxy)phenoxyphthalocyaninatgcadmium(ll)

(a-CdTBzPhPc, 28b)

The synthetic procedure f@&8b was similar to that used for compl@&6b using 44b
(0.625 g, 1.82 mmol), dry 1-pentanol (~ 2 mL), cadm acetate dihydrate (0.121 g,
0.454 mmol) and DBU (0.243 mL, 1.63 mmol). Purifioa was similar to that reported

for 26b. Yield: 0.17 g (35 %). UV-Vis (DMSOlmax Nm (loge): 327 (4.81), 397 (4.60),
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632 (4.50), 702 (5.32). IR [(KBW)ma/cm’]: 2954 (C-H), 1199 (C-O-CYH-NMR (400
MHz, DMSO-d): 3, ppm: 9.73-9.03 (4-H, m, Pc-H), 8.66-8.22 (4-H, P'-H), 8.24-
7.68 (28-H, m, Pc’-H, Phenyl-H), 7.70-7.30 (12-H, Rhenyl-H), 5.64-5.39 (8-H, m,
CH,). MALDI-TOF MS m/z Calc. 1417.8 amu; Found: 1419.12 amu [M*Hnal.
Calc. For G@4Hs6NsOgCd: C (71.16), H (3.98), N (7.90); Found: C (71,19)(4.66), N

(7.73).

Tetrakis{1,(4)-phenoxyphthalocyaninato}cadmium(ll) (a-CdTPhPc, 28c)

Following a similar synthetic procedure as #&a, 28c was prepared using4c (1.10 g,
5.00 mmol), cadmium acetate (~ 0.50 g, 1.25 mmaksg) and DBU (5 mmol) in 1-
octanol (10 mL). The crude product was then pudifley column chromatography,
eluting with THF. Following evaporation of the seht, the product was purified further
by Soxhlet extraction first with acetone and figallith EtOH. Yield: 0.61 g (49 %).
UV/Vis (DMSO): hmax M (l0ge): 351 (4.73), 631 (4.56), 698 (5.26R [(KBr) vma/cn

Y: 2912 (C-H), 1244 (C-O-C}H-NMR (600 MHz, CDCY): 5, ppm: 7.79 (4-H, d, Pc-
H), 7.74 (3-H, br s, Pc-H), 7.43 (8-H, t, Pc-H/A};H.30 (5-H, m, Ar-H), 7.28-7.24 (4-
H, m, Ar-H), 7.08 (8-H, d, Ar-H)Anal. Calc. For GHzNsO,Cd: C (67.71), H (3.25), N

(11.28); Found: C (68.29), H (3.35), N (9.94).

Tetrakis{1,(4)-tert-butylphenoxyphthalocyaninato}cadmium(ll)  (a-CdTtBuPhPc,
28d)
A mixture of44d (1.38 g, 5.00 mmol), cadmium acetate (0.50 g, im2%ol) and DBU (5

mmol) were heated to 140°C in 1-octanol (10 mL)arraldry, inert nitrogen atmosphere
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for 6 h. Purification according t86d was used. Yield: 0.35 g (24 %). UV/Vis (DMSO):
Amax NM (loge): 329 (4.96), 629 (4.78), 698 (5.48). IR [(KBrha/cmY: 2954 (C-H),
1266 (C-O-C)H-NMR (600 MHz, CDCY): §, ppm: 7.79 (2-H, d, Pc-H), 7.74 (3-H, br s,
Pc-H), 7.43 (4-H, t, Pc-H/Ar-H), 7.30 (7-H, m, A}H7.28-7.24 (4-H, m, Ar-H), 7.08 (8-
H, d, Ar-H), 1.35 (36-H, s-Bu). Anal. Calc. For @HgNgO4Cd: C (71.01), H (5.30), N

(9.20); Found: C (72.72), H (6.11), N (5.96).

2.4.6 Synthesis of symmetricaltert-butyl and alkanethio tetra-substituted MPcs
(Scheme 3.5)
Tetrakis{2,(3)-tert-butylphthalocyaninato}zinc(ll) (B-ZnttbPc, 29, Scheme 3.5)
[153,168,289,290]
4-tert-butylphthalic anhydride4@) (3.86 g, 19 mmol), urea (3.37 g, 56 mmol), zinc
acetate (1.04 g, 4.7 mmol) and ammonium molybd&t&0( g, 0.40 mmol) were
suspended in nitrobenzene (5 mL) and heated &CL&H 8 h. After cooling, the mixture
was precipitated with MeOH and washed several timiés hot MeOH followed by hot
water. The crude product was then purified by ailiel column chromatography eluting
first with CHCL, then CHC{/MeOH (9:1) and finally with CHGI Yield: 12.8 mg (0.34
%). UV-Vis (DMSO): Ama/nm (log €): 351 (4.95), 612 (4.61), 678 (5.44). IR [(KBr)
Uma/CM*]: 3424 (C-H), 2923, 2853 (C-H), 1617 (C=0), 138829 (C-H), 1092 (C-O-
C), 598, 5221H-NMR (400 MHz, DMSO-g): 3, ppm: 9.40 (5-H, bs, Pc-H), 9.31-9.27
(3-H, m, Pc-H), 8.34 (4-H, bs, Pc-H), 1.79 (36-Ht-Bu). Anal. Calc. For ¢gHssNgZn:

C (71.85), H (6.03), N (13.97): Found: C (70.26)(3D4), N (12.53).
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Tetrakis{2,(3)-mercaptopyridinephthalocyaninato}zinc(ll)  (B-ZnTMPyPc, 30,
Scheme 3.5) [154,291]

A mixture of zinc acetate (0.60 g, 2.8 mmael§ (0.50 g, 2.1 mmol), DBU (1.66 mL, 12
mmol) and quinoline (10 mL, doubly distilled oveal&) was stirred at ~ 12C for 5 h
under an inert nitrogen atmosphere. On coolingstiiation was precipitated in MeOH
and washed several times with the same solvent.cfinge product was dissolved in
DMF and after concentrating, precipitated with HetOH, centrifuged and washed
several times with EtOH then acetone. The produas wurified by column
chromatography using silica gel eluting first wiiHCl;/MeOH (9:1) and then THF.
Yield: 0.16 g (7.5 %). UV-Vis (DMSO)Ama/nm (log €): 361 (4.45), 619 (4.20), 687
(5.02). IR [(KBr) Uma/cm]: 3423 (O-H), 2921, 2852 (C-H), 1738, 1637 (C=0}52,
1415, 1383 (C-H), 698 (C-S-CH-NMR (600 MHz, DMSO-¢): 8, ppm: 9.01-8.74 (8-
H, m, Pc-H), 8.60-8.52 (4-H, m, Pc-H), 8.27-8.18H4m, Ar-H), 7.83-7.74 (4-H, m, Ar-
H), 7.49 (4-H, m, Ar-H), 7.26 (4-H, m, Ar-H). AnaCalc. For GgH4sN12S:.Zn: C (61.56),

H (2.78), N (16.57), S (12.64); Found: C (61.45X2¥2), N (16.52), S (12.53).

2.4.7 Synthesis of low-symmetry (AB type) tetra-substituted MPcs (Scheme 3.6)
[137-139]

Tris{9 (10), 16 (17), 23 (24)tért-butyl)imidophthalcyaninato}zinc(ll) (ZnttblPc, 31)

A well ground mixture of 4ert-butylphthalic anhydride4@®), pyromellitic dianhydride

(17), zinc acetate dihydrate, well dried urea and amummolybdate was suspended in

a 16:4:1:108:0.0003 molar ratio in nitrobenzene {1®& mL) and heated under reflux to

190°C forca. 8 h. Following removal of the solvent, the darlegm solid residue was
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washed several times with MeOH, hot water and liinaith MeOH. Soxhlet extraction
in acetone followed by CHghfforded a dark green product upon removal ofstiieent.
The crude product was chromatographed first ooasijel and then on an Sx-2 column
using CHC} as the eluent. Recrystallization from a benzemeihe mixture, provided
277 mg (0.34 mmol) of the desired product in 7.¥iétd. UV/Vis (CHCk): Amax nm (log

£): 356 (4.59), 604 (4.06), 648 (4.56), 668 (4.68)5 (4.88). IR [(KBrVma/cm]: 3217
(C-H), 1771, 1717, (N-H), 1616, 1356, 1306, 125313, 1084, 1045, 870, 752, 698,
648, 559, 520'H-NMR (400 MHz, pyridine-¢): 5, ppm: 13.36 (1-H, s, N-H), 9.94-9.80
(2-H, m, Ar-H), 9.78-9.53 (6-H, m, Ar-H), 8.52-8.58-H, m, Ar-H), 1.84-1.66 (27-H, m,
t-Bu). Maldi-TOF MS m/z Calc. 815.25; Found812.72 [Mf". Anal. Calc. For

CugH3NgO2Zn: C (67.77), H (4.82), N (15.46); Found: C (67,28 (5.24), N (15.12).

Tris{9 (10), 16 (17), 23 (24)-(4-(2-mercaptopyridie)-2-(4-
carboxyphenoxy)phthalocyaninato}zinc(ll) (ZnPc-COCH, 32)

Complex 47 (1.80 mmol)and 5.40 mmol o#6 were suspended in 25 mL of dry 1-
pentanol at 14T under nitrogen gas. At this temperature, 250 &tgnimol) of lithium
metal was added and the solution stirred for 15. @in cooling to room temperature
glacial acetic acid (50 mL) was added and the tiegulprecipitate centrifuged and
washed several times with water. The product & skage is the metal free substituted
derivative. To give the metallated derivative thmwe product was heated at°80in
DMF (30 mL) for 5 h in the presence of excess Zihcacetate dihydrate. The DMF
solution was evaporated to dryness and the sokidue washed with water in a

centrifuge. The product was dissolved in a minimumount of DMF and
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chromatographed on a silica gel Si60 column witbthdil ether/DMF (9:1) eluent,
initially and gradually increasing to 100 % DMF which point the second desired
fraction was collected. Further chromatographicasafons with CHG/IMeOH (9:1)
were conducted several times with the second @mctiontaining the desired product
ZnPc-COOH, 32 Yield: 0.40 g (21 %). UV-Vis (DMSOMAma/nm (loge): 366 (4.85),
619 (5.61), 687 (5.41). IR [(KBrpmalcm]: 3437 (O-H), 1676 (C=0), 1573 (C=C),
1096 (C-O-C), 682, 617 (C-S-CH-NMR (400 MHz, DMSO-g): 8, ppm: 9.00-8.70 (8-
H, m, Pc-H), 8.59-8.49 (4-H, d, Pc-H), 8.28-8.12H4m, Ar-H), 7.82-7.70 (4-H, m, Ar-
H), 7.52-7.41 (4-H, m, Ar-H), 7.29-7.17 (4-H, m, -A). Anal. Calc. For
CsaHagN1103S:Zn: C (62.28), H (2.81), N (14.79), S (9.24); Fou@d(62.24), H (3.49),

N (14.79), S (9.79).

2.4.8 Synthesis of MPc-SWCNT conjugates [18,24,292] (Sches 5.1 and 5.2)
ZnPc(31)-SWCNT-linked (49, Scheme 5.1(i))

The functionalized SWCNT, SWCNT-COOHa (10 mg, 0.83 mmol of C) were
suspended in dry DMF (10 mL) and sonicated for sdvminutes. Following which,
EDC (5 mg) and NHS (5 mg) were added and the nextwas stirred at room
temperature for 2 h. ZnttbIP81 (10 mg, 0.01 mmol) was then added to activaizdnd
the mixture stirred for 4 days. The solid black qarct was obtained by centrifuging,

washing in DMF and then drying at°f@ IR [(KBr) Uma/cm™]: 3432 (N-H), 2958, 2922,

2853 (C-H), 1636 (C=0). [Ramanma/cm]: 2543 (G*), 1596 (G), 1290 (D).

95



Experimental

ZnPc(32)-SWCNT-linked (50, Scheme 5.1(ii))

ZnPc-COOH, 32(10.40 mg, 0.01 mmol) was first dissolved in DMP (ML), then DCC
(32.85 mg, 0.16 mmol) was added to convert the —BOgoup into an active
carbodiimide ester group. The mixture was left o at room temperature under a
nitrogen atmosphere for 24 h. Thereafter, aminetfanalized SWCNT1b (10 mg, 0.83
mmol of C) was added to the reaction mixture arahtleft for another 48 h. The solid
product was extracted and washed several timesDMF (to remove excess unreacted
complex 31 and any DCC intermediate by-products) using a rifage. This was
followed by oven drying at 7€ to give a dark black-green powd&mPc(32)-SWCNT-
linked, 50. IR [(KBr) uma/cm]: 3416 (N-H), 2920, 2851 (C-H), 1653 (C=0). [Raman

UmadCMTY]: 2548 (G*), 1597 (G), 1267 (D).

ZnPc(31):SWCNT-adsorbed (51, Scheme 5.2(i))

SWCNT-COOH,1a (10 mg, 0.83 mmol of C) was sonicated for ~15 minslry DMF
(40 mL) to give a brown coloured suspension. ZRrthB1 (10 mg, 0.01 mmol) was then
added (resulting in a green coloured suspensiod)tla® mixture stirred for 12 days at
which point the green colour had faded to browwli@ating adsorption of the ZnPc on
the SWCNT), according to literature [24]. The sopbduct was separated from the
solution by centrifuging and several washings idtiF (to remove excess unreact&l)

to give the adsorbed specigaPc(31):SWCNT-adsorbed 51 IR [(KBr) Uma/cm:
3551, 3476, 3418 (O-H), 2957, 2923, 2853 (C-H),7163=0). [Ramammna/cm]: 2540

(G*), 1594 (G), 1275 (D).
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ZnPc(32):SWCNT-adsorbed (52, Scheme 5.2(ii))

Amine functionalized SWCNT1b (10 mg, 0.83 mmol of C) were sonicated for ~15 mins
in dry DMF (40 mL) to give a dark suspension. Coax@32 (5 mg, 0.005 mmol) was
then added (resulting in a green coloured suspensaiad the mixture stirred for 17 days
at which point the green colour had faded (indigatadsorption of the Pc on the
SWCNT), according to literature [24]. The solid guat was separated from the solution
by centrifuging and several washings with DMF (&mnove excess unreacted complex
32) to give the adsorbed speci&sPc(32):SWCNT-adsorbed 52 IR [(KBr) Uma/cm™]:
3433 (0O-H), 2922, 2853 (C-H), 1681, 1633 (C=0, N{Ramanuma/cm™]: 2541 (G*),

1596 (G), 1265 (D).

2.4.9 Synthesis of MPc-QD conjugates (Scheme 5.3)

ZnPc(31)-QD-linked (53, Scheme 5.3)

MPA capped CdTe QD2 (7.5 mg) were first dissolved in water (1 mL), theMF (4
mL) was added, followed by addition of DCC (3.28,Md16 mmol).The latter is used

to convert the —COOH group into an active carbouierester groupThe mixture was
left to stir at room temperature under an argonoaphere for 24 h. Thereafter, ZnttbIPc,
31 (0.13 mg, 1.56 x I6 mmol) was added to the reaction mixture and theft for
another 48 h. The solid product was extracted aashed several times with DMF (to
remove excess unreacted comp8ixand any DCC intermediate by-products) and also
washedwith water to remove unlinked QDs. The washingsenveontinued until the

supernatants were clear, gividmPc(31)-QD-linked, 53. IR [(KBr) Uma/cmi]: 1645

(C=0). [Ramaruma/ci’]: 3184, 3138, 2862, 2147, 1940, 1886, 1086.
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ZnPc(31):QD-mixed (54)
Experiments were also performed where the QB)swere mixed with ZnttbIPc3{1)

without linking, givingZnPc(31):QD-mixed, 54.
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cadmium phenoxy phthalocyanind¥adzanai Chidawanyika, Edith Antunes,
Tebello Nyokong,). Photochem. Photobiol. A: Chet@5(2008) 183.

3. Spectroscopic and photophysicochemical behavioufs novel cadmium
phthalocyanine derivatives tetra-substituted at &lgha and beta positions,
Wadzanai Chidawanyika, Tebello Nyokong,J. Photochem. Photobiol. A:
Chem.202(2009) 99.

4. Effect of peripheral fused ring substitution on tbptical spectroscopy and
electronic structure of metal phthalocyanine comgde Wadzanai
Chidawanyika, John Mack, Soji Shimizu, Nagao Kobayashi, TebBl@kong,
J. Porphyrins Phthalocyanind$) (2009) 1053.
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phthalocyanine analogue¥/adzanai Chidawanyika, Tebello Nyokong,J.
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phthalocyanine conjugateWadzanai Chidawanyika, Christian Litwinski,
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Fluorescence behaviour of a low-symmetry zinc pbthanine covalently
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Litwinski, Edith Antunes, Tebello Nyokong, (In piation).
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3.  Synthesis and Spectroscopic Characterization

Reported in this chapter are the syntheses and sgemscopic
characterizaton of the nanoparticles i.e. SWCNT andQDs and

metallophthalocyanines employed in this work.



Synthesis and Spectroscopic Characterization

Three sets of nanopatrticles have been employelisnaork. These have been listed in

Table 3.1 below:

Table 3.1: List of functionalized or synthesized anoparticles.

®Nanoparticle Abbreviation No.
Carboxylic acid functionalized SWCNT SWCNT-COOH la
Ethylamine functionalized SWCNT SWCNT-NH, 1b
MPA capped CdTe QDs CdTe MPA 2

®MPA = mercaptopropionic acid.

3.1  Functionalization, Synthesis and Characterization D

Nanoparticles (SWCNT and QDs)
The single-walled carbon nanotubes (SWCNT) and wumardots (QDs) used in this
thesis were either functionalized or synthesizegraviously reported [6,7,9,23,28,60]

and their spectrocsopic characterization gave featconsistent with literature.

3.1.1 Chemical functionalization of SWCNT

Chemical functionalization of SWCNT can be achieedtier by covalent attachment or
by non-covalent (adsorption) with planar molecudapable of adsorbing onto the carbon
nanotubes surfacevia TeTU interactions (Figure 1.3 and 1.4) [26,27]. Followi
functionalization, the carbon nanotubes were chiaraed using UV-Vis, IR and Raman

spectroscopies and by thermal gravimetric analyiSBA).
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The route used to obtain carboxyl-functionalized@\W, 1a has been well documented

in literature (Figure 1.4a and Scheme 3.1(i)) [B)R2].

H,S0,, HNO,

T0=C, 2h

SWCNT-COOH (1a)

NaN0,, H,S0,

HN /\\/Nﬂz

60°C, 1h

SWCNT-NH,(1b)

Scheme 3.1: Covalent functionalization of SWCNT tdorm (i) SWCNT-COOH

(1a) and (i) SWCNT-NH; (1b).

Initial reaction of the SWCNT in the presence 0fSH;, and HNQ facilitates the
attachment of the terminal carboxyl groups. The &fcentrated mixture of these two
acids is chosen since it is known to intercalatel axfoliate graphite [293]. The
functionalization cuts the nanotube bundles armesgential in enhancing their solubility.
The synthetic approach adopted for the amine fanatization of the SWCNT is based
on a diazonium reaction method developed earliethfe attachment gfara-substituted
benzene rings to SWCNT [7,23,28], however in tlasecwe have made use of a simple

alkyl-chain amine, Scheme 3.1(ii).
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There are no differences in the nature of the eaat absorption spectra of the pristine
SWCNT and those functionalized with carboxylic agiups (SWCNT-COOH1a) or
ethylamine units (SWCNT-N§l 1b). The spectra are all broad expressing no feaiares
the region of interest.

The FT-IR spectrum corresponding to the carboxgbal functionalized SWCNT16,
Figure 3.1(i)) and the amine functionalized SWCND, (Figure 3.1(ii))show two strong
bands at 1617 and 1639 ¢mwhich could correspond to the carbonyl (C=0) lné t

carboxylate that forms as a result of deprotonadiothe weak carboxylic acid groups
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Figure 3.1: FT-IR spectra of (i) carboxylic acid functionalized SWCNT (SWCNT-

COOH, 1a) and (ii) ethylamine functionalized SWCNT(SWCNT-NH,, 1b).
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that terminate the nanotubesliaor the NH groups oflb [294]. It is difficult to make a
distinction between the two (C=0 and NHhowever the spectrum correspondind.io
shows differences below 1600 ¢m

Figure 3.2 shows the room temperature Raman spettpaistine SWCNT, SWCNT-
COOH (@a), and SWCNT-NH (1b). Raman spectra provide an insight on the extént o
functionalization of the SWCNT. The spectra arerabteristic of SWCNT with several
radial-breathing modes (RBM) between 100 - 400*camd a tangential (G band)
vibrational mode around 1590 €mThese two features, RBM and G band, are signsiture
of SWCNT that have previously been used for naretabaracterization [1,31]. The

Raman disorder band (D band) appears, at ~ 1270 due to disorder on the
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Figure 3.2: Raman spectra of (i) SWCNT, (i) SWCNTEOOH (1a) and (iii)

SWCNT-NH, (1b).
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hexagonal lattice on the nanotube sidewalls [3B&3,The D band vibration is slightly
lower than the reported ~ 1355 ¢ni33]. This could be a result of the preparation or
treatment of the carbon nanotubes. Commerciallyaiobtl SWCNT often contain
numerous impurities which may contribute to the esbbed shift. A change in the
intensity of the D band signifies changes in theictire of the carbon nanotubes i.e.
proof of sidewall functionalization [28,33-36], vehi inadvertently disrupts thep’
carbon matrix withsp*-hybridized carbon [32]. Shown in Figure 3.2 isiacrease in the
intensity of the D band upon functionalization,eatiure indicative of disruption of the
sp® carbon hexagonal lattice tep® bonded carbons [31,32,36] due to sidewall
functionalization [28,33-35] as a result of the alent attachment of the COOH or
ethylamine groups. The change in the D band intgimsimore accurately expressed by a
ratio between the integrated intensity of the Ddand the integrated intensity of the G
band 6p*:sp? carbon ratio) (Equation 3.1) [23,36,37,295].

IG

Calculations reveal that there is a slight increagais ratio on functionalization i.e. 0.22
for SWCNT, 0.33 for carboxyll@) and 0.40 for aminelp) functionalized SWCNT. The
slightly higher ratio forlb relative tola may be attributed to more efficient sidewall
functionalization in the former.

TGA has been used to confirm the structural difiees between the pristine carbon
nanotubes and functionalized carbon nanotubesei@iit thermal decay profiles point to
structurally different materials. The thermal degmsition profiles obtained under a
steady flow of N, at a heating rate of 10 min* are shown in (Figure 3.3). The spectra

of, SWCNT-COOH laand SWCNT-NH, 1b has two decomposition steps, with the first
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shallow step, between 50 and 100 suggestive of solvent loss. The second main
decomposition step from ~ 350 to 700 is associated with functional group
decomposition i.e. of the groups associated withdbmplexes e.g. -COOH and —NH

groups.
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Figure 3.3: TGA profiles of (i) SWCNT, (i) SWCNT-COOH (1a) and (iii)

SWCNT-NH; (1b).

3.1.2 Mercaptocarboxylic acid capped CdTe QDs

Quantum dot synthesis was carried out followingighy modified, well established

literature method (Scheme 3.2) [60] as explaindthénexperimental section.
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N N
Cd? + SR——» (Cd-SRf + SR ———= CdSR),
pH =11

NaHTe 100C Mercaptocarboxylic cappped
Cd-(SR), — -
(SR% N, (Ca-SRLTe, CdTe QDs(2)

Scheme 3.2: Synthesis of mercaptocarboxylic acidmaed CdTe QDs.

The CdTe MPA quantum dots synthesized in this war& characterized by broad
absorption peaks, with tails extending into therneftared region, which are red shifted
with an increase in size (Figure 3.4). The emisspectra were narrow as expected,

Figure 3.5.

Increase inA with
increase in size

Absorbance

500 550

Wavelength (nm)

Figure 3.4: Ground state electronic absorption spém of as synthesized MPA

capped CdTe QDs (2) in agueous media.
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Figure 3.5: (i) Normalized ground state electronicabsorption and (ii) emission

spectra of CdTe MPA QDs (2) in 4:v/v DMF:water (Aexc = 510 nm).

The FT-IR spectrum showed an intense charactebistiad O-H band at 3472 &mC-H
vibrations at 2982, 2930 and 2860 trmind asymmetric C=0 stretches at 1656 and 1576
cm.
XRD was used for particle size determination, F&gu®.6. The diffraction pattern
corresponds well with the three characteristic pdakbulk CdTe structure.

The particle diameter was generated by the compsiétware using the Scherrer

Equation 3.2 (same as Equation 1.1);

Kk
d(A) = 3Cod (3.2)

XRD generated data related to the main peak at ar@bgave a particle size of 3.41 nm.
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The QD sizes were also estimated using a polynofittaig function (Equation 3.3;
same as Equation 2.1) [286]:

D = (9.8127 x 10)A° — (1.7147 x 18)A% + (1.0064). — 194.84 (3.3)
whereA refers to the absorption maxima of the QDs. Thim§ function is not valid for
sizes of quantum dots outside the size range ohd+$286].

This size obtained using XRD is slightly smallert bpossibly more accurate in

comparison to the size determined using the polyabiitting function i.e. 3.50 nm.
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Figure 3.6:  X-ray diffractogram of MPA capped CdTeQDs (2).

3.2 Metallophthalocyanines

Table 3.2 lists the MPcs reported in this work.
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Table 3.2: List of synthesized symmetrically and usymmetrically tetra-
substituted MPcs.

MPc Abbreviation No.
Zinc(l)phthalocyanine ZnPc 22
Cadmium(ll)phthalocyanine CdPc 23
Mercury(ll)phthalocyanine HgPc 24
Tetrakis{2,(3)-pyridyloxyphthalocyaninato}zinc(ll) B-ZnTPyPc 25a
Tetrakis{2,(3)-pyridyloxyphthalocyaninato}cadmium(l I) B-CdTPyPc 26a
Tetrakis{2,(3)-(4-benzyloxy)phenoxyphthalocyaninatgcadmium(ll) B-CdTBzPhPc | 26b
Tetrakis{2,(3)-phenoxyphthalocyaninato}cadmium(ll) B-CdTPhPC 26¢c
Tetrakis{2,(3)-tert-butylphenoxyphthalocyaninato}cadmium(ll) B-CdTtBuPhPc | 26d
Tetrakis{2,(3)-pyridyloxyphthalocyaninato}mercury(l 1) B-HgTPyPc 27a
Tetrakis{1,(4)-pyridyloxyphthalocyaninato}cadmium(l ) a-CdTPyPc 28a
Tetrakis{1,(4)-(4-benzyloxy)phenoxyphthalocyaninatgcadmium(ll) a-CdTBzPhPc | 28b
Tetrakis{1,(4)-phenoxyphthalocyaninato}cadmium(ll) a-CdTPhPc 28c
Tetrakis{1,(4)-tert-butylphenoxyphthalocyaninato}cadmium(ll) a-CdTtBuPhPc | 28d
Tetrakis{2,(3)-tert-butylphthalocyaninato}zinc(ll) B-ZnttbPc 29
Tetrakis{2,(3)-mercaptopyridinephthalocyaninato}zinc(ll) B-ZnTMPyPc 30
Tris{9 (10), 16 (17), 23 (24)tért-butyl)imidophthalcyaninato}zinc(ll) | ZnttbIPc 31
Tris{9 (10), 16 (17), 23 (24)-(4-(2-mercaptopyridi@)-2-(4-] ZnPc-COOH 32

carboxyphenoxy)phthalocyaninato}zinc(ll)
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3.2.1 Unsubstituted MPcs

The synthesis of the unsubstituted derivatives (Hjphithalocyanine ZnPc, 22,
cadmium(ll)phthalocyanineQdPc, 23 and mercury(ll)phthalocyaningi¢Pc, 24 was
carried out according to a well established prooedli42-144]. ZnPc is also available
commercially.

The IR spectra indicated the loss of the charatterhitrile stretch at ~ 2300 ¢
(indicative of phthalonitriles) on formation of tharious metal substituted Pc’s. The-
NMR spectra for the unsubstituted derivatives wimsilar and indicated the 8 non-
peripheral protons as a singlet between 9.55 aBd ®pm while the peripheral protons
resonated upfield as a broad singlet, integratorg8f protons, between 8.28 and 7.99
ppm.

The absorption spectra of complex@ 23 and 24, show typical monomeric behaviour
in DMSO and DMF (Figure 3.7). These complexes remnadnomeric up to ~ 2 xTOM.
CdPc and HgPc are insoluble in CHODCM and THF, while ZnPc is soluble in all,
though sparingly so in CHgland DCM. The shift to longer wavelengths with the

increase in size of the central metal is due tmarease in electron density.
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Figure 3.7:  Ground state electronic absorption speéra of (i) ZnPc (22), (i) CdPc
(23) and (i) HgPc (24) in DMSO. Concentrations: APc = 1.5 x 16 M, HgPc and

CdPc=1.0x 10 M.

Table 3.3 lists the spectral properties of unstlgsti Pc complexes of zin@23),
cadmium 23) and mercury Z4), in various organic solvents. In the table, ihdae
observed that the molar extinction coefficientstttd MPcs vary with the size of the

central metal ion, with the value being highestZ@and least foR4.
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Table 3.3:  Spectral properties of unsubstituted MPacomplexes 22, 23 and 24 in

various organic solvents.

MPc Solvent %Q band, Amax/nm Log €
ZnPc (22) Toluene 672 5.25
THF 668 5.48
DMF 670 5.37
DMSO 672 5.38
CdPc (23) DMF 674 5.38
DMSO 679 5.36
HgPc (24) DMF 681 5.11
DMSO 684 5.25

#Amax = wavelength maximum.

3.2.2 Symmetrically tetra-substituted metallophthalocyanne derivatives

3.2.2.1 Mono-substituted phthalonitriles

The substitution reaction of a nitro derivative lwid phenol derivative to give mono-
substituted  2-pyridyloxy, 4-(benzyloxyphenoxy), pbgy, 4iert-butylphenoxy
phthalonitrile derivatives4da-d, 45a-d Scheme 3.3) has been well documented and has
been shown to proceeslia a base catalyzed nucleophilic displacement reactio
mechanism [296]. The syntheses of 2-mercaptopyiddtb) and 4-(phenoxy)benzoic
acid @7) substituted phthalonitriles were carried out unsleghtly different conditions

(Scheme 3.4) [138,147,288]. However, in all cagbs, substitution reactions were
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performed at room temperature under an inert athmrgp(using either nitrogen or argon)

as stated in literature [117,296-301].

RO CN
R-OH, K,CO;4 Metal acetate/chloride
—— > R
DMF CN 1-pentanol, DBU, 6h-16h

(45)

(25a) : M =Zn
(26a-d) : M = Cd
(27a) : M = Hg

NO, OR
C(CN R-OH, K,CO, CN Cd(OAC),.2H,0, N,
—_—
CN DMF oN 1-pentanol, DBU, 6h-16h

(10) (44)

R:(a)—</:\> (b) —O—o : © _Q (@) —@—'—

Scheme 3.3: Synthetic routes to Zn(ll), Cd(ll) and Hg(ll) tetra-aryloxy -

substituted (25a, 26a-d and 27a) and- (28a-d) Pc complexes.
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RS CN
RSH, DMF
K,CO, RT,N, N

RO CN
ROH, DMSO \©:
K,CO.,, RT,N,
2 3 2 CN

Scheme 3.4: Syntheses of mono-substituted phthaltiies, 46 and 47.

Following the necessary purification procedures, ¢haracteristic nitrile (€N) stretch,
at ~ 2300 cnt, was found in the FT-IR spectra of all substituphalonitriles prepared
in this work.*H-NMR was used for further structural charactei@a@nd the results are

in agreement with the predicted structures, a<atdd in the experimental section.

3.2.2.2 Symmetrical aryloxy tetra-substituted MPc derivatives

Zinc, cadmium and mercury aryloxy substituted Pomplexes were synthesized by
treatment of the corresponding substituted phthal@s with the necessary metal salts
i.e. Zn(OAc), CdCh (or Cd(OAc}») or HgCL in the presence of a high boiling solvent
such as 1-pentanol or 1-octanol and DBU (Schemke BBU acts as a nucleophilic base
which permits the reaction to proceed under mord gonditions while also preventing

the formation of side products typical of reactidhat make use of strong bases [297].
The cyclotetramerization reaction affords the geeially or non-peripherally substituted
complexe25a, 26a-d, 27a28a-d All complexes formed are tetra-substituted; hosvev

the use of different precursors i.e. 3-nitrophthélde (10) or 4-nitrophthalonitrile 13)
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results in substitution patterns at different psiof the MPc macrocycle i.e- or (3-
substituted MPcs, each with their own unique sotu@nd solid-state properties [296].
The complexes were purified by column chromatogyapboxhlet extraction of the
impurities or a combination of the two, to give lge ranging from 17 % to 60 %. All
complexes exhibit excellent solubility in highlylpporganic solvents, such as DMF and
DMSO. CHC}, DCM, THF and toluene have also been used as r#stvBowever MPc
complexes such a&5a 26aand27a exhibited limited solubility in these weakly polar
solvents, which may be in response to the polanraadf the pyridyloxy substituents
attached to the MPc ring. The new complexes weraradterized by various
spectroscopic methods; IRH-NMR, UV-Vis and elemental analyses and were in
agreement with the predicted structures as indistdtie experimental section (Chapter
2). The IR spectra show the loss of the charadieristrile stretch at ~ 2300 ch
(indicative of phthalonitriles) on formation of therious metal substituted Pcs. The
complexes showed characteristic aromatic C-H stiegcbetween 3167 cfand 3045
cm?, aliphatic C-H stretching at ~ 2955-2848 trand vibrations due to ether linkages
(C-O-C) at 1266-1216 crhas shown by the spectrum 28d (a-CdTtBuPhPc) in Figure
3.8.

Owing to the presence of isomers in tetra-substitwomplexes and Pc aggregation as a
result of the high concentrations used for NMR meaments [153], théH-NMR
spectra of the complexes show complex splittingepas and poorly resolved signals.
However, on close investigation, the data gave ¢baect number of protons in
accordance with the predicted structures. The rdiffees in the chemical shifts of the

spectra of28a-d and 26a-d is a function of the different substitution patt®ri.e. a-
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substituted (non-peripheral) phenoxy complexes ugerthe (-substituted (peripheral)
phenoxy complexes. The type of substituents intteduat these positions is also

significant.

~ aliphatic
C-H

—~
=
©
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O
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©

=
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©
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Figure 3.8: FT-IR spectrum ofa-CdTtBuPhPc (28d).

The ground state electronic absorption spectra®fatryloxy substituted MPc complexes
in various solvents showed, for the most part, ghartense single Q band maxima
depicting monomeric behaviour up to 1 X1 (Figure 3.9 and Figure 3.10).

The a-substituted derivative28b-d) occur with red-shifted spectra, relative to tbat
the B-derivatives 26b-d), Figure 3.10, Table 3.4. Substitution at theositions gives a
larger destabilization of the highest occupied roolar orbital (HOMO), resulting in a
smaller HOMO-LUMO band separation [302], the exteintvhich is further enhanced on
the introduction of electron-donating groups sushhe phenoxytert-butylphenoxy and

benzyloxyphenoxy groups employed in this work. Hegrethe pyridyloxya-derivative
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(25a) = \f\ «— (27a)

Absorbance

500 600
Wavelength (nm)

(252)—>p me— (273)

Absorbance

500 600
Wavelength (nm)

Figure 3.9: Ground state electronic absorption speé@ of zZn(ll), Cd(ll) and
Hg(ll) tetra-pyridyloxy substituted complexes 25a,26a and 27a in (i) DMF and (ii)

DMSO. (Concentration = ~ 5.0 x 18 M).
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Absorbance

Wavelength (nm)

Absorbance

500
Wavelength (nm)

Figure 3.10: Ground state electronic absorption spdra of Cd(ll) tetra (a)
pyridyloxy, (b) phenoxy, (c) tert-butylphenoxy and (d) benzyloxyphenoxy a-
substituted (28a-d) and-substituted (26b-d) Pc complexes in (i) DMF and ifi

DMSO (Concentrations = ~ 5.0 x 18 M).
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Table 3.4:  Spectral

properties of zZn(ll),

Cd(ll) and Hg(ll) tetra-aryloxy

substituted MPc complexes in different solvents.

MPc Solvent Q band, Aya/nm Log €
B-ZnTPyPc (25a) DMF 673 5.18
DMSO 680 5.36
B-CdTPyPc (26a) DMF 682 5.11
DMSO 685 5.30
B-CdTBzPhPc (26b) Toluene 704, 668 5.08
CHCI; 703, 667, 636 4.12, 4.30, 4.35
THF 700, 664, 634 4.15, 4.34,4.38
DCM 701, 666, 634 4.03, 4.24, 4.32
DMF 684 5.29
DMSO 688 5.32
B-CdTPhPc (26c¢) Toluene 681 5.15
CHCl; 681 5.18
THF 677 5.13
DMF 677 5.22
DMSO 681 5.23
B-CdTtBuPhPc (26d) Toluene 681 5.38
CHCl; 681 5.43
THF 678 5.34
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Table 3.4 contd.

MPc Solvent Q band, Aya/nm Log €
B-CdTtBuPhPc (26d) contd. DMF 678 5.46
DMSO 684 5.47
B-HgTPyPc (27a) DMF 685 5.08
DMSO 690 5.18
a-CdTPyPc (28a) CHCl3 684 4.89
THF 682 4.86
DCM 683 4.75
DMF 682 5.11
DMSO 684 5.30
a-CdTBzPhPc (28b) Toluene 701 5.08
CHCl; 707 5.56
THF 699 5.33
DCM 703 5.27
DMF 698 5.29
DMSO 702 5.32
a-CdTPhPc (28c) Toluene 694 5.21
CHCl; 700 5.23
THF 693 5.14
DMF 694 5.25
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Table 3.4 contd.

MPc Solvent Q band, Aya/nm Log €
a-CdTPhPc (28c) contd. DMSO 698 5.26
a-CdTtBuPhPc (28d) Toluene 694 5.39
CHCl; 700 5.44
THF 693 5.36
DMF 694 5.46
DMSO 698 5.48

(289) andp-derivative26ashowed no significant differences. The Q band maxainthe
o-substituted complexes were also found to shifticlger wavelengths as follows

pyridyloxy (@) < phenoxy ¢) = tert-butylphenoxy @) < benzyloxyphenoxyh) for
substituted CdPc complexes in DMF and DMSO (Tab#@. 3'his may be in response to
the increase in electron donating ability of themédstituents from pyridyloxy to
benzyloxyphenoxy. In general, for all complex254d, 26a-d, 27and28a-d), a change
in the solvent is accompanied by a change in thatipa of the Q band. It has been
suggested previously that the solvent’s refractiveéex affects its Q band maxima
[180,226]. Solvents with strong coordinating prdj@sr such as DMF and DMSO (with
donor numbers of 26.6 and 29.8 kcal thoéspectively [296,303,304]) interact with the
Pc molecule (through either the sulfur or oxygemrat [305,306]) which gives rise to a
more stable lowest unoccupied molecular orbital @) and thus results in a smaller

HOMO-LUMO band separation resulting in red-shift@dbands in these solvents. A
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change in the central metal ion is also significastobserved by the data corresponding
to 253 26aand27a(Figure 3.9) where the order of the Q band pas#tiz27a> 26a>
254 this is the order of extent of destabilizatiortleé HOMO in the complexes. Mercury
having more electrons in its atomic structure (m@ucing), destabilizes the HOMO
more than cadmium and zinc do, hence bringing atowuhorter HOMO-LUMO
separation and consequently the most red-shiftedtisp

The spectra of some of the MPc complexes showedatitevs from monomeric
behaviour. Complexe®5a and26a were aggregated in CHE(Figure 3.11) and DCM.
The aggregating tendencies of MPc complexes in aoamdinating solvents are well
documented [180,183], and are attributed to then&bion of Te1T interactions between
adjacent MPc rings. Coordinating solvents are gxlajated to the central metals in the
MPc complexes, thereby preventing columnar aggmegatAddition of a surfactant,
Triton X-100 (1 x 10" M) to a CHC} (or DCM) solution of25a or 26aresults in partial
disaggregation into monomers, as seen in Figure £amplex27ais also monomeric in
DMF and DMSO (Figure 3.9) but is demetallated in@4(Figure 3.12) and DCM, as
evidenced by a split in the Q band, typical of daiation in MPc complexes [176].
Studies have shown that in chlorinated solventscdMBndergo oxidation, with the
formation of HCI as a by-product [182], which inrtzén cases reacts with the MPc to
cause demetallation. The diagonal N-N distancéefftc core is 3.96 A [176]. The Hg
ion, with a radius of 110 pm [307], is expected®out of the plane of the Pc ring since
a smaller metal ion such as Mgwith a radius of 71 ppm [307] is out of the plarfehe
Pc ring [176]. Thus, the mercury atomaia protrudes out of the planar phthalocyanine

ring, making the molecule highly susceptible to d&atlation.
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Figure 3.11: Disaggregation absorption spectra @8-CdTPyPc (26a) using different
concentrations of Triton X-100 and a constant concgration of 26a = 2.4 x 16 M in
CHCls. Triton X-100 concentrations: (i) 0, 0.2 x 13, 0.3 x 1¢*, 0.4 x 1¢*, 0.5 x 10",

0.6 x 10%, 0.8 x 10%, 0.9 x 106" and (i) 1 x 10* M.
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Figure 3.12: Ground state electronic absorption sp#rum of B-HgTPyPc (27a) in

CHCI». Concentration of 27a = 8.7 x 1O M.
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Complex26b also showed interesting spectral behaviour in amdded solvents. In this
case, spectra are characterized by a very broatlddanding from ~ 550 nm to 700 nm,

Figure 3.13. Studies with6a, as discussed above, showed broadened spectra in
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Figure 3.13: Ground state electronic absorption spera of B-CdTBzPhPc (26b) in
(i) DCM (concentration = 4.63 x 1¢ M), (ii) CHCI 3 (concentration = 2.55 x 10 M)

and (i) THF (concentration = 2.42 x 1¢ M).

chlorinated solvents; where the addition of Trid#100 led to partial disaggregation into
monomers. However in the case2@b, no change occurred on addition of the surfactant
to solutions oR6b, which is an indication that this complex is imanomeric stateThe
observed spectra may be attributed to differensesoivent properties i.e. coordinating
nature, where coordinating solvents such as pyeiddMF and DMSO (Figure 3.10) are
capable of axial ligation to the central metal ifPdcomplexes. The oxidizing nature of
the solvents may also play a role; chlorinated esuls are known to oxidize some MPc

complexes [182]. The presence of two sharp peakiseiryOO nm area f&6b in CHCk
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and DCM, Figure 3.13, suggests partial demetahatid recent report by Chambriet
al. has shown that successive additions of iodine deidizing agent) give rise to
phthalocyanines with similar absorption spectrathat shown in Figure 3.11 with
absorptions between 550 — 650 nm [148]. It was shtvat such spectra is typical of
triple-decker and higher oligomeric complexes oftearmed more readily with
phthalocyanine ligands substituted with alkenylstitbents at the ring periphery [308].
However there was no evidence of such oligomer2€ix The addition of a reducing
agent (NaBH) to solutions that gave rise to the spectra iufe@.13, gave some form of
reversal of the observed spectrum i.e. a changmdee monomeric species (Figure
3.14a); suggesting the presence of an initiallydimed form. These changes were only
observed in solvents of low co-ordination number THF, CHC}4 and DCM, which are
prone to promoting oxidation [182]. CHGh particular is slightly acidic and is known to
result in the oxidation of the phthalocyanine malec[145,182,278]. Demetallation of
26b occurred in toluene. Oxidation, using,Bof 26b in a coordinating solvent i.e.
DMSO resulted in spectra similar to that obtainedCHCkL, DCM and THF (Figure
3.14b), suggesting that the spectra in Figure &18artly due to oxidation. However,
what is unusual is the increase in absorption Bitgron increments of Br Typical
phthalocyanine oxidation is often expected to givdecrease in absorption intensity in
the Q band region. Addition of bromine to solutiai®6b in CHCk resulted in spectral
changes shown in Figure 3.14c. The two sharp pea#&s700 nm increased in intensity,
suggesting that oxidation with bromine results @metallation Addition of zinc acetate

to a solution o26b in DCM resulted in the collapse of the two shagmdis confirming
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that the peaks were due to demetallation. Thus @MD CHCL, THF and toluene,

complex26b showed some oxidation and partial demetallation.

Absorbance

Absorbance

Wavelength (nm)
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Figure 3.14: Ground state electronic absorption spxra of (a) B-CdTBzPhPc (26b)
(initial concentration = ~ 2.84 x 1¢ M) in THF on successive addition of NaBh| (b)
26b (concentration = ~ 7.29 x I®M) in DMSO (i), on addition of Br, fumes (ji-v)
and (c) 26b (concentration = 2.73 x IOM) in CHClI 5 (i) on successive addition of Br

fumes (ii-v).

Cadmium complexe®6¢ 26d, 28c and28d showed a small band between 740 and 750
nm in toluene, CHGland THF (Figure 3.15(i)). In literature this haseh referred to as
the ‘X’ band, a feature which has been attributethe flexibleo attachment of phenoxy
(C-O-C) groups at the Pc-periphery [309-311]. Thexibility allows the groups to
‘twist’ about the bond and induce a slight losssymmetry, hence splitting the Q band
[312]. The band near 750 nm was observed for caxepl26c and 26d only in CHCE,
while it was observed for complex28cand28din CHCkL, THF and toluene. However,

this band was not observed in DMF and DMSO. Thisskiand is solvent dependent
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Figure 3.15: Protonation of B-CdTPhPc (26¢) (concentration = ~ 4.0 x 10M) in

CHCI; using TFA. Spectra in the absence (i) and presen@@ of 2.0 x 10° M TFA.

hence may not be due to the phenoxy group twistiagussed above. Toluene and THF
also have small amounts of acid (hence the ‘X’ bendbserved in these solvents). In
DMSO and DMF the band is not observed since thelseists do not contain acid.

Figure 3.15 shows the expected spectral changestalygotonation of26c¢ using
trifluoroacetic acid (TFA), a protonating agent.eTigure shows the enhancement of the

band at 750 nm on protonation, thus confirming thet band may be due to protonation.

3.2.2.3 Symmetrical tert-butyl and alkanethio tetra-substituted MPcs
The symmetrical zinc analogugsZnttbPc 29) andp-ZnTMPyPc B0) were synthesized
acccording to literature reported methods [290,2&13hown in Scheme 3.5. Comp&X

was obtained by the anhydride method [153,168,2Z89, 2naking use of tert-butyl
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Zinc acetate, urea, ammonium molybdate

nitrobenzene, 180C, 8h

Zinc acetate, DBU

quinoline, 120°C, 5h, N, -

Scheme 3.5: Synthetic route to zinc tetratert-butyl (pB-ZnttbPc, 29) and 2-

mercaptopyridine (B-ZnTMPyPc, 30) substituted phthalocyanine complexes

substituted phthalic anhydridd8) as starting material which is converted to theczi
phthalocyanined9) in the presence of urea, zinc acetate and witm@amum molybdate
as a catalyst. This method relies on the use df-haling solvents, therefore quinoline
was used for the procedure. Cyclotetramerizatiomhef thiol-substituted phthalonitrile
(46) with zinc acetate in the presence of DBU gave mlern30. The complexes were
obtained in relatively low yields 0.34 % and 7.5r8épectively. Such low yields may be

a consequence of the extensive purification stegdayed.
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Both complexes show good solubility in most orgasiwlents, and in particular those
selected for this study, namely CHADCM, DMF, DMSO and THF. Complex9 also
shows solubility in toluene. Characterization tdges used include IR, UV-VisH-
NMR, and elemental analyses, giving data that isaécordance with the predicted
structure of the molecule, as shown in the expertalesectionIR spectra showed the
characteristic C-H vibrations fd9 at 2923 and 2853 ¢mwhile C-S-C vibrations, for
30, appeared at 698 émThe'H-NMR spectra oR9 showed ring protons at 9.40 ppm,
9.31-9.27 ppm and at 8.34 ppm, and peaks corresmpial thetert-butyl groups at 1.79
ppm.*H-NMR spectra oB0 showed well resolved-ring protons between 9.01 and 8.74
ppm and between 8.60 and 8.52 ppm for fRaeng protons. A series of protons,
attributed to the thiol-substituents, were observetiveen 8.27 and 7.26 ppm. Integration
of all the peaks gave data in good agreement wighpredicted number of protons for
each complex.

The ground state electronic absorption spectra2®fand 30 showed monomeric
behaviour in CHG, as evidenced by a single Q band typical of megtiedl Pc complexes
(Figure 3.16). Similar spectra were obtained fathbaerivatives in DCM, DMF, DMSO
and THF. The spectral properties28% and 30 are listed in Table 3.5; which indicates a
red-shift of 8-10 nm and 13-22 nm in the positidrihe Q band foB0 relative to29 and
ZnPc @2) (Table 3.3) respectively. This can be attributedhe use of electron-donating
sulfur substituents, as sulfur donates electromsitheto the phthalocyanine ring, resulting

in an extension of the ringconjugation.
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Figure 3.16: Ground state electronic absorption spra of 3-ZnttbPc (29) and B-

ZnTMPyPc (30) in CHCI; (concentration = ~ 4.0 x 18 M).
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Table 3.5:  Spectral data of zinc(ll) phthalocyaninecomplexes, 29, 30, 31 and 32

in various organic solvents.

MPc Solvent Q band, Ajax/nm Loge
B-ZnttbPc (29) Toluene 677 4.95
CHCl3 678 4.99
THF 671 5.44
DCM 677 5.03
DMF 674 5.42
DMSO 678 5.44
B-ZnTMPyPc (30) CHCl3 686 4.97
THF 680 5.10
DCM 686 4.84
DMF 684 5.06
DMSO 687 5.02
ZnttblPc (31) Toluene 708, 668 4.92,4.79
CHCl; 715, 668 4.90, 4.67
THF 701, 661 4.96, 4.82
DCM 712, 667 4.85,4.70
DMF 707, 665 4.90, 4.80
DMSO 708, 668 4.90, 4.81
ZnPc-COOH (32) CHCl; 686 5.43
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Table 3.5 contd.

MPc Solvent Q band, Ajax/nm Loge
ZnPc-COOH (32) contd. THF 681 5.06
DCM 685 5.10
DMF 683 5.45
DMSO 687 5.41

3.2.3 Low-symmetry (A3B type) tetra-substituted MPcs

Low symmetry 3:1 type phthalocyanine derivatives ¢ synthesized using several
different approaches i.e. statistical condensagimploying two different phthalonitriles
[133,137,313], ring opening of a subphthalocyanj©d2,314-316] or reaction of a
polymer-bonded phthalonitrile with differently suibsted dicarbonitriles in solution
followed by cleavage of the formed phthalocyani©d(,317]. Statistical condensation
was employed in this work to synthesizettblPc 31) and ZnPc-COOH32) (Scheme
3.6). Pyromellitic dianhydride 1(7), and 4tert-butyl phthalic anhydride 48) were
employed as starting materials, for the synthes310A 3:1 ratio of reactants is known
to give the highest yields of the desired 3:1 conmgbwhen using precursors of similar
reactivity [140,318-320]. An increase in the réactratio is often required when the
reactivity of the precursors differs markedly, heee A 4:1 molar ratio of anhydride
(48) to dianhydride 17) was, therefore, used in this work. The preserfceutky tert-
butyl groups facilitates solubility in organic selts, suppresses aggregation and

facilitates chromatographic separation [122].
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Zinc acetate, urea, nitrobenzene

ammonium molybdate, 1900C, 4-8h

1) Li metal, 1-Pentanol

N
</:>—s oN Hooc—Q—o CN 2) CH,COOH
-
CN

oN 3) Zn(CH,CO0),.2H,0, DMF

(46) 47)

Scheme 3.6: Syntheses of low-symmetry zinc(ll) phatocyanine derivatives

ZnttblPc (31) and ZnPc-COOH (32).

The standard 3:1 molar ratio was employed for 4-@B¢yanophenoxy)benzoic acid?)
and 4-(2-mercaptopyridine) phthalonitrids in the presence of 1-pentanol and lithium
metal, to give the metal free substituted phthadoaye. Reacting this product in DMF
with excess zinc acetate affords the desired lowrsgtry derivative ZnPc-COOHRB2,
Scheme 3.6). Mixed condensation reactions hav@rafisiant drawback given the fact

that product mixtures of radially symmetric Pcs amaho-, di- and tri-substituted Pcs are
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inevitably formed, but this approach remains tlangard strategy used in the preparation
of these derivatives [321].

Complexes31 and32 are structurally related to the symmetrical anaésfi:ZnttbPc29
andp-ZnTMPyPc30 respectively; differing only by one substituentgpo Therefore, for
the most part31 and 32 possess similar spectroscopic characteristic%and 30
respectively. Thu81 and 32 exhibit excellent solubility in CHG) DCM, DMF, DMSO
and THF. IR, UV-Vis,'H-NMR, mass spectra and elemental analyses were fase
characterization, as reported in the experimemeti@n. The characteristic nitrile £8l)
stretch of phthalonitriled6 and 47 is absent from the IR spectra of comp&X N-H
stretches due to the imide group attached to thiphery of 31 occur at 1771 and 1717
cm™. The IR spectra 032 shows the C=0 vibrations at 1676 tnC-S-C vibrations at
617 cni' and the C-O-C vibrations were also observed at61€9". The 'H-NMR
spectra is fully consistent with the target stroesu For complex3l, the imide N-H
signal lies furthest downfield since the protorighly deshielded, as a result of the ring
current effect associated with the Pc macrocyderd is a downfield shift of the signals
of the two adjacent-protons, 9.94 — 9.80 ppm, for similar reasons. péaks for the six
remaining a-protons appear as a multiplet between 9.78 — 9&8. The[-position
proton peak lies between 8.52 — 8.50 ppm. The lgp§ignal at 1.84 — 1.66 ppm can be
assigned to the highly shieldéert-butyl protons. ThéH-NMR spectrum of32 shows
the 8 non-peripheral protons as a poorly resolvettiptet between 9.00 and 8.70 ppm.
The peripheral ring protons are found between &9 8.49 ppm and are followed by a
series of aromatic protons pertaining to the 2-m@i@pyridine and carboxyphenoxy

groups. The terminal proton of the carboxyl grosipften difficult to observe, as in this
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case which accounts for its absence in'teNMR spectrum. The resolution of tHil-
NMR signals is low due to the presence of struttistaners associated with the fact that
the substituent groupseft-butyl for 31 and 2-mercaptopyridine and carboxyphenoxy for
32) can be located on eithBrcarbon. MALDI-TOF MS and elemental analysis pdwvi
data that further support the predicted structures.

The ground state electronic absorption spectrumesponding t@2in CHClL is shown

in Figure 3.17 and indicates a slightly broadeneattypical monomeric phthalocyanine

spectrum with no splitting of the Q band [138,3233 The complex has the same Q
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Figure 3.17: Ground state electronic absorption spera of ZnPc (22) in CHCl, B-
ZnTMPycPc (30) in THF (concentration = ~ 1.31 x 1® M) and ZnPc-COOH (32) in

CHClI; (concentration = ~ 4.74 x 18 M).

band maximum as comple0 (Table 3.5) (considering the same solvent), thasgree

of one extra sulfur does not result in red-shifting30 (Table 3.5). In DCM32 shows
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broadening which may be associated with rare J-aggregation, Figure 3.18. The red-
shifted broadening also suggests there may be nattm. However, the addition of a
surfactant, Triton X-100, to the DCM solution 82 results in disaggregation to give a
slightly blue shifted monomeric peak.

Of note, with regard to compourB2, is its unsplit Q band in all solvents used fasth
study (similar to that of the symmetrical analo@@®. The spectrum of low symmetry
derivatives is often characterized by a split ia thain phthalocyanine Q band peak due
to transitions to non-degenerate orbitals. Howewosly slight broadening is observed for

32, suggesting only a slight lowering of the symmetry
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Figure 3.18: Electronic absorption spectra of ZnP&zOOH (32) in DCM (i) in the
absence of Triton X-100 (concentration = 4.41 x 10M) and (ii) in the presence of
Triton X-100.

Complex31, however shows a spectrum more typical of a lommsgetry derivative i.e. a

lowering in the symmetry of the phthalocyanine noale (from(-ZnttbPc 29)-Dg4h to
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ZnttblPc B1)-C,,), accompanied by a split in the phthalocyaninea@dbgiving rise to a

Q« and Q band at 715 and 668 nm respectively (in Cjji(igure 3.19) as a result of

ZnttbIPc
MCD

331

ZnttbIPc
Abs

Figure 3.19: Electronic absorption and MCD spectraof ZnttbIPc (31) in CHCI3

(concentration = ~ 7.0 x 16 M).

two separate transitions from the highest occupietecular orbital (HOMO; @) to the
lowest unoccupied molecular orbitals (LUMQx eand g,). The terminal fused imido-
ring may have resulted in the red-shift of the m@iband at 715 nm compared to the Q
band position of symmetrical tettart-butyl substituted3-ZnttbPc 29). In chlorinated

solvents such as CHECAnd DCM the Q band exists at slightly longer wangths for31
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(Table 3.5). Often such a bathochromic shift isuacfion of an increase in solvent
polarity; however this then brings to question bedaviour in DMF and DMSO, which
are solvents of even higher polarity and are exgukdb have longer wavelength
absorption bands. The low absorption coefficierit8b(versus those 029) as listed in
Table 3.5 may be of concern; however it has beemdan earlier literature that the
absorption coefficients of Q bands tend to decreagh a decrease in molecular
symmetry [132].

Also shown in Figure 3.19 is the MCD spectrunBafin CHCk. The B/B; band region
is very similar to that of ZnPc with the MCD spextr being dominated by a broad
intense positive pseudarterm. The peaks for the component Faradgierms lie at 331
and 368 nm. Marked differences (compared to symmBtPcs) can be observed in the
Q band region between 600 — 800 nm where spectirad bvidths are typically much
narrower leading to greater resolution of the neléctronic and vibrational bands. Two
negatived, terms at 684 and 713 nm are followed at higherggnky positiveB,terms at
643 and 667 nm and a broadgrterm at 612 nm, which is followed at higher eneogya
weak tail of absorbance. A weak derivative-shapture at 416 nm can be assigned
tentatively as the 2nt — 1 band. A weak negative, term at 484 nm is not observed
in the spectrum of ZnP@®) (Figure not shown) [171,324].

DFT geometry optimizations using the B3LYP funcabwith 6-31G(d) basis sets, were
also carried out, for a ZnttbIP@1) model structure without the periphetakt-butyl
groups (ZnlPc). Calculated electronic absorptioecta were derived from TD-DFT

calculations on this basis, Figure 3.20 and Tate Bhe calculation accurately predicts
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Figure 3.20: The experimental (gray line plotted aginst right hand axes) and TD-
DFT (triangles denoting band energies and oscillato strengths) electronic
absorption spectra of ZnPc (22) and ZnlPc. Light gay triangles are used forrt— Tt

transitions, while larger black triangles denote n— Tt* transitions associated with
lone pair orbitals of the nitrogens. No vibrational bands are calculated in the TD-
DFT spectrum so the number of bands does not matctvhat is observed in the

experimental data. Details of the calculated spedrare provided in Table 3.6.

the magnitude of the splitting of the Q band bt bland energies are overestimated as is
typically observed for porphyrinoid TD-DFT calcutats [219]. The splitting of the Q
band intox- and z- polarized components due to the presence of ukedf peripheral

imido group along thez-axis results in significantly sharper peaks thae asually
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observed in the Q band region for MPc complexeguifei 3.19, Figure 3.20). A similar
splitting was recently reported by Kobayashi anka&ld210] in the optical spectra of
NiPc complexes partially substituted with stronglgctron withdrawing trifluorosulfonyl
substituents at the-positions in which the splitting of the Q bandc@mparable to what
is observed for BPc. In the UV-region, a complex set of coupled sigby-signeda,
terms are predicted, while only a single pair iserked in the MCD spectrum. Greater
predicted complexity than what is observed expemiaiéy in the UV region has been
reported previously both for TD-DFT calculations wddially symmetric and low
symmetry porphyrinoids [219,220]. The energieshaf trontier MOs of22, and ZnlPc,
which are associated with Gouterman’s 4-orbital ed@ide broadly similar, Figure 3.21.
There are marked differences between the ligands o222 and31, Figure 3.20. The two

repeating sequences of Faradmyterms with ++/+/+ sign patterns in ascending energy

terms to the red of 604 nm in the MCD spectrum@N()ZnPc as found by Macét al
[324] are replaced by what appears to be a singigled pair of intense oppositely

signed Faradag, terms at 643 and 687 nm, which overlap the symysgilit Qy bands.
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Table 3.6: TD-DFT calculated spectra of ZnPc (22)rad ZnlPc.

ZnPc (22,Dg4p)

# syt v¢  Ex* f Af Wavefunction® = Band’

1 '"Ayy - -~ = - groundstate

21,31 B 16.6 149 041 602 72% lay, — ley*; 10% lay, — 1g*; ... Q ()

41,5 g 244 - 0.00 410 98% 1§ — lg,* ... n— 1 (-)

8,9 'E 26.9 235 0.01 372 89%4b- lg, ... 2" 11— Tt* (Xly)

10 [, 11] ', 271 - 0.00 369 97% 3 — le,* ... n— 1t (-)

17 [, 18] ‘E, 293 272 017 341 46%Ra> leyt; 40% la, — lgy*; ... B1 (x/y)

19, 20] ‘E, 300 -— 036 333 78%1lh— lg,k ... T— T (Xly)

251, 26] 'E, 30.7 29.8 0.32 325 37%gRa> 1yt 28% lay, — ley*; 12% 23, — 1y B2 (Xly)

311[,32] 'E, 317 - 012 316 89% la— 2g% ... TT— T¢* (Xy)

33, 34] 'E, 348 355 0.17 287 89%Ra> 26, ... N (xly)

ZnlPc (Cy)

# synP v¢  Ex* f A" Wavefunction® = Band'

1A -==- === - - groundstate

2 A 16.1 143 0.54 620 73% la(lay,) — la*(ley®); ... Q@)

3 B, 17.1 147 0.39 586 73% la(lay,) — 1h*(legd); ... QK

4 A, 235 - 0.00 425 98% 1Y1b") — la*(1ley); ... n— Tt (-)

6 B 245 - 0.00 408 98% 1Y1byy") — 1b*(ley®; ... n— Tt (y)

7 B 26.1 238 0.01 383 54% {lby) — 1a*(ley*); 35% 2kp — 1a*(ley,); ... 2" Tt (%)

11 B, 269 - 0.00 365 85% M(1by") — la*(ley®); 11% 1hM(imidoY) — la*(ley®);  n— 1 (y)

13 A, 27.3 243 0.00 367 70% Xfb,,) — 1b*(ley*); 17% 2a(ley) — la*(ley*); 2" T (2)

15 A, 27.9 - 0.00 358 94% M1by") — 1b*(leg®); ... n— 1t (-)

16 B, 283 - 012 353 46% 42e,) — la*(ley*); 31% 3b(ley) — 1a*(leg); ... T— T (x)

18 B, 28.8 27.6 0.10 347 43% fBa) — la*(ley*); 27% 4h(2e,) — 1a*(leg); B1 (x)
10% 2by(lay) — 1a*(ley*); ...

19 A 293 - 010 342 34% 3dby) — la*(ley*); 24% 2by(lay) — 1b*(Lley®); T— T (2)
18% 4a(2¢e,) — 1a*(leg*); 10% 4(26;,) — 1bh*(leg®); ...

21 ‘B, 29.8 - 023 335 43% 3db) — 1b*(leg?); 12% 1a(lay,) — 3b*(1by); ... T— T (x)

22 A, 30,0 31.0 0.23 333 32%48e,) — 1a*(1ey*); 23% 2b,(1ay,) — 1b,*(1eg®); Bl (@)
12% 5b(2a,) — 1b*(Leg®); 12% 4(26,) — 1b*(leg®); ...

23 B, 303 - 026 329 29% 5@a,) — la*(ley*); 18% 4a(2e,) — 1b*(leg?); T— T (x)
15% 3a(1by) — 1b*(1leg*); 12% 3hy(ley,) — la*(ley®); ...

26 A, 30.7 - 053 326 34% 4@e,) — la*(ley*); 29% 3hy(ley,) — 1b*(ley*); T— T (2)
11% 1a(1lay) — 3a*(1by,*); 10% 4by(2€y) — 1b*(leg); ...

30 A, 315 - 013 318 37% 5{2a&) — 1b*(ley®); 19% 5a(2a,) — 1a*(ley*); T— T (2)
18% 1a(lay) — 3a*(1by); ...

38 A, 347 - 024 288 54% 5@a,) — la*(ley?); 10% la(lay,) — 172(2¢,); N @)

40 B, 353 - 0.10 283 84% 5@a,) — 1by*(leg®; ... N (x)
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®The number of the state assigned in terms of ascending energy hiit the INDO/s
calculation. Only states located below 50 000 cfnresulting from allowed electronic
transitions with an oscillator strength of greaterthan 0.01 are included.’Symmetry of the
state.“The calculated and observed band energies €dn™). ®Calculated oscillator strength.
'Calculated band wavelength in nm.%The calculated wave functions based on
eigenvectors predicted by INDO/s. In the case of ZRc the corresponding MOs based 01D 4
symmetry are provided in parentheses to enable compison with the calculated spectrum c
ZnPc. One-electron transitions associated with Goetman’s 4-orbital model are shown ir
bold. N as a superscript refers to lone pair MOs a&wociated with pyrrole- and aza-nitrogens.
Only eigenvectors greater than 5 % are included"Band assignment described in the te

with band polarizations in parentheses
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Figure 3.21: MO energy diagrams for ZnPc (22) and @lIPc between 0 and-8 eV.
Diamonds are used to denote occupied MOs. The fouirontier TEMOs from
Gouterman’s 4-orbital model [170] are shown in gray Transitions between these
MOs are predicted to provide significant contributions to the main Q and B bands
in the spectra of ZnlPc. MOs associated primarily wh the lone pair MOs
associated with the aza- and pyrrole-nitrogens anthe peripheral imido groups are
offset to the right. Gray diamonds are used to dighguish occupied MOs primarily

associated with the imido group of ZnlIPc.
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3.3 Conclusions

Symmetrical zinc, cadmium and mercury phthalocyaniderivatives have been
successfully synthesized and characterized by wsrigpectroscopic means. All the
complexes are soluble in highly polar solvents sastDMF and DMSO. Some of the
complexes tend to exhibit limited solubility in teine, CHG, THF and DCM. MPcs
containing heavy metal ions, such as Cd or Hg, lekimteresting spectral behaviour,
with some complexes showing extensive aggregationoghers indicating spectra typical
of oxidation. The synthesis and spectroscopic charaation of novel low-symmetry
zinc complexes has also been reported, where theemte of a lowering in symmetry
has been investigated with respect to the propettfi?arious solvents and can be used to
give deeper insight into the electronic structufepbthalocyanines. All complexes
synthesized gave spectroscopic data indicating pigfty and in accordance with the

predicted structures.
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4.  Photophysical and Photochemical Properties

The photophysicochemical properties of the QDs antPcs synthesized
are discussed. For the MPcs, comparisons are madethvrespect to the
presence of different metal ions, substituents, sghtution positions and

solvent properties.
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4.1  Fluorescence Spectra

4.1.1 Nanoparticles (SWCNT and QDs)

The functionalized SWCNT used in this work do nlebw any fluorescence in the UV-
Vis region. Therefore there are no spectra pertgito these compounds.

The normalized fluorescence emission spectra of NA capped CdTe QDs2)
synthesized in this work are shown in Figure 4.lithWhcreasing size, the emission
spectra are characterized by narrow peaks (fulthwed half maximum (FWHM) of ~ 72
nm at a wavelength of 640 nm) with good symmetigufe 4.1 gives an indication of
how the QDs show size dependent luminescence pgiegpewith emission wavelengths

ranging from ~ 540 to 640 nm, at which point thewgth process was terminated.
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Figure 4.1: Normalized fluorescence emission speetr of as-synthesized

mercaptopropionic acid capped CdTe QDs (2) in aques media.

CdTe QDs capped with thiols are known to aggregdatecidic conditions due to

detachment of surface ligands [325]. AggregatiorQafs results in red shifting in the
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emission spectra accompanied by broadening ancakeerin the fluorescence lifetime
[326]. Solvents also have an effect on the aggregatature of CdTe QDs [326].
However, in this case, there was no change innfieston spectrum of the QDs recorded
from direct synthesis conditions in NaOH or wheooreed using DMF:water (4:/v)

mixture, (Figure 4.2, Table 4.1), showing that DR&s no effect on QDs.
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Figure 4.2: Comparison of fluorescence emission sptea of CdTe MPA QDs (2)

in (i) 0.1 M NaOH and (ii) DMF:water (4:1) solventmixture.

Table 4.1:  Spectral properties, fluorescence quanim yields and lifetimes of

MPA capped CdTe QDs (2) in various solvents.

Solvent Refractive Index | 2Emission ®Prap) | TE1 (NS) | Te2 (NS)

CdTe MPA (No) Amax ("M) | (£ 0.01)] (£0.5) | (*0.2)
QDs () I'01 M NaOH 1.333 640 041 263 4.3
DMF:water 1.419 638 0.09 26.4 3.4

Nexc = 510 nm.
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4.1.2 Metallophthalocyanines

4.1.2.1 Symmetrically substituted metallophthalocyanines

The fluorescence excitation and emission spect@Re#4, 28h 29, 30 reported here are
typical of phthalocyanine complexes in all solventg. emission occurs at longer
wavelengths than absorption, with Stokes shiftgirepmfrom 3 nm to 19 nm (Table 4.2).
The fluorescence excitation spectra are mirror sagf the emission spectra and are
similar to the absorption spectra as shown in EguB for3-ZnTMPyPc (30).

The closeness of the Q band maxima for absorptiwhexcitation spectra shows that

there are no changes in the configuration of threptexes following excitation.
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Figure 4.3: Normalized (i) absorption, (ii) fluorexence emission and (iii)

excitation spectra of3-ZnTMPyPc (30) in THF (Aexc = 610 nm).
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As discussed earlier}-ZnTPyPc 258, B-CdTPyPc 26a), B-CAdTTPhPc 260, B-
CdTtBuPhPc Z26d), B-HgTPyPc 2738, a-CdTPyPc 28a), a-CdTPhPc 2809, a-
CdTtBuPhPc Z8d), and B-CdTBzPhPc Z6b) showed spectra which were solvent
dependent. Hence, there is a lack of mirror synynetthe absorption and fluorescence
emission spectra, in some solvents (especiallyrictdted ones). In DMF and DMSO the
emission spectra were mirror images of the absmigpectra for these complexes.

The mercury complex2fa showed an emission spectrum that differs from the
absorption in that the emission is broad, (Figuda)} suggesting loss of symmetry in the
fluorescing molecule, in chlorinated solvents.

A large splitting of the Q band was observed in éh@ssion spectra for complex28c
and28din toluene, CHGland THF, (Figure 4.4b f&8d), showing that upon excitation,
the loss of symmetry, discussed earlier with respe¢he absorption spectra, becomes
more enhanced as shown by the presence of the mghkhbr intensity of the ‘X’ band
(Figure 4.4b). This is further proof that (non-peripheral) substitution is affected by
protonation to a larger extent, which also affestgssion spectra.

The excitation spectrum @6b consistently shows a split peak, in the Q bandorggin
toluene, CHQ, THF and DCM (Figure 4.4c), suggesting a changthénature of the
molecule following absorption of light and excitati probably due to a change in
symmetry. The excitation spectrum 26b was similar to the absorption spectrum of an

unmetallated derivative, suggesting that loss airegtry is due to demetallation.
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Figure 4.4: Normalized (i) absorption, (ii) fluorexence emission and (iii)
excitation spectra of (a)B-HgTPyPc (27a) in DMSO (concentration = ~ 2.3 x 10M),

(b) a-CdTtBuPhPc (28d) in CHCk (concentration = ~ 7.5 x 10) and (c) B-

CdTBzPhPc (26b) in DCM (concentration = ~ 5.25 x TOM). (Aexc = 640 nm for (a),

610 nm for (b) and 620 nm for (c)).

4.1.2.2 Low-symmetry metallophthalocyanines

For the low symmetry comple81 there is also a lack of mirror symmetry in the
absorption and fluorescence emission spectra irs@ltents; although the excitation

spectra are similar to the absorption. A single-skited monomeric peak as shown in
Figure 4.5 characterizes the emission spectruBiofhis is because fluorescence occurs
from the lowest energy vibrational bang)(of S, (i.e. a transition from one energy level

rather than two as is the case for the absorppectsum 0f31). The emission is thus of
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lower energy than the absorption band, i.e. thetdived excited singlet state {5

relaxes to a lower energy conformation before iitefd01].
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Figure 4.5: Normalized (i) absorption, (ii) fluorexence emission and (iii)
excitation spectra of ZnttbIPc (31) in CHC (concentration = ~ 5.19 x 18 M). (Aexc

=610 nm).

The emission and excitation spectra of the low-sytnynderivative, ZnPc-COOR2, is
typical of symmetrically substituted metallophthgtanine complexes, where the
excitation spectra are identical to absorption ffunakescence emission spectra are mirror
images of the absorption spectra (Figure 4.6). Th®urprising since the structure 3
suggests that the excitation should show a spléakpmdicative of a lowering in
symmetry. As stated earlier this suggests therenlg a slight lowering in molecular

symmetry for32.
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Figure 4.6: Normalized (i) absorption, (ii) fluorexence emission and (iii)
excitation spectra of ZnPc-COOH (32) in THF (concemation = ~ 4.0 x 10° M). (Aexc

=610 nm).
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Table 4.2: Fluorescence data of all complexes stdi in various organic solvents.
MPc Solvent Q band | Emission| "Excitation (o2
Amax (NM) | Aem (M) | Aexc (NM) | (£ 0.01)
ZnPc (22) Toluene 672 675 672 0.13
THF 668 672 668 0.23
DMF 670 676 670 0.30
DMSO 672 682 672 0.17
CdPc (23) DMF 674 683 674 0.02
DMSO 679 691 679 0.02
HgPc (24) DMF 681 700 675 0.02
DMSO 684 698 670 0.01
B-ZnTPyPc (25a) DMF 673 684 673 0.17
DMSO 680 686 680 0.08
B-CdTPyPc (26a) DMF 682 695 682 0.02
DMSO 685 698 685 0.01
B-CdTBzPhPc (26b) Toluene| 704, 668 709 705, 668 0.14
CHCI; | 703, 667, 634 711 706, 669 0.25
THF 700, 664, 634 707 705, 668 0.21
DCM 701, 666, 634 709 705, 668 0.27
DMF 684 697 685 0.13
DMSO 688 699 689 0.10
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Table 4.2 contd.

MPc Solvent Q band Emission | Excitation (o2
Amax (NM) | Aem (NM) | Aexec (NM) | (£ 0.01)
B-CdTPhPc (26¢) Toluene 681 687 680 0.13
CHCl; 6381 688 681 0.27
THF 677 683 675 0.29
DMF 677 687 678 0.29
DMSO 681 691 681 0.20
B-CdTtBuPhPc (26d) Toluene 681 687 681 0.14
CHCl; 681 689 681 0.27
THF 678 686 678 0.27
DMF 678 685 678 0.32
DMSO 684 692 685 0.21
B-HgTPyPc (27a) DMF 685 702 677 0.01
DMSO 690 704 676 <0.01
a-CdTPyPc (28a) CHCl3 684 701 697, 684 0.17
THF 682 699 683 0.18
DCM 683 696 685 0.18
DMF 682 695 684 0.16
DMSO 684 705 689 0.16
a-CdTBzPhPc (28b) Toluene 701 714 704 0.14
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Table 4.2 contd.

MPc Solvent Q band Emission | Excitation (o2
Amax (NM) | Aem (NM) | Aexec (NM) | (£ 0.01)
a-CdTBzPhPc (28b) contd.|] CHCI3 707 7122 713 0.15
THF 699 710 697 0.18
DCM 703 719 707 0.15
DMF 698 713 699 0.19
DMSO 702 718 706 0.05
a-CdTPhPc (28c) Toluene 694 770, 700 695 0.05
CHCl; 700 746, 703 698 0.39
THF 693 772, 698 692 0.47
DMF 694 699 696 0.31
DMSO 698 706 702 0.06
a-CdTtBuPhPc (28d) Toluene 694 770, 702 696 0.27
CHCl3 700 750, 708 698 0.49
THF 693 714, 698 693 0.50
DMF 694 700 698 0.53
DMSO 698 706 700 0.06
B-ZnttbPc (29) Toluene 677 683 678 0.08
DMF 674 684 674 0.23
DMSO 678 687 678 0.14
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Table 4.2 contd.

MPc Solvent Q band Emission | Excitation ()2
Amax (NM) | Aem (NM) | Aexc (NM) | (£ 0.01)
B-ZnTMPyPc (30) DMF 684 694 684 0.19
DMSO 687 698 686 0.10
ZnttblPc (31) Toluene 708, 668 719 709, 667 0.05
DMF 707, 665 721 712, 666 0.08
DMSO 708, 668 721 713, 667 0.10
ZnPc-COOH (32) DMF 683 695 685 0.25
DMSO 687 700 687 0.16

®\em = fluorescence emission wavelengtP\e, = fluorescence excitation wavelength.

4.2  Fluorescence Quantum Yields and Lifetimes

42.1

Nanoparticles (QDs)
The quantum vyield of fluorescence for the CdTe MRRs @) was calculated using

Equation 1.4, shown as Equation 4.1:

F.Ast.n?

O =0
2
I:Std"o"nStd

(4.2)

A quantum vyield of 0.41 was obtained for the QD®ihbM NaOH. Studies in a mixture
of DMF and water gave a yield of 0.09 (Table 4The decrease in the mixture may be

attributed to a change in the solvent propertiastiqularly the refractive index (for water
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= 1.333 and DMF:water = 1.419). Thie- values also often increase with increasing
viscosity according to the Foérster-Hoffmann equatiequation 4.2 [327]:

Log®. =C+logn (4.2)

The fluorescence lifetimay) of 2 was determined using a time correlated singlegrhot
counting setup (TCSPC). The data in NaOH or DMFewatixture remained unchanged
(Figure. 4.7), further confirming lack of aggregatiand indicates there is not much
influence of a change in solvent, with respecthio lifetimes of the QDs in NaOHg; =
26.3 ns andr.; = 4.3 ns) and DMF:wateng.; = 26.4 ns andg, = 3.4 ns) (Table 4.1).
The presence of biexponential decay kinetics ismammon occurrence for QDs. Literature
suggests that the short lifetime component may kteibaied to the intrinsic
recombination of initially populated core state§3330]. The origin of the longer
lifetime component may be due to the involvementsaofface states in the carrier
recombination process [331]. The increase in radidifetime as a result of trapping of
carrier states, by surface states, is a well astedd feature [329]. Therefore, it seems
plausible that this may account for the data weehahtained. However, other researchers
contradict this theory and suggest the faster deoayponent may rather be attributed to
the surface states [332,333]. The difference in ghert lifetime component that we
obtained, under the influence of different solvemgay also support this theory, since a
change in the solvent may exert more influencehersurface state properties of the QDs
as opposed to the core. Therefore at this staggnassnts cannot be made with respect

to the origin of the short and long lifetime compats.
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Figure 4.7: Photoluminescence decay curves of CdTMPA QDs (2) in 0.1 M

NaOH (red) and DMF:water (4:1) solvent mixture (blue).

4.2.2 Metallophthalocyanines

Fluorescence quantum yield®d) were calculated in various solvents using Equedid
and are shown in Table 4.2. The influence of thereémetal ion is immediately evident
on comparison of corresponding zinc, cadmium andcuorg Pc derivatives and
considering the same solvent. The order of flueese quantum yield values is ZnPc
(22) > CdPc 23) DHgPc @4) and ZnTPyPc254 > CdTPyPc 268 > HgTPyPc 273a).
This order is expected on grounds of spin-orbitptioig induced by the respective central
metal ions. Hg(ll), being the heaviest of the thneetal ions, brings about the strongest

SOC, thereby increasing the likelihood of the dpifidden intersystem crossing and an
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attendant decrease in the spin-allowed fluorescandeinternal conversion. Under this
circumstance, the Hg(ll) derivatives are also eigukto give the highest triplet quantum
yield values, and the Zn(lgerivatives, the lowest.

In general, the effect of introducing substituaiatperipheral §) and non-peripherab
positions on the MPc ring is a reduction dp values (comparing the same solvent),
compared to those of the unsubstituted analoguall€T4.2). The substituents perhaps
encourage the deactivation of the excited singl@tesvia non-radiative means
(intersystem crossing and internal conversion)aiathanvia fluorescence.

In general, highe®r values were observed for tleeCdPc derivatives compared to
correspondings-derivatives in DMF. However, the situation is resed in DMSO, where
the 3-complexes show much higher quantum yields; thdugles thea- (288 and 3-
CdTPyPc 26a) complexes in this solvent. Comparisondgfvalues obtained in different
solvents, found that values in DMSO are generdléylowest, which could be explained
by the premise that DMSO itself contains heavywsudtoms, which tend to promote
intersystem crossing to the triplet statig spin-orbit coupling, and deactivate molecules
against non-radiative transitions to the groundest@dhere were however exceptions for
ZnPc @2), B-CdTPhPc 260, B-CdTtBuPhPc Z6d), B-ZnttbPc 9) and ZnttbIPc 1) in
toluene. The low solvent viscosity of toluene canused to account for the lo®e
values in this solvent relative to data obtainedhigther viscosity solvents such as DMF
and DMSO. There is increased possibility of deatibn of the excited state by
radiationless transitions such as internal conwargiC) in low viscosity solvents [226],

see also Equation 4.2.
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An increase inDg values has been reported with the use of electoorating nature of
the substituents [275]. Table 4.2 generally showwgel ®r values for pyridyloxy and
phenoxy substituted Cd complexgsGdTPyPc26a B-CdTPhPc26¢ a-CdTPyPc28a,
and a-CdTPhPc28¢9 compared to thdert-butyl-phenoxy substituted complexeB- (
CdTtBuPhPc26d and a-CdTtBuPhPc28d). An exception in this instance, is the
benzyloxyphenoxy substituted derivativgs@dTBzPhP26b and a-CdTBzPhPc28b),
which show unexpected low values, despite the Mlgittron donating ability of the
substituent. Thus th@g values were found to decrease in the otderbutylphenoxy >
phenoxy > benzyloxyphenoxy > pyridyloxy.

The ®r values of low symmetry comple®2 are higher than for the symmetrical
derivative30in both DMF and DMSO (Table 4.2). This is reversad29 and31, where
the low symmetry derivative8() is less fluorescent than the symmetri@8)(compound

in toluene, DMF and DMSO. With respect to the lojmsnetry derivatives, compound
32is more fluorescent thadil in DMF and DMSO (Table 4.2). The data & does not
vary significantly, with a change in solvent, altigh the yields are considerably low. The
low fluorescence quantum yields 8t could be a result of intramolecular quenching of

the excited singlet state by the amino group [339],.3

4.3  Triplet State Quantum Yields and Lifetimes of MPc mplexes

The lowest excited triplet states of light-absogomolecules are populated as a result of
intersystem crossing from the lowest excited singtates. The fact that this spin-
forbidden process takes place at all is as a regudpin-orbit coupling. Thereforé®r

values provide a measure of the fraction of absgrbiolecules that undergo intersystem
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Table 4.3:  Triplet state quantum yields and lifetimes of the MPcs studied in

different organic solvents.

MPc Solvent (o2 o7 D c TT
(£ 0.01) (us)
ZnPc (22) Toluene 0.13 0.65 0.22 340
DMF 0.30 0.58 0.12 330
DMSO 0.17 0.65 0.18 350
CdPc (23) DMF 0.02 0.77 0.21 5
DMSO 0.02 0.70 0.28 30
HgPc (24) DMF 0.02 0.86 0.12 4
DMSO 0.01 0.87 0.12 40
B-ZnTPyPc (25a) DMF 0.17 0.68 0.15 7
DMSO 0.08 0.80 0.12 350
B-CdTPyPc (26a) DMF 0.02 0.85 0.13 5
DMSO 0.01 0.83 0.16 30
B-CdTBzPhPc (26b) Toluene 0.14 0.82 0.04 30
DMF 0.13 0.77 0.10 5
DMSO 0.10 0.36 0.54 30
B-CdTPhPc (26c¢) Toluene 0.13 0.87 0.00 4
DMF 0.29 0.40 0.31 90
DMSO 0.20 0.61 0.19 190
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Table 4.3 contd.

MPc Solvent (o2 ot ®dc TT
(£ 0.01) (us)
B-CdTtBuPhPc (26d) Toluene 0.14 0.76 0.10 5
DMF 0.32 0.41 0.27 100
DMSO 0.21 0.54 0.25 260
B-HgTPyPc (27a) DMF 0.01 0.90 0.09 4
DMSO <0.01 0.89 0.11 20
a-CdTPyPc (28a) DMF 0.16 0.70 0.14 10
DMSO 0.16 0.61 0.23 40
a-CdTBzPhPc (28b) Toluene 0.14 0.51 0.35 30
DMF 0.19 0.53 0.28 7
DMSO 0.05 0.38 0.57 9
a-CdTPhPc (28c) Toluene 0.05 0.73 0.22 6
DMF 0.31 0.49 0.20 20
DMSO 0.06 0.66 0.28 130
a-CdTtBuPhPc (28d) Toluene 0.27 0.49 0.24 5
DMF 0.53 0.56 0.09 10
DMSO 0.06 0.61 0.34 150
B-ZnttbPc (29) Toluene 0.08 0.40 0.52 4
DMF 0.23 0.71 0.06 20
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Table 4.3 contd.

MPc Solvent (o2 ot ®dc TT
(£ 0.01) (us)
B-ZnttbPc (29) contd. DMSO 0.14 0.73 0.13 200
B-ZnTMPyPc (30) DMF 0.19 0.74 0.07 4
DMSO 0.10 0.73 0.17 160
ZnttblPc (31) Toluene 0.05 0.41 0.54 6
DMF 0.08 0.77 0.15 70
DMSO 0.10 0.82 0.08 180
ZnPc-COOH (32) DMF 0.25 0.68 0.07 8
DMSO 0.16 0.82 0.02 230

3286], °[268], “[241], “[145], [283].

crossing (ISC) to the triplet state. Triplet lifetts 1) also give a measure of the
efficiency of a photosensitizer such as the phthalaines discussed in this work. The
@t andtr values for the MPc complexes studied, in differsolvvents, are listed in Table
4.3. Thedtvalues were calculated using Equation 4.3 (santsgaation 1.9)

AT E?td

(DT - (Ditd
AAS 2,

(4.3)

Transient absorption curves can be obtained forvdr®@us complexes by using argon
degassed solutions and exciting the Q band maximwawmelength. The point of

maximum triplet absorption is determined using at gimilar to that of31 in toluene
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(Figure 4.8a(i)), which shows a Q band shape, atttiplet state, that is similar to the

ground state electronic absorption spectrum (atihdhe split is not as well defined)

500 600 i3
Wavelength (nm) :

Figure 4.8: (a) Transient absorption spectra of (i)ZnttbIPc (31) and (ii) B-
CdTtBuPhPc (26d) in toluene (concentration = ~ 2.& 10° M). Age = 708 nm. (b)

Triplet decay curve for 26d.
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indicating there is no change in the structurehef molecule following excitation. The
transient absorption spectra of the aryloxy comgdexend to show peak broadening
above 700 nm as shown in Figure 4.8a(ii)feCdTtBuPhPcZ6d). It is believed that the
changes in the spectra are a result of symmetsy foBowing photoexcitation, as a result
of the attachment of flexible-bonded substituents (C-O-C bond between phenoxy
substituents and the Pc-ring). Twisting of theseugs about the-bonds distorts the
molecules and so a slight loss of symmetry occ88§]. A similar effect was observed
for octaphenoxy zinc phthalocyanine, in which ctsetwisting of the ring substituents
resulted in ground state absorption spectral crange6]. Phthalocyanines typically
show a transient absorption between 450 and 550Tim@.maxima of the complexes
studied ranged between 490 and 545 nm. Shown iré-i4.8b is the triplet decay curve
of 31, which is typical of MPc complexes which obey set@rder decay kinetics. This
is typical of MPc complexes at the high concentraiused (> 1 x TOM), due to triplet-
triplet recombination [337]. The concentrations éogpd in this work were in this range;
hence triplet-triplet recombination is expectedplgt data was obtained in toluene, DMF
and DMSO. The lack of reference standards in GHCHF and DCM prevented the
determination of data in these solvents.

MPc complexes in which the strongest spin-orbitpdimg is induced should have the
highest triplet quantum yieldd{) values. In Table 4.3, the order of variancebgialues

is consistent with the strengths of the induced-gpbit coupling in the complexes (when
considering the central metal ion), i.e. Hg(ll) quexes 24 and27a) show the highest

values while Zn(Il) complexe2 and25a) show the least values.
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The presence of ring substituents generally browmdut increases it values,
implying that the substituents, used in this wamkluce spin-orbit coupling.

Since fluorescence and triplet yields are compleargrprocesses, lowr values should
be accompanied by a subsequent increase in vagiesrined fordr, and this trend is
generally followed as indicated by the data showiable 4.3, with the exception of the
benzyloxyphenoxy derivativea6b, 28b and complex29 which show considerably low
@1 in DMSO, which do not correspond to their l@w values (Table 4.3).

In DMF and DMSO, highefb were found for thei-substituted CdPc derivative&8c
and 28d) than for the correspondifg§rsubstituted derivative26c and26d). However,
the value of®dr for peripherally substitute@6b is larger than for non-peripherally
substituted28b in toluene and DMF and are almost equal in DMSQgeatriplet yields
(in DMF and DMSO) were also observed for peripHgraubstituted26a than for the
non-peripheral derivativ@28a, suggesting that peripheral substitution, parédyl for
these complexes, enhances intersystem crossinigetdriplet state. In toluene, thier
values are also often lower fax-substituted derivatives28b-d) compared tof3-
substituted Z6b-d) ones. In DMF, the substituents follow the same drexs the
fluorescence data; in which case the pyridyloxy plaxes R6aand28a) give the largest
@+ values. The overall order of decreasfrgvalues is pyridyloxy > benzyloxyphenoxy
> phenoxytert-butylphenoxy.

There were no huge differencesdn values that were obtained 81 and32 relative to
their corresponding symmetrical counterpar2® @nd 30) in DMF suggesting little
influence of lowering in molecular symmetry. Howevieoth complexe81 and32 gave

the highest yields in DMSO in comparisoni2@®and30.
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There is a large variation in the values determinedifferent solvents, from as low as 4
pus to 350us (Table 4.3). Phthalocyanines containing heavytraemmetal ions are
expected to exhibit short lived lifetimes.

As expectedrt values for the Cd(1)d3 and264d) and Hg(ll) 4 and27a) complexes are
generally lower than those for similar Zn(ll) dexiwes @2 and258g); this is attributed to
the heavy atom effect, which induces intersystemssing from the excited triplet state to
the ground state. Table 4.3 shows that the orddrigét lifetimes with respect to the
central metal ions is Zn(Il) > Cd(Il) > Hg(ll), witHgPc 24) in DMSO presenting an
exception.

In general, ring substituents reduce the lifetimhéhe molecules in the triplet state, since
there is a reduction in the lifetime in going fram unsubstituted molecule e.g. ZnR2)(
to the peripherally ring substituted derivativestdd in Table 4.3 in different solvents.
This is as a result of the presence of heavy albesvy atom effect) within the modified
phthalocyanine structure.

Lifetimes were in general relatively long-lived DMSO relative to data obtained in
DMF and toluene, which may be attributed to théhhigviscous nature of DMSO. High
viscosity solvents, such as DMSO, cause more efficdeactivation of non-radiative
transitions of excited state molecules, which ndiynaccur in response to numerous
diffusion-like molecular movements. These diffusidk@ movements (which enhance
non-radiative deactivation of excited states) ass lfrequent in DMSO than in DMF and
toluene; as a result, triplet lifetimes are lonigeDMSO.

Considering the different substituent groups, ted-butylphenoxy substituted CdPcs

(28d and 26d) gave the longest lifetimes in DMSO (156 and 26Qus respectively) in
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comparison to the pyridyloxy2Ba (40 us) and26a (30 us)], benzyloxyphenoxy28b (9
ps) and26b (30 ps)] and phenoxyZ8c(130us) and26¢(190us)] Cd derivatives.
Following laser irradiation, some of the complexiscussed in this work were partly
degraded as depicted by a decrease in absorptiensity in the absorption spectra. In
the case of the pyridyloxy-substituted derivatiye6a and 28a), slight broadening and

shifting of the spectra, to the red, was obser¥eégufe 4.9) These changes may be
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Figure 4.9:  Absorption spectra off-CdTPyPc (26a), in DMSO, (i) before and (ii)

after laser photolysis.

ascribed to photoinduced twisting pyridine groupsia the flexibleo-bonds that attach
them to the local MPc ring. The extent of this timg varies with intensity of light
applied where more intense light (laser light) Hssun a more significant drop in
intensity and shift in wavelength. The possibilib§ oxidation or reduction of the

complexes was ruled out by the addition of reduaimgoxidizing agents after laser
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irradiation. The original spectra could not be regrated by exposure of the final solution
to air, the addition of reducing or oxidizing ageot by a change in temperature.

The quantum yields of internal conversiahd), which deactivates the excited singlet
states, have also been calculated (Table 4.3) @Esjogtion 4.4

D, =1-(0. + ;) (4.4)
which assumes that only three intrinsic procesesréscence, intersystem crossing and
internal conversion) jointly deactivate the excitsidglet state of an MPc molecule.

However, the data shown in Table 4.3 offers no welined trend among the complexes.

4.4  Singlet Oxygen and Photodegradation Quantum Yieldef MPc
Complexes

4.4.1 Singlet oxygen quantum yields®,)

The cytotoxic species, singlet dioxygelOf; lA@,) is believed to be the product of an
energy transfer process from the triplet exciteatestof a metallated phthalocyanine
molecule tMPc*) to triplet ground state dioxygen®dy; °%Zy). Using UV-Vis
spectroscopy, the absorption decay of a singlet gemy quencher, 1,3-
diphenylisobenzofuran (DPBF), was monitored at16 4m over a period of time
(Figure 4.10) and the values of singlet oxygen cgted determined using Equation 4.5

(same as Equation 1.11).

D, = O, — - (4.5)
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Figure 4.10: Typical electronic absorption spectrdor the determination of singlet
oxygen quantum yield fora-CdTBzPhPc (28b) in THF (concentration = 3.4 x 18
M). DPBF initial concentration = ~ 5.0 x 1G M. Irradiation wavelength = 670 + 20

nm.

The singlet oxygen quantum yields calculated, ffedént organic solvents, for the MPc
complexes discussed in this work are presentedaliieT4.4. No photobleaching effects

were observed during the determinations for all goamds in the Q band region.
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Table 4.4:

studied in different organic solvents.

Singlet oxygen and photodegradation quaum vyields of MPcs

MPc Solvent by akgp, N *Ppq (x 10°)
ZnPc (22) Toluene| 0.65 0.58 0.89 0.19
CHCl3 - 0.57 - -
THF - 0.53 - 3.05
DMF 0.58" 0.56 0.96 2.23
DMSO 0.65 0.67° 1.03 2.61
CdPc (23) DMF 0.77 0.58 0.75 0.19
DMSO 0.70 0.78 1.11 0.05
HgPc (24) DMF 0.86 0.57 0.66 0.15
DMSO 0.87 0.82 0.94 0.09
B-ZnTPyPc (25a) DMF 0.68 0.40 0.59 c
DMSO 0.80 0.46 0.57 c
B-CdTPyPc (26a) DMF 0.85 0.64 0.75 c
DMSO 0.83 0.74 0.89 c
B-CdTBzPhPc (26b) Toluene 0.82 0.04 0.06 d
CHCl; - 0.02 - d
THF - 0.03 - d
DMF 0.77 0.39 0.51 35.8
DMSO 0.36 0.23 0.64 d
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Table 4.4 contd.

MPc Solvent Dy Aty 35, bCoPpy (x 10°)
B-CdTPhPc (26¢) Toluene 0.87 0.32 0.37 0.98
CHCl; - 0.19 - 4.40
THF - 0.31 - 2.72
DMF 0.40 0.39 0.97 3.55
DMSO 0.61 0.41 0.67 0.42
B-CdTtBuPhPc (26d) Toluene 0.76 0.33 0.43 0.92
CHCl; - 0.19 - 3.84
THF - 0.27 - 0.07
DMF 0.41 0.26 0.63 2.47
DMSO 0.54 0.35 0.65 0.41
B-HgTPyPc (27a) DMF 0.90 0.56 0.62 ¢
DMSO 0.89 0.78 0.88 ¢
a-CdTPyPc (28a) CHCl3 - 0.50 - c
THF - 0.52 - 55.7
DMF 0.70 0.60 0.86 ¢
DMSO 0.61 0.44 0.72 61.1
a-CdTBzPhPc (28b) Toluene 0.51 0.33 0.65 56.3
CHCl3 - 0.26 - 61.5
THF - 0.42 - 10.9
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Table 4.4 contd.

MPc Solvent by akgp, N > Ppq (x 10°)
a-CdTBzPhPc (28b) contd. | DCM - - - 118
DMF 0.53 0.41 0.77 16.3
DMSO 0.38 0.31 0.81 9.2
a-CdTPhPc (28c) Toluene 0.73 0.58 0.79 2.53
CHCl3 - 0.31 - 2.20
THF - 0.43 - 4.01
DMF 0.49 0.42 0.86 3.89
DMSO 0.66 0.80 1.21 2.86
a-CdTtBuPhPc (28d) Toluene 0.49 0.40 0.82 1.80
CHCl3 - 0.49 - 3.30
THF - 0.44 - 1.67
DMF 0.56 0.56 1.00 2.13
DMSO 0.61 0.59 0.97 0.19
B-ZnttbPc (29) Toluene 0.40 0.54 1.35 21.4
CHCl3 - 0.51 - 1350
THF - 0.53 - 0.17
DCM - - - 89.96
DMF 0.71 0.46 0.65 4.68
DMSO 0.73 0.55 0.75 0.40
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Table 4.4 contd.

MPc Solvent by akgp, N > Ppq (x 10°)
B-ZnTMPyPc (30) CHCl3 - 0.40 - 3.99
THF - 0.47 - 0.04
DCM - - - 1.67
DMF 0.74 0.40 0.54 6.26
DMSO 0.73 0.48 0.66 0.31
ZnttblPc (31) Toluene 0.41 0.51 1.24 0.19
CHCl3 - 0.57 - 2.49
THF - 0.51 - 0.05
DCM - - - 0.64
DMF 0.77 0.45 0.58 1.65
DMSO 0.82 0.59 0.72 0.07
ZnPc-COOH (32) CHCls - 0.49 - 8.37
THF - 0.62 - 0.27
DCM - - - 0.17
DMF 0.68 0.63 0.93 6.93
DMSO 0.82 0.64 0.78 0.11

%alues undetermined due to lack of reference standds in different solvents for
®r, ®y and S, P“Values undetermined due to limited solubility,
°Phototransformation, °No change in absorption intensity with time,[284], f[226],
9285], "[241], '1273],'[283], ¥[259].
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It is clear from Table 4.4 that CdPc and HgPc ddives @3, 24, 26a and 278 show
higher ®, values than their ZnPc counterparts (though thenmot much difference for
the unsubstituted derivatives in DMF), which coldd ascribed, in principle, to the
higher triplet state population in Cd and Hg-comitag derivatives3, 24, 26aand273).
Values for the HgPc derivatives, HgP24Y and B-HgTPyPc 27a are in some cases
lower than those of the corresponding CdPc derigaticonsidering the same solvent.
Table 4.4 shows that thesubstituted phenoxy anért-butylphenoxy CdPc derivatives
oa-CdTPhPc 289 and a-CdTtBuPhPc %Z8d) show higher ®, values than their
corresponding3-substituted derivative6c¢c and 26d. The values ofb, were, however
higher for the3-substituted compleR-CdTPyPc 268 compared to the correspondiag
derivative28ain DMF and DMSO. The reverse is true for CdTBzPI#8b and 26b,
which follow a similar trend t@8cand28d, where yields are lowest for the peripherally
substituted derivativ@6b in all solvents where values could be obtained. éry low
®, values of26b compared ta28b in THF, CHCE and toluene are due to the partial
oxidation and demetallation discussed earlier, wighgard to the absorption spectra
(Chapter 3). The behaviour of the pyridyloxy andbgoxyphenoxy derivatives also
differs when considering complexes with the sambsstwent but different point of
substitution i.e28aversus26aand28b versus26b. There is a trend towards lower yields
for phthalocyanines substituted with benzyloxyphgngroups, suggesting that these
groups quench the ability of molecules to produnglst oxygen efficiently.

The singlet oxygen yields @-ZnttbPc 29) andB-ZnTMPyPc B0) have been calculated
and comparisons made with their corresponding lgnvnsetry derivatives ZnttbIP@()

and ZnPc-COOH3J2). In the case 029 and31, the highest yields occur in DMSO, with
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the lowest values occurring in DMF for both compdsinThe singlet oxygen vyields for
32 in DMSO, DMF and THF are similar (0.64, 0.63 an62respectively). Although
lower singlet oxygen quantum yields prevail 8% compared t&2, similarly there is not
much variation in the same solvents (0.48, 0.40 @Ad, for DMSO, DMF/CHGl and
THF, respectively) (Table 4.4).

Solvent effects on photochemical properties dependthe solvents’ polarities and
coordinating power. In Table 4.4, there appearsetamo distinct trend regarding solvent
effects; howeved, values for28d increased with an increase in the solvent polarity
Some of the lowest values tend to occur in Gi&lfeature attributed to the protic nature
of the solvent. Solvent-singlet oxygen interactiomgrotic solvents have been found to
cause deactivation of the singlet oxygen speciesdd, hence accounting for the low

singlet quantum yields in such solvents [104](Bquation 4.6) gives a measure of the
()
S, =—* 4.6
s (4.6)

efficiency of excitation energy transfer from thréplet state photosensitiser to ground
state molecular oxygen. A value close to unity g high transfer efficiency. Values
could only be determined in toluene, DMF and DMSMe to the lack of suitable
reference standards in CHCITHF and DCM. Overall there is efficient generatiof
singlet oxygen as reflected by the 8alues in Table 4.4. The,Svalues for some
complexes are slightly larger than 1, but withipesmental error these values are close
to unity.

The data in Table 4.4 reflects generally highendfer efficiencies for CdPcs substituted
at thea-positions as opposed to those substituted at thRc3-positions. Substitution at

the peripheral positions possibly results in quamglof the triplet state.
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Sh values are generally the highest in DMSO whichlddie related to the lifetimes of

the triplet states in this solvent. In DMSO, tripligetimes are longer; hence there is more
time for diffusional collisions with @(329') than in other solvents, resulting in more
efficient energy transfer. The low, $or 26b in this solvent may also be due to partial

oxidation and demetallation as discussed eatrlier.

4.4.2 Photodegradation quantum yields

Monitoring the photo-induced decomposition of MPomplexes can be used to
determine the stability of these derivatives unidéznse light. It is especially important
when considering phthalocyanines that may be apphs photocatalysts for the
degradation of pollutants and transformation okealls and alkanes [102,338-340]. The
degradation of phthalocyanine molecules often cceiar attack by singlet oxygen in an
oxidative process [272,274]. It is characterizedh® decrease in absorption intensity, in
the Q and B band regions, without the appearancewfbands in the visible region or a
shift in the maxima on exposure of the MPc to istetight. Figure 4.11 (for ZnPc-
COOH 32) shows typical spectral changes that are obsetuddg the photodegradation
of MPcs. Theory suggests that the efficiency of pinecess should depend on tirg
values. Variations in solvent properties and mdkacstructure (substituents and central
metal) may also be used to account for the photadedgon data ®¥pq which is
calculated using Equation 4.7 (Equation 1.15).

Co _Ct )VNA

_(
Opy = (4.7)

Data shown in Table 4.4 indicates that photodegdi@a#s generally more pronounced in
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Figure 4.11: Photodegradation spectral changes of nc-COOH (32) in CHC

(initial concentration = ~ 5.0 x 1 M). Irradiation wavelength = 670+ 20.

chlorinated solvents i.e. CHLland DCM. The photodegradation quantum yield is
particularly pronounced fop-ZnttbPc 29) in CHCk (®pgq = 1350 x 10), due to the
extremely low basicity of this solvent, which leawhe MPc molecule open to oxidative
attack [145,182,278]. Chlorinated solvents alsodtdn encourage Type | radical
photooxidation (Scheme 1.4) which may also accodot the significant
photodegradation quantum yields in such solvenkdSD, being a strongly coordinating
and highly solvating solvent, is capable of axiabmination to the central metal atom
thus partially shielding the Pc from oxidative aka279]. Thus, the®py values in
DMSO are in general lower in comparison to thosenam-coordinating and poorly

coordinating solvents such as toluene, CHQIHF and DCM thus implying higher
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photostability of these complexes in strongly camating solvents. DMSO is also more
basic hence stabilizes the Pc ring against oxidatttack.

Substituents may also confer some stability to Bwee ring. Electron-donating ring
substituents enhance the probability of Pc ring tpbxidation, while electron-
withdrawing groups reduce it [275]. This can bedus®account for the values obtained
for ZnttblIPc @1) and ZnPc-COOH32). The data for these complexes fall within the
range expected of stable phthalocyanines, dueadused imido ring (fo81) and the
terminal carboxyl group d2 which tend to stabilize the Pc ring against oxiatttack,
thus making the Pc entity more resistant to oxigatiegradation. The highly electron-
donating nature of pyridyloxy and benzyloxyphenaxpups accounts for the highpg
values for the complexes substituted with theseupgoi.e. a-CdTPyPc 283 a-
CdTBzPhP&28b and3-CdTBzPhP®26b. Substituents at non-peripheral positions of the
macrocycle are known to result in a stabilizingeeffan order of magnitude greater than
substitution at the peripheral positions [275]. Hoer, as shown in Table 4.4, the non-
peripherally substituted derivativesCdTPhPc 28¢ anda-CdTtBuPhPc Z8d) showed
less stability than the corresponding peripheralbstituted derivativeg-CdTPhPc
(260 and B-CdTtBuPhPc Z6d) in toluene and THF, but the latter complexes lass
stable in CHG and conform to no particular trend in DMF and DMSO
Photodegradation quantum vyields could not be egpress such for the pyridyloxy-
substituted derivativeB-ZnTPyPc 25a), B-CdTPyPc 26a), B-HgTPyPc 278 anda-
CdTPyPc 2849, as they underwent a phototransformation pro@s#dicated by a shift
in the Q band maxima (Figure 4.12). These changgscd some distortion of the

pyridyloxy-substituted phthalocyanine macrocyclesaposure to intense light. A similar
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Figure 4.12: Changes in absorption spectra ofa-CdTPyPc (28a) (initial

concentration = ~ 1.50 x 18 M) in DMF on photolysis.

effect has been observed on exposure to laserdggpteviously discussed.

Attempts to degrad26b in most solvents (toluene, CHCTHF, DCM and DMSO) were
unsuccessful, with no decrease in absorption iftierixcept for DMSO, these are the
same solvents in whicB6b is shown to have unusual or broadened absorppentis.
This suggests that these complexes are very stabtemay be a consequence of the

initial partial oxidation mentioned earlier and lav values.

4.5  Conclusions

The photophysical and photochemical properties sl with the molecules
synthesized in this work were determined and fotmdary as a function of the central
metal ion, substitution positioro(vs ) and solvent properties. The HgPc complexes

show enhanced triplet quantum vyields relative rtAnPc and CdPc counterparts. Non-
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coordinating solvents promote the loss of symmaetrdyich becomes more pronounced
upon excitation, while the pyridyloxy substituemtere found to experience a similar
change in molecular structure owing to their surcadtflexibility. The oxidizing ability of
chlorinated and poorly coordinating solvents wagduso account for the unusual
spectrum of the benzyloxyphenoxy peripherally siltstd CdPc derivative. The same
solvent properties have been used to account éexitreme photodegradation quantum
yields obtained in these solvents. The photophisicd photochemical parameters of the
complexes studied show that they have potentiabath industrial applications, as
photocatalysts, or in medical applications suctPB3 (zinc complexes only, due to the

toxicity of the others).
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5. Interaction of Metallophthalocyanines with

Nanoparticles

This chapter discusses the interaction between théw symmetry
metallophthalocyanines reported in this work and sigle-walled carbon
nanotubes (SWCNT) or quantum dots (QDs) with respédc to

spectroscopic behaviour and photophysicochemical pperties.



Interaction of Metallophthalocyanines with Nanopartcles

5.1 Interaction of Metallophthalocyanines with Single-Walled

Carbon Nanotubes

Reports on the use of unsymmetrically substitutethgdocyanines for coordination of
carbon nanotubes are rare [33,157,341,342], duthdodifficulty in obtaining these
complexes. Monosubstitution of phthalocyanines s¥sonly one linking point of Pc to
SWCNT, allowing for a more defined structure of tlwenjugate. Non-covalent
immobilization is often preferred since it is knowm preserve ther-network of carbon
nanotubes and thus their electronic and catalytipegrties [24,26,343]. This work thus
aims to explore the synthesis and photophysicapgntaes of two low-symmetry
phthalocyanine molecules i.e. ZnttbIRR1Y and ZnPc-COOH32), covalently linked to
(Scheme 5.1) or adsorbed on (Scheme 5.2) the chiynifunctionalized SWCNT
discussed earlier; SWCNT-COOH&) and SWCNT-NH (1b) respectively. It is possible
for more than one Pc molecule to link to the SWCHt in each cas8{ and32) there

is only one functional site on the ZnPc derivative.

5.1.1 Synthesis and spectroscopic characterization of MPSWCNT conjugates
Formation of the linked conjugates ZnBt¢SWCNT-linked @49) and ZnPc32)-
SWCNT-linked B0) was achieved by making use of either 1-ethyl-3-(3
dimethylaminopropyl) carbodiimide (EDC) or dicycktylcarbodiimide (DCC) as
coupling agents and facilitate formation of an aniwbnd between the imide-ring fused
Pc, 31 and the carboxylic acid functionalized carbon rniahes {a) (Scheme 5.1(i)) or
between the amine functionalized carbon nanotubgsand the mono-phenoxy carboxy

group attached to the periphery of compl&X (Scheme 5.1(ii)) [18]. The adsorbed
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complexes ZnP&1):SWCNT-adsorbed51) and ZnPc82):SWCNT-adsorbed5Q) were

obtainedvia te1t stacking interactions [24,292], (Scheme 5.2).

EDC/NHS

S3EEieRed)

DMEF, 4 days, rt

—0
e :‘- :. inirieses

—
[u—
-

—

i

DCC,DMF
rt, 48 h

o
g e

Gics5ii

R R

Scheme 5.1: Synthesis routes to (i) ZnPc(31)-SWCNifked (49) and (i)
ZnPc(32)-SWCNT-linked (50). Some structural feature omitted for clarity.

(Structures are not drawn to scale).

FT-IR, UV-Vis and Raman spectroscopy and thermalignetric analysis (TGA) were
used for characterization of the formed conjugatés. FT-IR spectra of SWCNT-COOH
(1@) prior to and following linking with31 are shown in Figure 5.1. The SWCNIa
show two strong bands at 1617 and 1639'crRigure 5.1(i). As discussed earlier
(Chapter 3), similar bands are observed for thenanfunctionalized SWCNTlb.

Therefore, these bandsay correspond either to the carbonyl (C=0) ofdasboxylate
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DCC,DMF

Scheme 5.2: Synthesis routes to (i) ZnPc(31):SWCNddsorbed (51) and (ii)

ZnPc(32):SWCNT-adsorbed (52). (Structures are notmwn to scale).

that forms as a result of deprotonation of the weatoxylic acid groups that terminate
the nanotubeslf) or the NH groups associated witth. Upon reaction of the carboxyl-
terminated SWCNT with ZnttblPc aingle broad peak, due to the carbonyl of the
resultant amide bond, appears at 1636"cifigure 5.1(ii). The shift, relative to the
functionalized carbon nanotubes, may be attributedxtended conjugation. The —NH
stretch that appears at 3432 tfor 49 can be attributed to interaction of the lone péir o
electrons associated with the nitrogen atom (inedlin the amide bond) and any water
molecules that may be present. Residual peaksathyatar at lower wavenumbers i.e.
1260 and 797 cthare due t®1 alone, Figure 5.1(iii). Shown in Figure 5.2(i), dne IR

spectra ofLb (i), ZnPc-COOH32 (ii) and ZnPcB2)-SWCNT-linked 60). As expected,
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Transmittance (a.u.)

1260

T1641

3439 1719
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Figure 5.1: FT-IR spectra of (i) SWCNT-COOH (1a) (i) ZnPc(31)-SWCNT-

linked (49) and (iii) ZnttbIPc (31).

C-H stretches between 2850 and 2922'@re present in all species (Figure 5.2) under
investigation. Structural variation in going frodb to the linked conjugatésO is
confirmed by the differences in the spectral pateof the two, particularly between
1630-1653 crit where peaks are found to correspond either to Mid stretch of the
amide bond or the C=0 stretch associated with cex®}# or an overlap of the two. The
peak at 1653 cih in ZnPcB2)-SWCNT-linked 50 is the higher frequency, C=0

stretching, amide | band, typical of primary amidése second amide Il band, is chiefly
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N-H bending, and occurs at lower frequencies (~ 7168n%). The spectrum

corresponding to comple32 shows a broad signal at 3435 tulue to the -OH group of
the phenoxy carboxy unit. There are numerous otpeaks, characteristic of
phthalocyanine macrocycles i.e. 1385, 1016 andd03 which are also evident in the

linked conjugate Figure 5.2(iii).
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Figure 5.2:  FT-IR spectra of (i) SWCNT-NH, (1b), (ii) ZnPc-COOH (32) and (iii)

ZnPc(32)-SWCNT-linked (50).

The IR spectra of the adsorbed comple®késand 52 are shown in Figure 5.3. The

spectrum ob1is characterized by peaks at 3418 and 1637; amhich correspond to the
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—COONH functional groups on the nanotube surface gharp peaks at 2923 and 2853

cm™ are representative of the C-H stretches otéhebutyl groups. These peaks are also
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Figure 5.3: FT-IR spectra of (i) ZnPc(31):SWCNT-adsrbed (51) and (i)

ZnPc(32):SWCNT-adsorbed (52).

clearly evident in the phthalocyanine spectrum Feg5.1(iii)), but slightly shifted. The
shift of the 3432 c peak in49 to 3418 crit in 51 may be a result of electron
delocalization due taeTt interactions in the latter, i.e. non-covalent fiiorealization of

31 on la was achievedvia TeTt stacking [24,192]. Not much variation exists ire th
spectral patterns of the linked conjugafeand adsorbe82 conjugates (Figure 5.2 and

Figure 5.3); however there are slight peak shFs. example, the peak due to C-C-C
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bending at 1109 cth in the amine functionalized carbon nanotuligs),(shifts to 1100
and 1016 cil, due to extended conjugation on interaction witmplex 32, for the
linked (50) and adsorbedsQ) conjugates respectively. The shift from 1100 to6loi*
can further be explained by the different modesinbéraction i.e. adsorption versus
covalent attachment. The broadening of the pealtsi$n(1000 — 1100 cil) region may
be attributed to the interaction between the phbihanine macrocycle and carbon
nanotube backbone. These observations, thoughefioitd, suggest th&81 and32 were
successfully attached to SWCNT.

The ground state electronic absorption spectraespanding to pristin&1 (i), pristine
carbon nanotubes (SWCNT) (ii), oxidized nanotuba§ii), 49 (iv), 51 (v) and31 mixed
(without allowing time for adsorption) witha (1:9 w/w) (vi) in DMF is shown in Figure
5.4. A split (due to unsymmetrical nature) Q banthwweaks at 707 and 666 nm and a B
band at 357 nm characteriz&$ Figure 5.4(i), Table 5.1. Not much differencestxiin
the nature of the spectra of the pristine SWCNT thede functionalized with carboxylic
acid groupsla Figure 5.4(ii) and (iii). Literature has shown tthiae absorption spectrum
of laconsists of broad featureless curves that extaiadthe near-infrared region [22].
Conjugate49, shown in Figure 5.4(iv) has a broadened speciruthe Q band region,
indicating a substantial change in the structuee further evidence for the covalent
attachment. The broadening may be a consequendkeothemical bond formation
betweenla and31. The linked conjugate9 has peaks which correspond to the main
absorption bands (Q bands) of the phthalocyanitteati@04 nm, 665 nm and 648 nm i.e.
evidence for the presence of the phthalocyaning Eigure 5.4(iv), Table 5.1. A slight

shift in the position of the bands indicates soredgyrbation of tharsystem i.e. some
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electronic communication between the electron dogatphthalocyanine and the

electron-accepting SWCNT [33,344]. A red shift @axtensive broadening of the Q band
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Figure 5.4:  Ground state electronic absorption spdra of (i) ZnttblPc (31), (ii)
SWCNT, (iii) SWCNT-COOH (1a), (iv) ZnPc(31)-SWCNT-inked (49), (v)
ZnPc(31):SWCNT-adsorbed (51) and (vi) ZnttbIPc+SWCN mixed composite (1:9

w/w) in DMF (0.2 mg miY).

has been reported [345] on coordination of a bisglbtyanine to SWCNT. The red shift
was attributed to strong intramolecular interactiof845,346]. In this work the

broadening of the Q band is observed, but the tstigliting is to the blue rather than the
red either due to the electron withdrawing natufghe C=0O groups attached to the
SWCNT or due to aggregation of the phthalocyanipecgs on interaction with the

nanotubes. The spectrum corresponding to the agld@ecies1, Figure 5.4(v) is
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Table 5.1:  Absorption and fluorescence propertiesfdinked and adsorbed MPc-
SWCNT conjugates.
Compound Q band | Emissiorf | Excitation | Stokes ()2 T

Amax/nm Aem/NM Aexdnm | Shift/nm | (+ 0.01)] (+ 0.04)
ZnttblPc (31) 707, 666 721 712, 664 14 0.04 1.7p
ZnPc-COOH (32) 683 695 685 12 0.25 2.42
ZnPc(31)-SWCNT- 704, 665 715 714, 664 11 <0.0L 1.75
linked (49) (13.3)
ZnPc(32)-SWCNT- 683 693 687 10 0.04] 2.52
linked (50) (6.3
ZnPc(31):SWCNT- 706, 666 715 713, 6671 9 0.0 1.96
adsorbed (51) (7.6Y
ZnPc(32):SWCNT- 684 694 687 10 0.06| 242
adsorbed (52) 4.2y

Prznpe)

Aexcat 610 nm.PValues in brackets represent quenching factorE

F(ZnPcLinked/Adsorbed)

|

similar to that of49, Figure 5.4(iv) with peaks at 706 nm, 666 nm aAd 6m. However

the adsorbed and linked species also show broaglémihhe Soret band region due to the

presence of SWCNT. A physically mixed (not allowifog time to adsorb) composite of

31 andlashows no marked difference from that of pristieFigure 5.4(vi).

Figure 5.5 shows the absorption spectra, in DMFresponding to comple82 (i), 1b

(i), 50 (iii) and 52 (iv). Complex32is characterized by a distinct monomeric Q band at
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Figure 5.5: Ground state electronic absorption spdra of (i) complex 32, (i)
SWCNT-NH; (1b), (iii) ZnPc(32)-SWCNT-linked (50) and (iv) 2/Pc(32):SWCNT-

adsorbed (52) in DMF (0.2 mg mif).

683 nm (Figure 5.5(i), Table 5.1). The presencéha peak in both conjugates (linked
and adsorbed) is proof of the presence of the pitanine unit. It appears that the
attachment of the amine grouping (attached to ¥MCHNT), although electron donating,
does not exert any significant influence on theogttson spectra of both the adsorbed
and linked species i.e. no shifting of the Q bandhiserved. It is suspected that the amine
group alone is insufficient to give such an effdubwever the use of a phenylamine
functional group may prove slightly more effecti2®5]. The spectrum corresponding to

1b is similar tola (Figure 5.4¢(iii))} expressing no features in the region of interest.
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The Raman spectra for the conjugates are shownigard-5.6 and Figure 5.7. The
Raman spectra obtained for SWCN&, 49 and51 (Fig. 5.6), show slight variations in
the position of the main features (G band, D baatihough small these are significant
and point to structurally different materials. Tiheensity of the D band (relative to the G
band) decreases on modification of the SWCNT bac&hbe. from SWCNT tdato 49
and51. The opposite effect is observed fids, 50 and 52 (Figure 5.7). However, both

events suggest that addition of the phthalocyamogty modifies the CNT surface,
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Figure 5.6: Raman spectra of (i) SWCNT, (i) SWCNTEOOH (1a) (iii),
ZnPc(31)-SWCNT-linked (49) and (iv) ZnPc(31):SWCNTadsorbed (51). The

intensities have been normalized with respect to ¢hG band.

which may be further evidence for the formationttod adsorbed and linked conjugates.
The D:G band ratio gives a measure of the degresidd-wall functionalization.

Calculations for the D:G band ratio shows an ingeda the ratio on additional
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Figure 5.7:  Raman spectra of (i) SWCNT (i) SWCNTNH; (1b) (iii) ZnPc(32)-
SWCNT-linked (50) and (iv) ZnPc(32):SWCNT-adsorbed52). The intensities have

been normalized with respect to the G band.

modification with the phthalocyanine moiet32 to form the linked and adsorbed units
i.e. 0.48 for50 (Figure 5.7(iii)) and 0.46 fob2 (Figure 5.7(iv)). However, a decrease in
the ratio is observed fo49 (0.18, Figure 5.6(iii))) andl1 (0.20, Figure 5.6(iv)). The
diazonium approach adopted for amine functionabmpatin this work, is specific for
side-wall functionalization [7,23,295], whereas th@roduction of carboxyl groups
occurs primarily at the open ends of the carbonondres [6,9,10]. Therefore, the
decrease in the ratio, fdi9 and51 relative tola, may be due to less efficient side-wall
functionalization. The ratios of the adsorbed aim#tdd conjugates are however only

marginally different.
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Structural differences between the functionalizatbon nanotubeslé& and 1b) and the
linked (49 and 50) or adsorbedH1 and 52) conjugates were further confirmed using
thermal gravimetric analysis (TGA). It is immedigtepparent that the profiles f&1

and the linked49) or adsorbed1) complexes are quite different (Figure 5.8). Weigh
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Figure 5.8: TGA profiles of (i) SWCNT-COOH (1a), (i) ZnPc(31)-SWCNT-
linked (49), (iif) ZnPc(31):SWCNT-adsorbed (51) andiv) ZnttbIPc (31) (10°C min’

L under Ny).

loss may be attributed to solvent loss or decontipospf functional groups associated
with the molecules involved e.g. carboxyl groupshaf oxidized carbon nanotubes or the
amino group involved in formation of the amide boj2d,33,157,342]. The thermal

decay profile, corresponding ®i (Figure 5.8(iv)), shows four shallow decomposition
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stages. The first step between ~ 140 and@=uggests solvent loss. The second and
third stages are the main decomposition stepsdulti@lso be phase changes. The fourth
step is further decomposition but not complete dgmusition as it does not reach 0 % at
700°C. The thermal profile of the linked systed®( Figure 5.8(ii)) is remarkably similar
to that of the functionalized SWCNT (Figure 5.8(iith two decomposition steps. The
first step (~ 150 — 29C) could once again be attributed to solvent I3$& second step
from 320°C is associated with decomposition. The thermdiilprobtained for51, Figure
5.8(iii), is markedly different from that for thénked complex (Figure 5.8(ii)) and this
difference could be attributed to the presence ahamical bond in the latter. The
SWCNT (not shown in Figure 5.8) decompose to 56f%heir original masslato 46 %,
491to 50 %,51 to 54 % and31 decomposes to 49 % at 7Q) Using these percentages
the weight loss due to the functional groups magdtenated to be 10 % fam, 6 % for
49 and 2 % for51. Using the formula reported in literature [157hetnumber of
functional groups irla was then estimated as 1 per 34 carbon atoms, 1ihl29and
1:3510 in51. The values present a rough estimation sinceiqeiStL decomposes to 49
%. The low ratio of functional groups to carbonmasoof 1:3510 in51, compared to
1:1120 in49, is unusual and may be a consequence of the reamtioditions i.e. the
process does not facilitate the adsorption of nooeeiphthalocyanine3() units on the
SWCNT surface. This may be in relation to the exteihside-wall functionalization
discussed earlier. However, such a low degree radtfonalization may be favourable as
it preserves the intrinsic electronic propertiesafbon nanotubes [33].

The thermal decay profiles corresponding to cortggydormed with32 and 1b are

shown in Figure 5.9. Similar to the conjugates uésed abovehe initial mass loss
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Figure 5.9: TGA profiles of (i) SWCNT, (i) SWCNT-NH, (1b), (iii) ZnPc(32)-
SWCNT-linked (50), (iv) ZnPc(32):SWCNT-adsorbed (52 and (v) ZnPc-COOH

(32) (10C min™* under Ny).

experienced for each sample between 50 andC0@ay be attributed to solvent losses.
Any accompanying weight loss, above 200may be ascribed to functional group
decomposition i.e. of the —NHgroups associated with the complexes. The pristine
SWCNT decompose to 71 % of their original mass nanfiinctionalized SWCNTb to

59 %,50 to 65 %,52 to 55 % and pristine comple32 decomposes to 63 % at 68D
Using these percentages the weight loss due tluttotional groups may be estimated to
be 12 % forlb, 16 % for52 and 6 % fol50. Using the same calculation as above [157],

TGA results allow an estimate of 1 amine functiogabup per 37 carbon atoms in
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functionalized SWCNTXb), 1:482 in52 and 1:1430 irb0. Since32 alone decomposes
only to 63 %, the values above are a very rougimase. The low ratio of functional
group to carbon atoms of 1:1430 60 compared to 1:482 fos2 and 1:37 forlb
suggests that chemical functionalization makesdhgugate stable and results in the
presence of fewer ZnP@BZ) molecules linked to the carbon nanotube surfade
greater decomposition of the adsorbed speciesiveldd the linked, suggests the
presence of a larger number of functional groupm@rto thermal decomposition. It
seems more likely, however, that the presence obvalent bond in the linked form

limits the extent of decomposition attainable,tfoe same functional groups.

5.1.2 Fluorescence spectra, quantum yields and lifetimes

The emission behaviour of complex84 and 32 was discussed in Chapter 4. The
fluorescence spectra &1 or 32 linked or adsorbed on SWCNT were obtained by
exciting at the same wavelength and at constamrptien (following subtraction of
absorption due to SWCNT). This is to avoid inndétefieffects which lead to a decrease
in the emission intensity as a result of reabsomptif the emitted radiation due to high
optical densities, sample turbidity or strong oaprlof the absorption and emission
spectra [227,248]. The fluorescence emission spetftrall the conjugates, ZnRdj)-
SWCNT-linked, 49 (Figure 5.10(ii)), ZnP&2)-SWCNT-linked, 51 (Figure 5.11(ii)),
ZnPc@1):SWCNT-adsorbed50 (Figure 5.10(iii)) and ZnP8@):SWCNT-adsorbed52
(Figure 5.11(iii))) show a distinct phthalocyanineb@nd emission peak, however the
intensity is substantially reduced in the preseoicthe carbon nanotubes relative to the

pristine complexe81 (Figure 5.10(i)) an®2 (Figure 5.11(i)), a feature which may be
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Figure 5.10: Fluorescence emission spectra of (i)nEbIPc (31), (i) ZnPc(31)-
SWCNT-linked (49) and (iii) ZnPc(31):SWCNT-adsorbel (51) in DMF. (Curves for
49 and 51 have been corrected for carbon nanotubedsorbance and multiplied by

a factor of 10). Qexc = 610 nm).

attributed to rapid intersystem crossing (ISC) épydate the triplet state as a result of the
heavy atom effect. It is more feasible that thifeaf is due to an electron transfer
mediated process (Figure 5.12) from the electramatiog phthalocyanine moiety to the
electron accepting SWCNT resulting in rapid deatton of the photoexcited

phthalocyanine [342] (this was confirmed by theklaxf triplet absorption or singlet

depletion curves using laser flash photolysis). &seady stated, fluorescence in
phthalocyanine complexes such 3k often occurs from the lowest energy vibrational

band ¢o) of S (i.e. a transition from one energy level), resigtin one fluorescence
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Figure 5.11: Fluorescence emission spectra of (inPc-COOH (32), (ii) ZnPc(32)-
SWCNT-linked (50) and (iii) ZnPc(32):SWCNT-adsorbed(52) in DMF. (Curves for

50 and 52 have been corrected for carbon nanotubé&sorption). (Aexc = 610 nm).

peak [101,347]. However transitions from the lowesergy vibrational bandvg) to
other vibrational levels in theyState can also occur, which accounts for the prsef
two peaks in the fluorescence spectra, as in #se;cwhere the fluorescence spectra of
31 (alone, linked or adsorbed) in DMF show two peakish the low energy peak being
less intense (Figure 5.10), as was also observE@jure 4.5 (Chapter 4).

The likelihood of an electron transfer mediatedcess, as shown in Figure 5.12 for
conjugates 081 or 32, is further expressed by the low fluorescence tmwraryields (r)
obtained in the presence of the carbon nanotubles.absorption contribution of the

SWCNT has been accounted for in these calculatronsder to ensure that the data
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Figure 5.12: Possible deactivation pathways of ZrittPc (31) or ZnPc-COOH (32)
upon photoexcitation. (ET = electron transfer, ISC= intersystem crossing, CR =

charge recombination).

expressed refers to the phthalocyanine unit. Comsgarof the fluorescence quantum
yields @) gives quenching factorsbfznpe/ Prznpe-swent) Of 13.3 and 7.6 (Table 5.1)

for 49 and51 respectively and 6.3 and 4.2 80 and52. These values suggest that the
interaction that occurs due to the existence afrenél bond between the phthalocyanine
unit and the SWCNT is more effective in lowering tjuantum yield (as a result of faster
electron transfer) as opposed to tha interaction.

Time-resolved fluorescence measurements indicateoao-exponential decay for the

pristine Pcs31 and 32, with fluorescence lifetimesf) of 1.75 and 2.42 ns respectively
(Figure 5.13, Table 5.1). This falls within the gentypical for most monomeric

metallated phthalocyanines. The lifetime of the 8tand32in the adsorbed and linked
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conjugates unexpectedly also showed typical mommsesntial decay curves, with
lifetimes that correspond essentially to the preseof free monomeric Pc (Table 5.1).

Surprisingly, there was no decrease in lifetimestlie Pcs in the conjugates.

Intensity (Counts)

Residuals

10 12
Time (ns)

Figure 5.13: Fluorescence decay profile for ZnPc(348SWCNT-linked (49) in DMF.

5.2 Interaction of Metallophthalocyanines with Quantum Dots

The low symmetry complex, ZnttbIP@3Y) was used in this study. Studies were
conducted with a covalently linked conjugate 3if and the mercaptopropionic acid
capped CdTe quantum dot8),(formed as shown in Scheme 5.3, and with a mixed
conjugate; subsequent studies were used to detetmeninfluence of a covalent bond on
the photophysicochemical properties. Studies fese¢hconjugates were performed in a
4:1 (v/v) DMF:water solution to enable solubilization ofethquantum dots and

phthalocyanine while maintaining the monomeric ratf the phthalocyanine.
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5.2.1 Synthesis and spectroscopic characterization of MPQD conjugates
Studies with the developed CdTe MPA QI3 Were carried out upon coupling of the
QDs with ZnttblPc 81) using DCC (a coupling agent often used in orgaoilyvents) to

activate the carboxylic acid end of the thiol gre@md thus give a linked conjugate,

Scheme 5.3: Synthetic route to ZnPc(31)-QD-linkedonjugate (53).

ZnPcB1)-QD-linked 63). In this case the carboxylic acid groups thatnieate the

(MPA) thiol groups used to passivate the QD surfaeee linked to the imide group of
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31 via an amide bond (Scheme 5.3). Studies with a mixtofre31 and 2 i.e.

ZnPc@1):QD-mixed 64) were also conducted.

FT-IR spectroscopy gave evidence of the formatibthe amide bond fob3. A broad

band at 1645 cththat can be attributed to the carbonyl (C=0) shretf the resultant
amide bond is shown in Figure 5.14(iv). Such a baad not observed fd alone,31

alone or forb4 (Figure 5.14).
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Figure 5.14: FT-IR spectra of (i) CdTe MPA QDs (2),(ii)) ZnttblPc (31), (iii)

ZnPc(31):QD-mixed (54) and (iv) ZnPc(31)-QD-linked53).

Raman spectra were additionally employed to charaet the new conjugate, Figure

5.15. The main difference between the link&8 EFigure 5.15(iv)) and mixed4, Figure
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5.15(iii)) conjugates was the position of the main peakthatedto the phthalocyanir
structure at 2851 and 2870 * respectively. The position of this peak (287C%) in 31
alone (Figure 5.15()) is similar to that ir54, suggesting minimal structural readjustme
its change in shape f&3 suggests the presencf a change in the molecular structure
a result of bond formation between the QDs Pc 31). Also apparent is the substan
decrease in intensity of the peak due to the QDs 3235 cni* (Figure 5.15()) in both
the mixed and linked conjugates. Tpeaks at ~ 1600 chin both31 and?2 also appear

reduced in both conjugates.
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Figure 5.15: Raman spectra of i) CdTe MPA QDs (2), (ii)) ZnttbIPc (31), (iii)

ZnPc(31):QD-mixed (59 and (iv) ZnPc-QD-linked (53).
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UV-Vis absorption spectra were used for furtherrabterization of the mixed and linked

species in the DMF:water solvent mixture (Figurg6. This solvent mixture allows for
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Figure 5.16: Ground state electronic absorption spera of (i) CdTe MPA QDs (2),
(i) ZnttblPc (31), (iii) ZnPc(31)-QD-linked (53) and (iv) ZnPc(31):QD-mixed (54) in

4:1 (v/v) DMF:water solution.

solubilization of the quantum dots while maintamirthe phthalocyanine in its
monomeric form. A split (due to unsymmetrical naju® band with peaks at 707 and
666 nm characterize3l (Table 5.1). Interestingly there was a shift ie thigh energy
component of the Q band &4 towards higher energies (707 to 695 nm). This is
indicative of non-specific binding of the MPcs orte surface of QDINo significant
shift in the Q band 081 was observed on introduction of the QDs for timkdd form.
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This difference in spectra between the linked aixkthis an indirect way of confirming
the linkage. There was an increase in the absoridghe 500 nm region f&3 and54
due to the presence of QDs. The linked conjudz@eshows lower absorption in the 500
nm region tharb4, due to different amounts of QDs in the two. Ha mixture $4), the

interaction is probably in the form of adsorption.

5.2.2 Fluorescence quantum yields and lifetimes

Fluorescence quantum yield®gqps) of CdTe MPA QDs %) were calculated using
Equation 1.4, also shown as Equation 4.1 and stedliin Table 5.2. The quantum yields
of QDs in the linked%3) and mixed %4) forms are reduced relative @- values of the
QDs alone, suggesting that the interaction v@thresults in a quenching of the QD
fluorescence. This is a regular occurrence for QDshe presence of phthalocyanine
units [46,154,158,164,165] and the quenching hasn battributed to the transfer of
energy from donor QDs to phthalocyanine acceptdeoubes. This results in a lowering
of QD fluorescence intensity, in either a Pc-QDkéid or Pc:QD-mixed species, and
therefore a reduction in fluorescence quantum gielflthe QDs. Non-radiative (NR)
decay processes may also be used to account faettime in®r values. Thabg of 31
(Pe@znpe) Was calculated to be 0.08 which is the same as/éue determined in DMF
alone (Table 4.2), hence showing no influence ftbmpresence of water. Ti@-znpc)
were not determined in the presence of QDs (linkednixed), since excitation @1
without exciting the QDs was not possible due ®hload absorption of the QDs.
Fluorescence lifetimegg) have been determined for the QDs alone in NaGQiHthe 4:1

viv DMF:water mixture (Table 4.1) as well as for caygtess3 and54 (Table 5.3). The
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Table 5.2:

Fluorescence quantum vyields and photopBical

parameters of

ZnttblPc (31) in the presence of QDs in DMF:water 4:1 v/v). Values in brackets

refer to data for 31 alone.

Compound | "ron | PoRi™ | otmmn |Fomm | odmm| e o9
ZnPc(31)-QD- | 0.09 0.02 0.73 ! 0.26 48
linked (53) (0.77) ©0.45) | (0.15) (70)
ZnPc(31):QD- 0.09 0.04 0.81 0.53 0.15 15
mixed (54) (0.77) ©0.45) | (0.15) (70)
*®rqps) = fluorescence quantum yield of QDs alonekéyc = 510 nmy); * L™ =

fluorescence quantum yields of QDs (2) in the linkleconjugate ZnPc(31)-QD-linked
(53) (hexc = 510 nm) or in the mixture ZnPc(31):QD-mixed (54)exc = 510 nm);°
Doeoi™ = triplet quantum yields of ZnttblPc (31) in 53 or 54 (exc = 666 nm);

Peg = singlet oxygen quantum yields of 31 in 53 or 5ec = 666 nm); ©

Linked/Mix
()

IC(ZnPo) quantum yields of internal conversion of 31 in 53or 54; 'Value

undetermined due to weak signal.

data obtained is shown in Table 5.3, which indiedteere is not much change for the
mixed conjugateb54 (1g.; = 28.6 ns andfr., = 3.2 ns), compared to 26.4 and 3.4 ns for
QD alone, for which we expect slightly faster rela@n times due to energy transfer. In
this case, there may be numerous QD-Pc interactidns to random distribution of

donor-acceptor (QD-Pc) separations, owing to tluk laf a formal bond. Hence, the
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presence of numerous acceptors (Pcs) at more thandistance results in complex
decays. As a result, the signal is dominated byfrite QDs due to the poor interaction.
However, the linked conjugat&g3 shows faster decay components which can be
explained by the presence of a distinct bond betwiee QDs and Pc, which enable better
interaction between the two and results in extergiguenched lifetimes (Table 5.3),

which is a clear indication of energy transfer.

Table 5.3:  Time resolved fluorescence data for CdTRIPA QDs (2) alone and in

conjugates 53 and 54 in DMF:water (4:V/V).

Compound °Relative A Te1 (NS) ’Relative A T2 (NS)

(£ 0.5) (£ 0.3)
CdTe MPA QD (2) 0.57 26.4 0.43 3.4
ZnPc(31)-QD-linked (53) 0.21 9.6 0.79 1.7
ZnPc(31):QD-mixed (54) 0.57 28.6 0.43 3.2

@A = amplitude of fluorescence decay signal.

5.2.3 Forster resonance energy transfer (FRET)

The spectral overlap between the fluorescence emnisd the CdTe MPA QDs2) with

the absorption spectrum 81 is shown in Figure 5.17. The QDs in the linkB8and the
mixed, 54, form were excited at 510 nm, whe&& does not absorb, and this resulted in a
large decline of the QD emission accompanied bydtted emission @1 at ~ 720 nm
(Figure 5.18(ii)), folb3and 718 nm (Figure 5.19(ii)), f&4 respectively. This increase in

fluorescence emission f&l in the presence of the MPA-capped QDs infers fearsf
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energy,via FRET, from2 to 31. Although there is stimulated emission f8t in the
linked conjugate3), the extent of this emission is reduced in consparto the mixed
species. This may be attributed to the relativeceatrations of31 and 2 present in

solution. This makes any comparisons with the miggecies difficult. No significant
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Figure 5.17: Normalized ground state electronic atesption spectrum of (i)
ZnttblPc (31) and (ii) normalized fluorescence emision spectrum of CdTe MPA QD

(2) in 4:1v/v DMF:water solution (Aexc = 510 nm).

emission was observed f@l alone on excitation at 510 nm (Figure 5.18(iii)dan
5.19(iii)). The presence of a second broad band @80 nm in the emission spectra of
QDs, for both the mixed and linked conjugates meyatiributed to exposure of surface
defects at the QD surface which results in radeatrecombination as a result of
conjugation [192,348,349]. This may also contribwatéhe reduction in QD fluorescence
intensity [350].

The efficiency with which FRET occurs is known t® tbependent on several parameters,
namely the spectral overlaf) (Equation 5.1, same as Equation 1.7), the vadfigghich
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Figure 5.18: Fluorescence emission spectra of (i)dTe MPA QDs (2) alone, (ii)
ZnPc(31)-QD-linked (53) and (iii) ZnttblPc (31) alme in 4:1v/v DMF:water solution

(Aexc =510 nm).
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Figure 5.19: Fluorescence emission spectra of (iJdCe MPA QDs (2) alone, (ii)
ZnPc(31)-QD:mixed (54) and (iii) ZnttblPc (31) alore in 4:1v/v DMF:water solution

(hexc =510 nm).
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are shown in Table 5.4 are estimated by the ovesfajpe QD emission and ZnttbIPc

absorption (Figure 5.17).

J =] fop (D) Ezmp(A)A0A (5.1)

Table 5.4: Energy transfer parameters for ZnPc(31RQD-linked (53) and

ZnPc(31):QD-mixed (54) interactions in DMF:water (41 v/V).

Compound J(x10%cem®) | Ro(x 10 m) | r (x 10" m) Eff s
ZnPc(31)-QD- 6.40 44.68 34.70 0.82
linked (53)

ZnPc(31):QD- 6.40 44.68 44.08 0.52
mixed (54)

The value obtained for the mixe84) and linked $3) conjugate, is quite large but lies
within the expected range found for interactionshwother phthalocyanine molecules
[154,164,165]. A large] value is an indication of good spectral overlag ahus

enhanced FRET efficiency. The Forster distange(AR is the critical distance between
the donor and acceptor molecules for which energysfter is 50 % [247] is also shown
in Table 5.4. The center-to-center separation digta (A), between donor and acceptor
were 44.08 A and 34.70 A, for the mixed and linkedpectively. These values were

calculated using Equation 5.2 (Equation 1.6) aravsh

6
Eff, =10 (5.2)
Ry +r°
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in Table 5.4. These values are < 80 A which suggéstt there is a high probability of
energy transfer (FRET) [350] from the synthesizedf€ MPA QDs 2) to 31, and in
particular for55. The steady state FRET efficiencidsf{) shown in Table 5.4, were

calculated using Equations 5.3 and reflect relftibegh transfer efficiencies i.e. 0.52

Linked

o
Eff  =1-—F (5.3a)
F(QD)
q)MiX
Eff  =1- (5.3b)
(DF(QD)

and 0.82 for the mixed and linked respectivelyapipears that the large values in
combination with the small values pfesult in ease of energy transfer and thus thie hig
transfer efficiencies reflected in Table 5.4. Tiffeceency determined fob4 is lower than
for 53. In the mixed conjugate, interactions between@ieand Pc occur only through
Van der Waals interactions. Therefore energy teansfccurs only through space
resulting in lower transfer efficiencies. SimilaehHavior has been observed for the
interaction between SiPcs bearing methyl amd-butyl axial ligands and CdSe QDs
[159]. The higher efficiency determined f88 suggests the amide linkage brings the
donor MPA capped QD<) and the acceptor ZnttbIP81) into closer proximity (smaller

r than for54), resulting in better spectral overlap between @@ emission and Pc
absorption and increased interaction, which thuditates better FRET. However it is
also feasible that the FRET efficiency observedtherlinked species is also inclusive of
non-radiative processes, due to the strong invodregnof surface states that may
deactivate the QD fluorophores. Thus the data nbthimay not be a true reflection of

FRET alone.FRET efficiencies can also be computed based aoreficencdifetime
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measurements of the donor (QDs), in the absengeaid presencea) of the acceptor

(31) by using Equation 5.4;

Eff, =1-0A (5.4)

o
However, this equation makes the assumption thatddcay of the donor is a single
exponential in the absence)) and presenceaga) of acceptor and thus holds rigorously
only for a homogeneous system (i.e. identical datmeptor complexes) in which the
donor and donor-acceptor complex have single-expaaledecays [248]. Such single-
exponential decays are rare in biomolecules. Thuslénor-acceptor systems decaying
with multiexponential lifetimes the energy transédficiency must be calculated from the
amplitude weighted lifetimes, Equation 5.5;
T, = X047, (5.5)
whereg; is the relative amplitude contribution to the tifiee t. Therefore, in this case the
amplitude weighted time constants foy and 1pa, have been used, to determine the
transfer efficiency, for the linked specie$3), using Equation 5.4. Efficiencies
determined, fob3, by steady state fluorescence and TCSPC wereasirail 0.82 (by
steady state fluorescence, Table 5.4) and 0.80 TBZPC), hence showing the

compatibility of the two techniques.

5.2.4 Triplet quantum yields and lifetimes
The triplet quantum yields of ZnttbIP81) in the presence of QDs (mixed or linked) are
shown in Table 5.2. An increase i) was observed on introduction of the QDs i.e.

increase from 0.77 to 0.81 for ZnB&:QD-mixed 64). The increase may be attributed
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to the presence of heavy Cd and Te atoms, whicbugage ISC i.e. the heavy atom
effect. The increase in triplet yield in the preserof QDs has been observed before
[154,164,165], Table 5.2. ZnR%)-QD-linked 63) gave a slightly lower yield of 0.73.
This may be in relation to a lower concentratiorpbthalocyanine units attached to the
QDs as opposed to what may be present in the nsipedies.

Figure 5.20 shows the transient absorption spedftiznttblPc @1) in the absence and
presence of MPA capped CdTe QR¥4nd indicates not much difference upon

excitation with laser light.

DO 450 500 550 600

Wavelength (nm)

Figure 5.20: Normalized transient absorption spect of (i) ZnttbIPc (31) and (ii)
ZnPc(31):QD-mixed (54) in DMF (concentration of 3 ~ 1.90 x 10 M). (Aexc = 666

nm).
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A reduction in the triplet state lifetimes] of 31in 53 and54 may be related to the
increase in size as a result of conjugation angbtasence of heavy atoms such as Cd and
Te.

There is an increase ¢ value for53 (d,c = 0.26) compared to that f84 alone o,c =
0.15), while for the mixed complédd there is no change ibc value (= 0.15); this
suggests that ZnttbIPc molecules become more dasadi through internal conversion

as a result of linking to the CdTe MPA QDs.

5.2.5 Singlet oxygen quantum yields

Singlet oxygen quantum yields were determined uBiqgation 5.6 (Equation 1.13), with

Std
O, = O AL (5.6)

ASO
a decay curve as shown in Figure 5.21. Excitatias &t 666 nm where ZnttbIP81]
absorbs. In the presence of CdTe MPA QDs i.e. ZBE«)D-mixed 64), the singlet
oxygen quantum yields were found to increase dligbtiggesting that the QDs enhance
the transfer of energy from the triplet excitedestaf 31 to ground state molecular,dn
general, QDs alone do not produce significant arteafiO, (1 %) [351]. However they
exert some influence on the singlet oxygen genegatapabilities of comple81. The
efficiency of singlet oxygen generation is dependam the amount of molecules that
populate the triplet state i.e. triplet quantumldiédr) and their lifetime in this state
(triplet lifetime, tr). High triplet yields and long lifetimes encouragereased molecular
interactions between the triplet state of the pbetsitizer 81) and ground state oxygen
resulting in higher singlet oxygen yields. Therefthe higherd, for 54 relative to31

alone may be in response to higher populationetriplet state, as discussed above,
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Figure 5.21: 'O, decay curve for ZnttblPc (31) in DMF-water (4:1v/V).

from which energy is readily transferred to growstdte molecular oxygen with high
efficiency. Thed, value for the ZnP&1)-QD-linked was not determined since the signal

was very weak, most likely due to low concentragion31 in the linked complex.

5.3  Conclusions

Linked and adsorbed or mixed MPc-SWCNT and MPc-@bjugates have successfully
been synthesized using the two low symmetry devieatreported in this work and the
carboxylic acid and ethylamine functionalized SWCHBiid MPA capped CdTe QDs.
Various spectroscopic techniques have been usedhtoacterize the conjugates.
Fluorescence spectra pertaining to the low symmeey derivatives are quenched

extensively in the presence of SWCNT, suggestingpad electron transfer mediated
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process from the electron donating Pcs to therele@ccepting nanotubes. Fluorescence
spectra gave evidence of FRET in both the mixed lamded MPc-QD conjugates.
Interaction of the MPcs with nanoparticles led taproved photophysicochemical
properties, particularly in cases where the nartapes (SWCNT and QDs) have been
attached to the MPcs by a covalent chemical bohds B expressed more significantly
with the use of ZnttbIPc which in the linked MPc-@Dnjugate gave the largest FRET
efficiency, hence showing that linking enhances FRE

These results show that the use of low symmetryvalires to form linked MPc-
SWCNT and MPc-QD conjugates may be useful agentsafiplication in PDT or

bimodal PDT-PHT.
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6. General Conclusions and Future Prospects

This chapter summarizes the results obtained for t studies conducted

and reported in this thesis and future prospects.



General Conclusions and Future Prospects

6.1 General Conclusions

The synthesis and spectroscopic characterizationnwherous symmetrical zinc,
cadmium and mercury tetra-substituted MPc compléea® been reported in this work.
The introduction of heavy central metal ions sushGd and Hg presents interesting
spectroscopic phenomena, such as symmetry lossoxiddtion as a function of the
solvent properties and the site of substitution aevs . Novel, low-symmetry zinc
derivatives are also presented and spectral clegization was explained with respect to
their unique molecular structures. The nanopadialeed gave spectroscopic information
typical of such complexes.

Thorough examination of the photophysical and ptioéonical properties of the
synthesized MPc complexes have been obtained amd tte show variations with
changes in the central metal ion, solvent and jposiand type of substituents. HgPc
complexes showed enhanced triplet quantum yiehd3, (Singlet oxygen quantum yields
(d,) relative to the smaller metal ions containingresponding derivatives, particularly
in DMSO. This emphasizes the need to give adeqoatsideration to the solvents
employed for such determinations. This is additignaexpressed by the
photodegradation quantum vyield®gy) obtained. These were predominantly affected by
poorly coordinating or chlorinated solvents, in efhthe oxidative process becomes more
accessible. Phototransformation of aryloxy substdtuCdPcs was observed during
photolysis and has been attributed to the strulctiarmework.

The spectroscopic behaviour of the low-symmetry glexes reported as a result of
interactions with single walled carbon nanotubesjwantum dot nanoparticles has also

been investigated. The absorption spectra for tRelWCNT and MPc-QD conjugates
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were for the most part similar to the pristine Mféenplexes, varying only by minuscule
shifts or slight broadening in the Q band regiorowdver, distinct spectroscopic
differences exist for conjugates that have distomtalent bonds between the MPcs and
nanoparticles and those simply formed by adsorption

Extensive quenching of Pc fluorescence in the piesesf carbon nanotubes suggests
photoinduced electron transfer from the electromatiog Pcs to electron accepting
nanotubes. Photoinduced energy transfer emergtte atominant form of interaction for
MPc-QD conjugates, evident from quenching of thwrféscence emission of the highly
photoluminescent QDs coupled with sensitized emis$dr the MPcs. The involvement
of surface states exerts an influence on the faamece quantum yields and lifetimeg)
that were determined.

The photophysical and photochemical properties wateanced as a result of interactions
of MPcs with nanoparticles. MPc-SWCNT conjugates ymbe exploited for
combinational PDT-PHT while the MPc-QD conjugatesyrbe used for imaging, due to
the fluorescent nature of QDs while the Pc porserves as a useful photosensitizer, for

example in PDT.

6.2 Future Prospects

Due to the high photophysical properties determifegdthe Cd and HgPc complexes,
photocatalysis studies may find that these molecale of use in industrial catalysis
operations.

The low symmetry MPc-nanoparticle conjugates needbé investigated further.

Femtosecond laser flash photolysis will give moresight with respect to the
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photoinduced electron transfer process for the BREENT conjugates. Electrochemical
characterization may also prove useful. Spectrascsipdies of the low symmetry MPcs
in the presence of a variation of QD, particuldigse considered to exhibit low toxicity
can be explored. The development of MPc-nanopartiohjugates characterized by low
toxicity, intense red absorption and excellent ppbysical and photochemical properties

may advance ongoing research for the treatmerdrofars.
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