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Abstract

This work presents the syntheses, photophysical and photochemical characterization of zinc
tetracarboxyphenoxy phthalocyanine (ZnTCPPc, 3) and its gadolinium oxide nanoparticle
conjugate (4). By means of spectroscopic and microscopic characterization, the conjugation of
the ZnTCPPc to the silica coated gadolinium oxide nanoparticles (Si-Gd20s NPs, 2) through an
amide bond was confirmed. The thermal stability, morphology, nanoparticle sizes and their
conjugates with the Pc were studied using ThermoGravimetric Analysis (TGA), Fourier Transform
Infrared spectroscopy (FTIR), Transmission Electron Microscopy (TEM) and powder X-ray
diffractometry (XRD). Conjugation of ZnTCPPc to the magnetic nanoparticles, proved to have a
negligible effect on the photophysical parameters of the phthalocyanine, where a slight decrease
in fluorescence and triplet quantum vyields and lifetimes was observed. The singlet oxygen
guantum vyield, however, increased slightly upon conjugation, suggesting that the overall
efficiency of the ZnTCPPc as a photosensitizer had improved. Physical mixing of the ZnTCPPc and
the silica-coated gadolinium nanoparticles also showed an improvement in the singlet oxygen
quantum yield and triplet lifetime, also showing an enhanced efficiency for the photosensitizer

and therefore photocatalysis.

ZnTCPPc (3) alone and the Pc-gadolinium oxide nanoparticle conjugate (4) were therefore
electrospun into nanofibers to create a solid support. The fibers were characterized and their
diameter sizes and composition was studied confirming the incorporation of the phthalocyanine
and gadolinium oxide nanoparticle. Increased singlet oxygen generation resulted in increased
Photodegradation of the environmental pollutant Orange G and the fibers were found to
be more efficient as photocatalysts compared to the photosensitizer in solution. The

nanomaterial may therefore be applied to the photodegradation of Orange G.
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Introduction

The assembly of nanocomposites into novel hybrid systems allows for the design of a
nanomaterial with attractive multifunctional properties. These novel nanomaterials open up a
wide spectrum of technological applications. The hybrid nanomaterial in our case will include
phthalocyanines which have been shown to be effective as photosensitizers in photodynamic
therapy, and gadolinium oxide nanoparticles which have been found to possess excellent
magnetic resonance imaging properties and some success in hyperthermia therapy. In addition,
nanoparticles have been used successfully as drug delivery agents in preliminary studies in cancer
therapy, while the phthalocyanines as photosensitizers have shown excellent photocatalytic

effects.

1.1 Photodynamic Therapy

1.1.1 General overview of Photodynamic therapy

Photodynamic therapy (PDT) is concerned with the administration of a non-toxic drug or a dye
known as a photosensitizer (PS) either systemically, locally or topically into a cancer patient [1,
2]. The use of PDT as a form of cancer therapy is particularly attractive because of its
fundamental properties, namely specificity and selectivity [3]. Following administration of the
sensitizer and an incubation period, the lesion is illuminated with a long wavelength,
visible light (620 — 690 nm), which, in the presence of oxygen, leads to the generation of the
cytotoxic singlet oxygen species. The singlet oxygen generated effectively leads to cell death
and tissue destruction [4]. PDT is achieved due to the fact that the PS concentrates specifically
within the harmful tissue such that when the light is directly focused on the lesion, the reactive
oxygen species (ROS) are generated resulting in cellular destruction as shown in figure 1.1.
Due to this, PDT has been under intense investigation as an effective treatment for various

forms of cancer [5-7].
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Selective tumor
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Figure 1.1: PDT therapeutic process in the human body [8].

1.1.2 Photochemistry and photophysics of Photodynamic therapy

Two of the most important aspects of PDT involve the processes of light absorption and energy
transfer; these are illustrated in Figure 1.2. Generally, a ground state PS comprising two electrons
with opposite spins in a low energy molecular orbital (known usually as the singlet state) absorbs
light in the form of photons. Upon absorption, one of the electrons is promoted to a higher
energy, excited state level, keeping the singlet state spin. This is a short-lived state and the
energy is lost through the emission of fluorescent light or by internal conversion into heat. The
excited singlet state PS may also undergo intersystem crossing, a process whereby the spin of the
excited electron inverts, giving rise to a relatively long-lived excited triplet state with

electrons in a parallel conformation [9].



This excited, triplet state PS may then undergo two kinds of reactions, i.e. Type 1 and Type 2
reaction mechanisms (Figure 1.2). Firstly, in a Type 1 reaction, the PS reacts directly with a
substrate, such as the cell membrane or molecule, where an electron is transferred to form
radical anions or cations. These radicals may further react with oxygen, producing reactive
oxygen species (ROS) which are responsible for the destruction of harmful tissues. Alternatively,

in a Type 2 reaction mechanism, the triplet state PS’s excitation energy is transferred to
molecular oxygen (itself in a triplet ground state (302)), forming excited singlet state oxygen

(102). Both Type 1 and Type 2 reactions can occur simultaneously, and the ratio between these

processes relies upon the nature of PS and the concentrations of substrate and oxygen [10, 11].

e

PS
Relaxation
PS excited singlet state % . Energy
PS
Light PS triplet state Y ‘am e
'd TV,D‘
Fluorescence

ROS

A

Phosphorescence

PS

—————
PS ground singlet state

Figure 1.2: Photophysical and photochemical reaction mechanisms in PDT.



1.1.2.1 Light delivery

For successful PDT treatment it is essential to be able to predict the spatial distribution of light
within the target tissue and to ensure sufficient light reaches all the diseased tissue. Therefore
one needs to understand how light travels through the various bodily tissues and the relative
effects of absorption and scattering [11]; the degree of which depends on the nature of the

tissue and light wavelength employed.

The fact that most photosensitizers are able to fluorescence, a range of optical imaging and
monitoring strategies may be combined into the PDT treatment. An often longer wavelength of

light is applied to diseased tissue, allowing for an increased penetration depth with minimal light

scattering and maximum PS activation [10]. To generate enough 1o (and other ROS) to
produce a cytotoxic effect, the light source for PDT must possess specific and suitable
spectral characteristics that correlate with the maximum absorption wavelength range of
the PS employed [12]. One important feature for a photosensitizer during PDT is its ability to
possess light absorption at a wavelength range where the surrounding biological tissues are
transparent. In order for deep penetration of light to be possible into the body the

photosensitizer should absorb in the red (visible) region [13].

1.1.3 Sensitizers in use for PDT

The requirements for an ideal sensitizer include properties such as chemical purity, selectivity for
tumour cells, chemical and physical stability, a short time interval between administration and
maximal accumulation within tumour tissues, activation at selected wavelengths with optimal
tissue penetration and a rapid clearance from the body [11]. Many photosensitizers have been
tested in vivo and in vitro in PDT experiments, though only a few have revealed ideal properties

for this therapy and thus many recent studies have shifted their focus to the development and

5



efficacy of new, efficient photosensitizers [7]. The four main classes of photosensitizers are
porphyrin derivatives, chlorins, phthalocyanines and porphycenes, all of which show different
photochemical and photophysical properties in terms of their mechanisms of action and

activation of light [14].

A hematoporphyrin derivative, known as Photofrin, was the first PS to be studied in detail.
However, since Photofrin is a mixture of isomers, elucidation of its chemical structure and
components was found to be highly challenging. The majority of PSs used, both clinically and
experimentally, are the aromatic tetrapyrrole derivatives found in many naturally occurring
pigments such as heme, chlorophyll and bacteriochlorophyll. Naturally occurring porphyrins are fully
conjugated tetrapyrroles and they vary in the number and type of side chain. Porphyrins have a

long wavelength absorption band in the region of 630 nm [12, 15].

Another class of potential PS includes the synthetic, highly conjugated pyrrolic ring systems such as the
texaphyrins [16], porphycenes [17] and sapphyrins [18]. Some of these compounds have either been
approved or are undergoing clinical or advanced pre-clinical testing and are given in Figure 1.3.
Another class of widely studied PSs are phthalocyanines (Pcs), the focus of this thesis, which will be

discussed later [14].
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Figure 1.3: Structures of some Photosensitizers



1.2 Phthalocyanines

1.2.1 Overview of phthalocyanine chemistry

Phthalocyanines (Pcs) are a class of synthetic tetrapyrrolic compounds, similar in structure to the
naturally occurring porphyrin [19]. The structural differences between the Pc and porphyrin
macrocycles are the four extended benzo subunits and four nitrogen atoms at the meso position
on the macrocycle of Pcs (Figure 1.4); hence Pcs are often referred to as tetra-
benzotetraazaporphyrins [20].The Pcs are a unique set of organic pigments that provide stable
and strongly chromatic blue and green colours. Pcs show a strong absorbance at longer
wavelengths as compared to porphyrins and they often have improved photophysical and

photochemical properties over porphyrins [21].

The first Pc reported was as a dark blue insoluble by-product in the preparation of o-
cyanobenzamide from phthalimide and acetic acid by Braun and Tcherniac in 1907 [22]. Von der
Weid and Diesbach of Fribourg University, twenty years later, unknowingly isolated a Pc, a stable

blue compound, in reacting o-dibromobenzene with copper cyanide in refluxing pyridine [23].

Since their discovery (in the 1900s), Pcs have been thoroughly studied and used as dyes and
pigments in the paint, printing, textile and paper industries, because of their intense blue-green
colour [24]. Due to their great stability, enhanced spectroscopic characteristics, diverse
coordination properties and flexibility, Pcs have gone beyond porphyrins in finding application
in numerous areas [25]. Most recently, Pcs have found high-tech applications in
electrophotography, ink-jet printing and as photo-conducting agents in photocopying devices
[26]. Additionally, their novelty is rapidly developing in other fields such as chemical sensors,
liquid crystals, semiconductors and functional polymers amongst others [27]. Of interest to us,

they have also found great success in photodynamic therapy (PDT).



Figure 1.4: Structure of the phthalocyanine molecule and potential sites for substitution on the

Pc ring (numbering used traditionally for Pc nomenclature) [28].

One of the most prominent recent applications of phthalocyanine (Pc) derivatives is their
application in medicine as photosensitizers for the photodynamic therapy (PDT) of cancer. The
various aspects of PDT, including the development and study of PSs, are described in detail in

numerous reviews [29-33].

Pcs have many advantages over the porphyrin derivatives that are now widely used in
clinics (HPD, Photofrin). Firstly, they have a more intense long-wavelength band red-shifted into
the so-called ‘therapeutic transparency window’ where the transparency of biological tissues is
higher. The increased oxidative stability of Pc molecules allows their use as stable aqueous
solutions. Owing to enhanced fluorescence, Pcs can also be used for diagnostic purposes—for
the detection of the presence and localization of tumours. Water-soluble sulfo-substituted
Pc derivatives, especially chloroaluminium and zinc complexes, are the most studied as PSs for

PDT [34-35].



1.2.2 Structure of phthalocyanines

The structure, charge and hydrophobicity of a photosensitizer reinforce its interactions with its
surrounding, biological environment and thus its cellular uptake, subcellular localization and
cytotoxicity may be determined [36]. For example, amphiphilic photosensitizers are more
photodynamically active than hydrophobic or hydrophilic photosensitizers [37]. Amphiphilicity,
the property of possessing hydrophobic and hydrophilic characteristics in different segments
within the same molecule, allows distinct portions to interact differently with their biological
surrounding, boosting solubility, enhancing cellular uptake and intracellular targeting, and

regulating aggregation [38]. All of these issues affect the efficacy of the PS in PDT.

The use of substituted precursors leads to higher purity products in terms of the degree of
substitution. Such substitutions can be achieved at any of the 16 available positions of the Pc
structure (Figure 1.4).This process is favoured for substitutions to the framework, resulting in Pcs
with enhanced properties [23]. The positions 1,4,8,11,15,18,22,25 are known as non-peripheral
or a- positions, while 2,3,9,10,16,17,23,24 are identified as peripheral or 8- positions
[39].Functional groups have therefore been substituted onto the Pc framework to increase their
efficacy where groups such as alkyl chains, ethers, amines and thiols amongst others, have also
been introduced to improve solubility of Pcs [40]. Introducing quaternized or sulfonated groups
as substituents also enhances the solubility of the Pc in aqueous media [41, 42], while organic
functional groups such as thio ether and aryloxo functionalities allow for solubility in organic
solvents [43, 44]. The substituents can be directly attached to the Pc framework or onto the

phthalonitrile precursor prior to condensation to form the Pc ring [45].
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1.2.3 Synthesis of phthalocyanines

1.2.3.1 Synthesis via tetramerization of a single precursor

Quite a few ortho-substituted benzene derivatives can act as precursors in the synthesis of Pc
macrocycles (Scheme 1.1). The precursors include phthalic anhydride, phthalic acid,
phthalonitrile, phthalimide, diiminoisoindoline, o-cyanobenzamide, o-dibromobenzene and
cyclohex-1-ene-1,2-dicarboxylic anhydride, amongst others. Phthalonitriles are frequently used
in the synthesis of Pcs in the laboratory because they offer better yields, while phthalic
anhydride is used in batch production, as it is comparatively cheap [46]. The
phthalonitrile precursor method as employed for the purpose of this work; t he benefit of
using the phthalonitrile precursor is that it readily results in good yields of Pc complexes with
most metals apart from mercury and silver, while precursors such as phthalimide and phthalic
acid derivatives usually give inconsistent results. For the most part, phthalonitriles require
heating with a metal salt in a high boiling point solvent such as quinoline or N,N-

dimethylaminoethanol (DMAE) to form the Pc [47].

An easy method for the synthesis of Pcs by means of heating a phthalonitrile with a
catalytic amount of DBU (1,8-diazabicyclo[5.4.0lundec-7-ene) or DBN (1,5-
diazabicyclo[4.3.0]non-5-ene), known as the Tomoda method, was reported in the 1980s [48,
49]. This route may give up to 70% yields for the metal-free and 80% yields for the metallated
Pcs. Strong organic bases like DBU and DBN usually enhance the formation of Pcs in higher
yields, whereas weaker ones such as triethanolamine (TEA) and pyridine do not support the
formation of Pcs. Utilisation  enables the reaction to advance under milder conditions by
promoting the formation of the alkoxide ion. Unsubstituted metal-free Pcs (H2Pcs) can be
synthesised following the Linstead method [50] from a phthalonitrile precursor in refluxing
lithium, sodium or magnesium alkoxide solutions. The Pc can then be demetallated through the

addition of a dilute acid to give the H;Pc.
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Scheme 1.1: Synthetic routes to metallophthalocyanines (MPcs) from various precursors [22].

The process for the condensation of phthalonitriles to form Pcs involves a stepwise
polymerization of the precursors or reactive intermediates, preceded by coordination of the
central metal ion (in case of MPcs) and finally the closure of the ring forming the macrocycle [51,
52]. The ring closure is facilitated by aromatization, thermodynamic stability and inherent
stabilization due to the metal coordination. Metallated Pcs may also be made from metal-free
Pcs (H2Pcs) via the addition of a metal salt into a reaction. The only limitation with this method is
that it is impossible to add large metal ions into the Pc’s central cavity [53]. Therefore, the metal
salt has to be added into a refluxing solution of the Pc precursor(e.g. phthalonitrile) for

successful addition of the metal ion to the central cavity.

Non-peripherally substituted Pcs (with substituents at the o position) and peripherally

substituted Pcs (with substituents at the B position) have also been synthesized from suitable
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precursors. Alkoxy functional groups at the non-peripheral positions cause a large bathochromic
shift of the Q-band into the IR region (above 750 nm) [54, 55]. Additionally, octa-substituted non-
peripheral Pcs are attractive due to the substituents imparting greater solubility in organic
solvents with the Pcs synthesized being single isomers [56, 57]. The octa-substituted peripheral
Pcs can be attained by reacting 4,5-di-substituted phthalonitriles. If the two substituents are the
same, then regiomerically pure Pcs are formed. Pre-formed Pc reactions may also be utilised to

achieve the desired product.

1.2.4 Photophysical and photochemical properties of phthalocyanines

Photophysical activities are the changes taking place in the electronic states of a molecule and
they influence its chemical character. The energy transfer process results in a number of physical
changes, taking place when light of a specific wavelength is absorbed; however, it leaves the
chemical integrity of the molecule unchanged. The sample absorbs light and an electron is
excited from a lower (stable state) to a higher energy level (which is unstable with respect to the
ground state). The simplified Jablonski diagram shown in Figure 1.5 represents these pathways
and the subsequent loss of energy experienced by the PS in returning to the ground state [58-60].
Absorption processes occur from singlet ground state, So, to a vibrationally excited level of the
first singlet excited state, Si, or to a second, higher energy, electronically excited state,
S,. Fluorescence is a radiative process, taking place when the excited PS molecules lose
energy upon returning to the ground state (So) directly from the excited Si state. During collisions
with solvent molecules, vibrational relaxation occurs and the S;-excited molecules revert to the
first vibration level of Si, from which several processes can occur: namely, fluorescence,

phosphorescence or heat processes.
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Figure 1.5: Jablonski diagram illustrating the electronic states of a molecule and the transitions

taking place between the excited states and the ground state [61].

Phosphorescence is a radiative transition between the lowest triplet state and the ground state. As
phosphorescence originates from the lowest triplet state, it will have a decay time approximately equal to
the lifetime of the triplet state (ca 10 to 10 sec). The phosphorescence process is preceded by
internal conversion (IC) and intersystem crossing (ISC), which are non-radiative processes.
Phosphorescence decay is similar to fluorescence, though an electron spin transition into a
"forbidden" triplet state (T1), due to spin orbit coupling, takes place instead of to the lowest
singlet excited state (Si). The non-radiative transition is known as intersystem crossing. The
decay from the Tielectronic level takes place with lower energy relative to fluorescence (and
due to the spin flip required, phosphorescence also has a much longer lifetime). If this
transition occurs within body tissues, the excited PS molecules may transfer its energy to
ground state molecular oxygen (also in the triplet state), generating singlet oxygen
(*0,).Singlet oxygen is known as one of the reactive oxygen species (ROS) and has the ability to
initiate oxidation of the tissue components. Photodynamic therapy (PDT) is based on this feature
[62].
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1.2.4.1 UV-vis absorption spectra of phthalocyanines

All monomeric HaPcs and MPcs display a characteristic UV-vis absorption spectrum, which
includes a Soret-band at approximately 350 nm, and a main, strong Q-band in the near-IR
region (670 — 750 nm), as shown in Figure 1.6. [63]. The Pcs possessing four substituents at
the a-position typically exhibit a bathochromic shift in their UV-vis absorption spectra [64],
with the Q band red-shifted approximately 15 nm and the Soret bands red-shifted 20 nm in
comparison to their mono-substituted Pcs. Both the number and position of the substituents on
the macrocycle have a huge impact on the absorption spectra of Pcs. Pcs exhibiting
narrow and intense Q-bands, obeying the Beer-Lambert law for both the Q-band and
Soretband in the concentration range 10 - 10* mol/L, give an indication that no aggregation has
occurred within this range [65]. Aggregation is described as the coplanar interactions of rings
progressing from monomer to dimer higher order complexes occurring through m-mt interactions
of the pc rings. Aggregation is an unfavourable feature as the aggregates are not photoactive

[66].
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Figure 1.6: A typical absorption spectrum of a ZnPc in HPLC grade DMF solvent [63].
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1.2.4.2 Fluorescence quantum yields and lifetimes

The fluorescence quantum yield (®¢) is defined as the number of photons emitted in relation to
the number of photons absorbed. Therefore ®r may be explained as the ratio of molecules
fluorescing to the number of photons absorbed. The ®f is used to determine and compute the
efficiency of emission from the singlet state for a particular fluorophore. The ®r value is a
relative determination [67], utilising known compounds with standard fluorescence quantum

yields, for example ZnPc in DMSO (®f) = 0.20 [68], using equation 1.1.

F-Agign?
2
Fgq-Angy,

D= Dp (sta) (1.1)

where F and Fstdare the areas under the fluorescence curves of the sample and the standard
respectively. A and Astd are the respective absorbances of the sample and the standard at the
excitation wavelength, and n and nstd are the refractive indices of the solvents used for the
sample and standard, respectively.

The fluorescence lifetime, tr, of an excited species is the time needed for the concentration of
the species to decrease to 1/e, of its original value [69] as shown in Figure 1.7. The t¢ is
associated with the radiative lifetime, 1o, as defined by equation 1.2.Fluorescence
radiative lifetimes are used to explain the decrease of the lifetime of, for example, a Pc in the
presence of nanoparticles. They are directly related to the absorption coefficients and
excited lifetimes (tf). They are estimated from the fluorescence quantum yield (®f) and
lifetimes (t¢) as shown in equation 1.2. Figure 1.7 shows a typical fluorescence decay curve,
obtained using a TCSPC (Time Correlated Single Photon Counting) set-up. The fluorescence

lifetimes of MPcs are usually of the order of a few nanoseconds [70].

¢F = TF/TO (1'2)
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Figure 1.7: A typical fluorescence decay curve for a Zinc phthalocyanine (ZnPc) (red) [69].

1.2.4.3 Triplet quantum yield and lifetimes

The triplet quantum vyield (O7) and lifetime (tr) are used to measure the efficiency of the
phthalocyanine as a photosensitizer. The triplet quantum yield (OT)is the quantity of molecules
that undergo ISC from the first excited state, Si, to the triplet state Ti. Phthalocyanine triplet
quantum vyields (O7) and triplet lifetimes (tr) are usually determined using laser flash photolysis.
This technique uses a high energy laser light together with a white light to determine and
monitor the absorption of the molecule from the excited Ti state to higher energy states, Tn.
A triplet decay curve of change in absorbance (AA) versus time in seconds is achieved from
the experiment and from this the triplet lifetime (tr) can be computed. A typical decay curve is
shown in Figure 1.8. A virtual method using zinc phthalocyanine as a standard is employed for

triplet quantum
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yields (®OT) calculations as shown in equation 1.3. Most Pcs reveal triplet-triplet absorption
around the 500 nm region, far from the ground singlet state absorption making it possible to

conduct these measurements [71, 72].

.. .. EAr-35td
Or = (ystd AAr-dr (1.3)

T Aagtdar

where AA; and AAr are the changes in the triplet state absorbance of the sample and standard,

respectively. €; and &are the triplet state molar extinction coefficients for the sample and

standard, respectively [73].
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Figure 1.8: A typical triplet decay curve obtained for a Pc in DMSO [74]
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1.2.4.4 Singlet oxygen quantum yield

1
Singlet oxygen ( O,) is an extremely reactive species and is responsible for the light-induced
1
oxidative damage of malignant or bacteria/virus infected tissue. O, is generated when oxygen

in its triplet ground state (302) interacts with a sensitizer in a process called photosensitization,
(Figure 1.2, Type 2 mechanism). Singlet oxygen is determined by two main methods, using
chemical quenchers or by measuring the luminescence of singlet oxygen at 1270 nm [74]. In this
work, the singlet oxygen scavengers, 1,3 diphenylisobenzofuran (DPBF) or anthracene-9,10-bis-
methylmalonate (ADMA) were employed. Other known singlet oxygen quenchers are 1,4-
diazabicyclo-octane (DABCO) and sodium azide (NaN3); the latter is usually used in aqueous
media, while the former is often employed in organic solvents. This chemical method is the most
common method used for quantifying singlet oxygen in the laboratory. After the generation of
singlet oxygen, it is trapped using a singlet oxygen quencher. The quencher readily reacts with
singlet oxygen in a 1:1 ratio without side reactions or decomposition products that may

interfere with the detection of singlet oxygen [75]. The disappearance of the quencher is
1
studied spectroscopically and Scheme 1.2 shows the disappearance of DPBF with O,

generation in the mixture. 102 in the presence of the DPBF can undergo a series of reactions
(Scheme 1.2) [76]. The quantum yield of singlet oxygen (®p) is used to determine the

efficiency with which various photosensitizers generate singlet oxygen. The values are
determined using equation 1.4. The singlet oxygen quantum yield (®A) determinations for the
various phthalocyanine samples were recorded using a set-up as shown in Scheme 2.3 and a

singlet oxygen decay curves similar to that shown in Figure 1.9 were be obtained.

R_Istd
¢A = (Df‘,td std abe (1'4)
R abs

std
where @this the singlet oxygen quantum vyield for the standard ZnPc. R and R are the

photodegradation rates of ADMA or DPBF in the presence of a sensitizer under investigation and the

standard, respectively. I, and Ifﬁ,ds are the rates of light absorption by the sensitizer and

standard, respectively.
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Scheme 1.2: Photochemical reactions leading to the decay of singlet oxygen in a solution of
photosensitizer (MPc) and quencher (DPBF); k4, kchem and kphysrefer to the rate constants for
first order natural decay, chemical and physical quenching by DPBF respectively; kprodand kpare
the rate constants for chemical and physical quenching of singlet oxygen by the photosensitizer

[76].

- D

0.20

0.15 o

0.10 =

Intensity [a.u)

0.05 S

0.00

0 20 a0 60 80 10
\ Time (ps) j

Figure 1.9: Typical singlet oxygen decay signal at 1270 nm for an MPc in DMSO.
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1.3 Hyperthermia therapy

Hyperthermia therapy involves the generation of heat during cancer therapy; the term implying
treatment based on the generation of heat at the tumor site [77]. This treatment process
complements the cancer treatments currently available including: chemotherapy, radiation
therapy, surgery, gene therapy and immunotherapy for cancer [78]. The approach relies on
raising the temperature of the tumour environment, resulting in a change in the
physiology of diseased cells, thus leading to apoptosis [79]. Based on the degree of
temperature increase, hyperthermia treatment can be classified into different types namely, in
thermo ablation, where a tumour is subjected to high temperatures > 46 °C (up to 56 °C)
causing cells to undergo direct tissue necrosis, coagulation or carbonization. The level of
effectiveness of any hyperthermia treatment largely depends on the temperatures generated at

the target site of action, the period of exposure and the type of cancer cells [80].

Hyperthermia is also categorized into local, regional and whole body hyperthermia, depending
on the site of disease. Whole body hyperthermia, as the name implies, is applied to treat
metastatic cancer cells which are spread all over the body. Regional hyperthermia involves heat
subjection to larger areas, for instance the whole tissue and organ, while local hyperthermia
refers to the subjection of a small tumour to heat. Of these, local hyperthermia is achieving the
most attention because of the generation of intracellular heat. However, the challenge lies

in heating only the tumor cells without affecting healthy tissues [81].

The application of magnetic materials for hyperthermia treatment of cancer was first proposed
in 1957 with the possibility of converting dissipated magnetic energy into thermal energy [82].
Later, the idea developed into a well-researched field as magnetic nanoparticles (MNPs) were
introduced. Nanomaterials have generated a great deal of interest due to their larger surface

area to volume ratio, small sizes and possibility of surface functionalization.

MNP-based hyperthermia treatment has a significant amount of advantages over conventional

hyperthermia treatment. Highlights (in Figure 1.10) include: 1) the frequencies of oscillating
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magnetic fields used pass harmlessly through the body generating heat only in tissues containing
MNPs, 2) cancer cells that have absorbed MNPs thus have increased hyperthermia efficacy by
transferring the therapeutic heat directly to the cells, 3) MNPs can be functionalized, using
cancer-specific binding agents, which allows for a more selective and effective treatment, 4)
owing to their small size and the capping agent present on the MNPs, they can also effectively
cross the blood-brain barrier (BBB) and can therefore be used for treating brain tumors, 5)
MNPs are stable and these can therefore be administered via a number of drug delivery routes,
7) MNPs are typically a few nano-meters in size and they can therefore pass easily into several
tumours where the pore sizes are generally in the 380 — 780 nm size range, 8) MNP-based
heat generation is more efficient and homogeneous in relation to macroscopic implants , 9)
MNP-based hyperthermia treatment may also induce anti-tumoral immunity, and 10)
most importantly, MNP-based hyperthermia can also be utilized for the targeted delivery of
drugs [83-91]. These additional qualities open up possibilities for the advancement of

multifunctional and multi-therapeutic approaches for treating a number of diseases.

Hyperthermia
based
Therapy
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Drug Release

functional
Therapy

Figure 1.10: A schematic representation of some of the unique advantages magnetic

nanomaterials offer in hyperthermia-based therapy and controlled drug delivery [84].
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1.4 Magnetic Resonance imaging (MRI)

1.4.1 Principles of Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) is the main, non-invasive, diagnostic technique used in
medical science. As compared to other imaging modalities, a remarkable advantage of MRl is its
superior spatial resolution, however, the limited sensitivity offered by the probes used is a
drawback [91,92]. MRI has other numerous advantages which include flexibility, extreme
imaging, patient nontoxicity, high-resolution images with exceptional soft tissue contrast
between different tissues, and the acquisition of unique clinical information [93-96]. Hydrogen
proton nuclei are employed to produce the image, as they are the most abundant nuclei found
in the body, with the highest concentrations found in the water and lipid molecules [97].
Recently, attempts have been made to enhance the sensitivity of this technique and facilitate
biological and efficient information-rich imaging by making use of MNPs. The emergence of

nanotechnology in the 1990s led to the invention of several contrast agent probes [98, 99].

1.4.2 Classes of contrast agents

The major drawback of MRI in molecular imaging is its low sensitivity compared with nuclear
imaging for example. Presently, about 35% of MRI tests involve the use of contrast agents, but
this percentage is expected to further increase following the development of more effective and
specific contrast probes. MR contrast agents (MRCAs) operate by shortening longitudinal
relaxation time (Ti1) and transverse relaxation time (T2), which can guarantee several
requirements for clinical applications including: ample relaxivity and susceptibility effects,

elimination, low toxicity, tolerance, stability, optimal bio-distribution and safety [80].
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1.4.2.1 Longitudinal relaxation (T1) contrast agents

Longitudinal relaxation (also known as spin-lattice relaxation) reveals a thermal loss from the
spin system to its surroundings (lattice). The main advantage of T1 contrast agents, as compared
to T2 contrast agents, is that an enhancement in the signal results in the acquisition of positive
images. Positive contrast agents reduce the Ti relaxation time, creating a bright
contrast. The magnetizations of paramagnetic materials, such as gadolinium complexes,
are directly reliant on the number of ions and its unpaired electrons, displaying no
magnetization in the absence of an external magnetic field. Table 1.1 displays some of the

paramagnetic metal ions available or used as contrast agents [15].

There are other transition metals and lanthanide metals with unpaired spins, but for the metal

to be effective as a relaxation agent, the electron spin-relaxation time must match the Larmor
frequency of the protons. And this condition is accomplished better with Fe3*, Mn?* and Gd3*
ions. The major problem with paramagnetic heavy metal ions is their toxicity. Both the metal ion
and the ligand tend to show substantial toxicity in their free state. Slower clearance from the
body is likely to significantly increase the toxicity of any Gd** complex. However, the discovery of

a less toxic compound, with different metals and paramagnetic properties, is possible [100].
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Table 1.1: Configuration and magnetic moments of some paramagnetic metal ions.
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1.4.2.2 Gadolinium-based contrast agents

The risk associated with toxic Gd ions, the short half-lives and the low relaxivity has limited the
application of Gd-based agents. The most frequent side- effects are headache, nausea and
dizziness for a short time after the injection. This occurs in 1% to 5% of contrast agent based
injections. Because of its high availability and chemical stability, Gd3* is extensively used as
a MRCA [101-103]. In comparison to iron oxide, Gd3 * or Mn?* based nanoparticles show
relatively stronger paramagnetic properties. They thus enhance the MRI contrast more
efficiently and are commonly used in clinical MRI. Angiography scans can be performed by
utilising Gd contrast media and the evaluation of many myocardial (heart) abnormalities can
only be fully assessed and treated by using gadolinium contrast agents [104]. Figure 1.11 shows
the function of MNPs in disrupting the normal magnetic relaxation processes of a proton [105].
From this Figure 1.11, it can be seen that the induced magnetic field created by the MNPs

agitates the magnetic relaxation processes of the protons in neighbouring water molecules,
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resulting in the shortening of the spin—lattice relaxation time of the proton, together with a

concomitant enhancement of the signal.
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Figure 1.11: Diagram showing the function of MNPs in the perturbation of the

magnetic relaxation processes of the proton [105].

1.5 Magnetic Nanoparticles

1.5.1 Application of phthalocyanines with magnetic nanoparticles

Many metallophthalocyanines have been found to have low solubility which is one of
their significant limitations in biological applications and catalysis. The substitution of the
aromatic rings of the phthalocyanines has shown to improve the solubility of the

phthalocyanines particularly in agueous media [106].
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Once phthalocyanines are soluble in aqueous media another problem arises; the separation of the
phthalocyanine the aqueous media when they have to be released from the body. It is important that
the phthalocyanine be able to be washed out of the body after treatment and therefore the
separation process is essential. In addition, in catalysis, separation is important in order to be able to
recycle the catalyst [107]. However, MPcs soluble in aqueous media have been shown to
aggregate, reducing their catalytic behaviour [108]. Studies have been done where the Pcs are
dispersed onto supports to obtain a heterogenous catalyst. Nanoparticles have emerged as an
efficient alternative for the immobilisation of homogenous catalysts. Again, the recovery of these
nanosized particles has been problematic, limiting their wide application [109]. Current interests
involve combining magnetic nanoparticles like Fe304 with these catalysts for biological and
technological applications. The combination of these two nanomaterials brings together the
separation power of the magnetic nanoparticles and the catalytic action of the MPcs [110]. Table 1.2

lists some of the magnetic nanoparticles used with Pcs for a variety of applications.

27



Table 1.2: Magnetic nanoparticles used in combination with metallophthalocyanines

for various applications.

Magnetic Nanoparticle | Metallophthalocyanine Application Ref

NaGdF4:Yb, NaGdF,@SiO» Aluminium tetracaboxy Pc MRI and PDT [111]
(AIC4Pc)

Iron oxide (Fes30a) Zinc octacarboxy Pc Catalysis [112]
(ZnOCPc)

Silica nanoparticles (SiNP) Iron tetracarboxy Pc Catalysis [113]
(FeTCPc)

1.5.2. Properties of Gdz03 nanoparticles

Nanoparticles with d orbitals (Gd,03, GdPO4, GdFs, NaGdF4, etc.) are attractive, potential single
phase multifunctional bio-probes revealing a number of magnetic and optical properties within
one particle. Studies have been done on Gadolinium oxide (Gd.03) nanoparticles as the host
matrix for downconversion [114-116] and upconversion [117, 118] luminescence processes due
to their interesting physical properties, such as high melting points (2320°C), chemical
durability, thermal stability and low phonon energy (600 cm™). Among various Gd-based
nanoparticles, gadolinium oxide nanoparticles have been accepted as effective T1 MRI contrast

agents [119]. Figure 1.12 shows the structure of the gadolinium oxide nanoparticle.
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Figure 1.12: Crystal structure of the gadolinium oxide nanoparticle unit cells [114].

1.5.3 Synthesis of Gd203 contrast agents and nanoparticles

Usually gadolinium-based contrast agents are synthesised by the formation of a chelate, i.e.,
using a chelating agent to stabilize the metal ion (for example, diethylene triamine penta-
acetic acid (DTPA) or 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)) but
recently a number of other methods have been proposed. Among these, metallofullerenes
where the Gd ions are encapsulated in a fullerene cage [120, 121,122], metal-organic
frameworks (MOFs) and nanoscale coordination polymers (NCP) [123] have been used. The
latter, however, is quite complex involving several steps. A main limitation of organic
systems like MOFs and metallofullerenes is their large particle size (usually 100 nm), and
since large molecular species are usually rapidly recognized by phagocytes and excreted by
the reticulo-endothelial system
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(RES) [124]. The nanoparticles size of the contrast agent is thus a critical parameter and so is its

chemical stability.

The best way to collect a large number of Gd ions contained within a small volume is to employ
nanocrystals, e.g. gadolinium oxide (Gd;03) [125-127], gadolinium fluoride (GdFs) or gadolinium
phosphate (GdPQgs). The crystals are preferably kept as small as possible to provide a
large surface to bulk ratio and thus an efficient interaction between Gd(Ill) and water
molecules; i.e. a high-water exchange. Small or ultrasmall Gd,0s3 nanoparticles synthesized
according to the polyol route have been extensively studied; they have been used in this work
and others. The yield of the polyol synthesis is, however, low and a severe disadvantage is
the necessity for lengthy purification methods to free the nanoparticle solutions from free
Gd(lll) ions. Furthermore, the as-synthesized polyol-prepared nanoparticles are usually
dispersed in diethylene glycol (DEG), which is a toxic chemical known to induce renal

inflammation, thus not suitable for oral intake or intravenous injection [128].

1.5.4. Characterization and application of gadolinium oxide nanoparticles

Generally, there are a large number of different characterization techniques that can be
employed for the characterization of magnetic gadolinium oxide nanoparticles. These include,
XRD which can be used to give a fair idea of the crystalline nature and the phase
transitions of the nanoparticles. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) techniques are both particularly useful in understanding and quantifying
the nanoparticle morphology. Electron paramagnetic Resonance (EPR), Thermogravimetric
analysis (TGA), Ultraviolet-visible (UV/vis) spectroscopy and Fourier transform infrared (FTIR)
spectroscopy, to name a few are also used to characterize nanoparticles and these were also
employed for the characterization of the synthesized gadolinium oxide nanoparticles in this
work. The characterization techniques probe into the internal structure and properties such
as the structure, size, thermal stability, chemical composition, absorption, fluorescence,

magnetic ability, amongst others, of the material being analysed.
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Magnetic gadolinium oxide nanoparticles have been the subject of intense research for the past
50 years; however, this field of study has only now become one of great focus in modern
nanotechnological applications. The property of magnetism opens up a wider facet in the
application of the nanomaterials [129]. Gadolinium oxide nanoparticles have been studied and
they have been shown to be excellent magnetic resonance imaging (MRI) contrast agents. During
MRI, the contrast agents play a role of distinguishing the healthy tissues from the tumour cells
[130]. Additionally, when the surface of the nanoparticles is modified with photodynamic
therapeutic agents such as photosensitizers, they may show enhanced permeation and retention
(EPR), which is a property where these molecules tend to accumulate in tumor tissues more than
they do in normal cells [131]. A treatment such as hyperthermia treatment (HPT), where
a magnetic field is applied together with magnetic nanoparticles to raise body temperature
has shown great promise in terms of increased tumour shrinkage [132] and functionalization
of a nanomaterial is an effective approach to modify their surface properties [133]. For
certain applications it is essential to tune the surface characteristics of the nanomaterial.
Similarly for magnetic nanoparticles, functionalization has been used particularly for nano-
applications (biotechnological applications, medicine such as cell separation, drug delivery,
hyperthermia, DNA extraction and MRI) [134]. The coating/capping of the nanoparticle is
critical in enhancing their solubility in water and in allowing the nanoparticles (NPs) to be
used for biological applications. Water soluble NPs are always necessary for biological
applications; however, it becomes difficult to isolate these nanoparticles once they become

water-soluble [135].
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1.6 Electrospinning

The assemblying of the Pc-MNP conjugate onto polymer nanofibers increases the surface area of
the catalytic surface therefore enhancing the catalytic activity of the nanofibers. This is the first
time a Pc-Gd,03NP conjugate has been incorporated into apolymeric fiber matrix and used for
the photocatalytic degradation of orange G. Gold nanoparticles conjugated to phthalocyanines
have also been embedded onto nanofibers for catalytic applications [136], while carbon
nanofibers loaded with cobalt nanoparticles have been studied in the electrocatalysis of amino
acids [137]. The gadolinium oxide nanoparticles used have been shown to possess magnetic
behaviour and thus they will be efficient for the recovery of the catalyst, either on their own or

within a solid support.

Electrospinning was introduced in the 20th century and the principles of electrospinning were
described by Zeleny in 1914 [138]. In 1969 Taylor explained the concept of the Taylor cone and
the parameters which would result in achieving the best Taylor cone [139]. Electrospinning is a
platform technology for producing novel nanofibrous materials with a high surface to volume
ratio, significant fibre interconnectivity and microscale interstitial spaces and it is known as the
cheapest and most simple method for the production of ultrafine nanofibers with diameters
ranging from 100nm to 1 um. Electrospun nanofibers give small pore sized fibers with a large
surface area and easily functionalised surfaces [139]. Electrospun fibres are of great interest in a
diverse range of applications ranging from cell biology and tissue engineering, through filtration
to power and optoelectronic devices. Recently, the process of electrospinning has attracted
much attention because it can consistently produce polymer fibers that range from 5 to 500 nm

in diameter [140,141].

Polyamides have been vastly used in electrospinning, there are different types of
polyamides, however, for this research polyamide-6 was employed. Polyamide-6 is an aliphatic
polymer made from [NH-(CH;)s-CO] monomer [141]. This polymer was chosen due to its
great flexibility and resistance to chemical degradation and heat damage. Therefore, it can be

used in media of any temperature or pH [142].
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1.6.1 Electrospinning process parameters

The setup of the electrospinning process is very simple and consists of three major components:
a high-voltage power source, a syringe with a metal needle connected to a syringe pump and a
grounded conductive collector [143], as illustrated in Figure 1.13. In this process, a polymer
solution is subject to an electrical field. Initially the polymer solution forms a droplet at the end
of the capillary tube. As the voltage increases, a charge is induced on the fluid surface, and the
droplet is distorted to form a conical shape known as the Taylor cone. When a critical voltage is
reached, a jet is ejected from the apex of the cone. As the jet accelerates and thins in the electric
fields, radical charge repulsion results in splitting of the primary jet into multiple filaments by

splaying as illustrated in Figure 1.13[144].

Syringe

Taylor Cone

Needle
Pump i/
&3 Fiber
4 High voltag - formation
source

Figure 1.13: Schematic drawing of the electrospinning technique setup [144].
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Although the working principle of electrospinning is rather straight-forward as described, it is
influenced by many parameters which can influence the morphology of the fibers. These
governing parameters can be categorized into three main types: 1) solution (e.g. concentration,
viscosity, surface tension and conductivity of the polymer solution), 2) process (e.g. applied
electrostatic potential, collection distance and feed rate) and 3) ambient parameters (e.g.
temperature, relative humidity and velocity of the surrounding air in the spinning chamber) [141,
144]. The concentration of the polymer solution allows for sufficient chain entanglement,
uninterrupted and consistent electrospun fibers under the applied electric field [149]. The
polymer concentration in solution usually determines whether it is electrospinnable and generally
has a great effect on the fiber diameter, as well as fiber morphology. High concentrations
generally produce fibers of a large average diameter; however, the quantitative relationship
between the concentrations of the solution and the average fiber diameter is variable depending
on the polymer used. At extremely low polymer concentration, fibers do not usually form and

the solution simply sputters or sprays out [145].

Environmental factors such as humidity and temperature have an effect on the quality of the
fibers formed. The rate of drying of the polymer jet is confirmed by the surrounding conditions
and will determine whether the fibers will be fused or not in the fiber mat. The process
parameters also include tip to collector distance, flow or pump rate and the voltage applied. All
these influence the quality of the fibers obtained in different ways. A good combination of all
these parameters generally leads to the appropriate formation of fibers for the desired

application.

1.6.2 Characterisation of electrospun fibers
In order to study the morphology, molecular structure and purity of the nanofibers, various

techniques were used to characterize the nanofibers. Scanning Electron Microscopy and

Transmission Electron Microscopy were used for the determination of the geometric properties
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of the fibers. These two techniques give a 2-dimensional representation of the electrospun fibers

and by analyzing the images obtained, one can also detect any defects on the fibers.

1.6.3 Applications of electrospinning

Photocatalysis is a growing application for phthalocyanine functionalised nanofibers. Studies
have been done with other phthalocyanines for various applications. ZnPc has been embedded
on a polyurethane polymer nanofiber and used in anti-bacterial applications [146]. Copper
tetraaminoPc (CuTAPc) has been used in optoelectronics using a poly(ethylene oxide) polymer
[147]. Also in photocatalysis, a Lutetium tetraphenoxy Pc (LuTPPc) on polystyrene nanofibers was
applied for the photodegradation of 4-nitrophenol [148]. Electrospinning has also been

employed for textile manufacturing [149] and filtration [150].

1.7 Background on environmental pollutants used in this work

Phthalocyanine-gadolinium oxide nanoparticle conjugates have excellent properties and can be
used for developing functional polymer composites having promising physical, chemical, optical
and catalytic properties [112]. The unique properties and the multi-functionality of these
polymeric fibers are used in applications such as sensors, optoelectronics, drug delivery and
photocatalysis. In this work, the photocatalytic degradation of a common water pollutant
Orange G (OG) was used as an example of the application of phthalocyanine-nanoparticle
conjugates incorporated into electrospun fibers. Other work where gold or iron oxide

nanoparticles were used in different polymers matrices has been done [112].
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1.7.1 Background on azo dyes

Azo dyes account for approximately 60-70% of all dyes used in food and textile manufacture
[151]. They are synthetic colours that contain an azo group, -N=N-, which also imparts the
colour, as part of the structure. Azo groups do not occur naturally and most contain only one azo
group, but some contain two (disazo), three (trisazo) or more [152]. Several degradation
products of the dyes have been found to be mutagenic or carcinogenic and subsequently
wastewaters originating from azo dye production or application industries pose a major

threat to the surrounding ecosystems and human beings’ health [153-154].

Azo dyes are pH stable, heat stable and do not fade when exposed to light or oxygen [155].
Various physico-chemical techniques have been applied in the removal of azo dyes. These
techniques included filtration, coagulation, precipitation, adsorption and ion exchange [156].
However, these methods are not destructive, but only change the dye from one phase to another
[157,158]. Recently advanced oxidation processes (AOPs) have been employed in the
destruction of hazardous dyes [159]. Examples of these AOPs are the Fenton reaction [160], wet
air oxidation [161], ozonation [162], and electrolysis [163], amongst others. These have been
widely studied, however, photolysis has been the employed more successfully due to its use
of easy to handle reagents and it is comparatively inexpensive [164]. In this work orange G dye
was used for the Photodegradation studies, the photoproducts represented in Figure 1.14 were

found to be non-toxic.

OH Oxalate
Glycolate
N\\“\N
1 Formate
0,
SO3Na — o ]
NO, + NO;
S0,
CO + CO,
SO;Na

Figure 1.14: Photodegradation of the orange G dye.
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1.8. Summary of the aims of this thesis

The aim of this work is to create a multifunctional nanocomposite based on phthalocyanine,
gadolinium oxide nanoparticles and polymer fibers. This multifunctional nanocomposite/hybrid

can then be used as a photocatalyst in the photodegradation of orange G, an organic pollutant.

The aim of this thesis is therefore to:

1. Synthesise and characterize magnetic gadolinium oxide nanoparticles.

2. Synthesise and characterize a zinc tetracarboxyphenoxy phthalocyanine.

3. Synthesise and characterize a phthalocyanine functionalized gadolinium oxide

nanoparticle conjugate.

4. Form electrospun nanofibers and study the effect of different parameters on the

electrospinning process.

5. Fabricate the electrospun fibers functionalized with phthalocyanine and phthalocyanine-

gadolinium oxide nanoparticle conjugates.
6. Characterize the functionalized fibers using various spectroscopic techniques.
7. Investigate of the suitability of the polymer fibers containing the phthalocyanine and the

phthalocyanine-gadolinium oxide nanoparticles for the photodegradation of orange-G in

aqueous media.
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Chapter 2

Experimental

Incorporated in this chapter are all the experimental procedures used during the course of this
thesis, including the methods of characterization for the nanoparticles, phthalocyanine,

conjugates and nanofibers employed in this work.
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2.1 Solvents and Reagents

Dimethylsulphoxide (DMSO), ethanol (EtOH), dimethylformamide (DMF), methanol (MeOH) and
toluene were obtained from SAARChem. Water collected from a Milli-Q water purification
system (Millipore Corp., Bedford, MA, USA) was used for the preparation of all aqueous solutions.
1,3-diphenylisobenzofuran (DPBF), Anthracene-9, 10-bis-methylmalonate = (ADMA), N,N'-
dicyclohexylcarbodiimide(DCC), sodium hydroxide (NaOH) pellets, polyethylene glycol (PEG), (3-
aminopropyl)triethoxysilane (APTES, 99 %), Acetic acid (98 %), formic acid (99.8 %), Gadolinium
nitrate hexahydrate (99.99 %), Orange G (OG) and N-hydroxysuccinimide (NHS) were purchased
from Sigma-Aldrich. Polyamide-6 Ultramid® B grades (i.e., B24, B27, B32 and B36) were
supplied by BASF. The average molecular weights in grams per mole are: 70,000, 80,000, 90,000
and 10, 000 for B24, B27, B32 and B36, respectively.

2.2 Instrumentation

=

UV-Vis absorption spectra were measured at room temperature on a Shimadzu UV-2550
spectrophotometer using a 1 cm pathlength cuvette for the solution studies.
2. Infrared (FTIR) spectra were recorded using a Perkin-Elmer 100 FTIR Spectrometer
equipped with a Universal Attenuated Total Reflectance (ATR) sampling accessory.
3. Fluorescence emission and excitation spectra were obtained on a Varian Eclipse
spectrofluorimeter using a 1 cm pathlength quartz cuvette.
4. Fluorescence lifetimes were measured using a time correlated single photon counting setup
(TCSPC) (FluoTime 200, Picoquant GmbH), Scheme 2.1. The fluorescence lifetime of the
phthalocyanine and its conjugates were determined using a diode laser (LDH-P-670 with PDL
800-B, Picoquant GmbH, 670 nm, 20 MHz repetition rate, 44 ps pulse width). Fluorescence
was detected under the magic angle with a Peltier cooled photomultiplier tube (PMT) (PMA-
C 192-N-M, Picoquant) and integrated electronics (PicoHarp 300E, Picoquant GmbH). A

monochromator with a spectral width of about 4 nm was used to select the required emission
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wavelength band. The response function of the system, which was measured with a
scattering Ludox solution (DuPont), had a full width at half-maximum (FWHM) of 300 ps. All
luminescence decay curves were measured at the maximum of the emission peak and
lifetimes were obtained by deconvolution of the decay curves using the FLUOFIT software
program (PicoQuant GmbH, Germany). The support plane approach was used to estimate the

errors of the decay times.

[:::'::;2:::: ] )—f - Sample
| :
Beam Splitter w

—

| A Filter
Photo \ Monochromator
Diode
Start

Stop
+_ (MPC)- PMT

PicoHarp
@' Detection system

Scheme 2.1: Schematic diagram for the TCSPC spectrometer.

5. Laser flash photolysis experiments (shown in Scheme 2.2) were performed with the light
pulses produced by a Quanta-Ray Nd: YAG laser providing 400 mJ, 90 ns pulses of laser light
at 10 Hz, pumping a Lambda -Physik FL3002 dye (Pyridin 1 dye in methanol). The energy of a
single pulse ranged from 2 to 7 mJ. The analyzing beam source was from a Thermo Oriel xenon
arc lamp and a photomultiplier tube was used as a detector. Signals were recorded with a
digital real-time oscilloscope (Tektronix TDS 360); the kinetic curves were averaged over 256

laser pulses.
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6.

10.

11.

Photo-irradiation for photodegradation or singlet oxygen determinations were performed
using a General Electric Quartz line lamp (300 W). A 600 nm glass cut off filter (Schott) and
water filters were used to filter off ultraviolet and infrared radiations, respectively. An
interference filter (Intor, 670 nm filter with a band width of 20 nm, or a 700 nm filter with a
band width of 40 nm depending on the Q-band maxima of the Pc) was additionally placed in
the light path before the sample (Scheme 2.3). Light intensity was measured with a POWER
MAX5100 (Molelectron Detector Incorporated) power meter and found to be 3.2 x 10%°
photons cm=2.s! for the photodegradation studies and 1.3 x 10%° photons cm=2 s7* for the
singlet oxygen studies.

Scanning Electron Microscopy (SEM) was used to analyse the morphology of the electrospun
nanofibers using a JOEL JSM 840 SEM at an accelerating voltage of 20 kV. The average fiber
diameter and their standard deviations were based on 70 measurements, using the Cell D
software from Olympus.

Energy dispersive X-ray spectroscopy (EDX) was carried out using a INCA PENTA FET coupled
to the VAGA TESCAM using 20 kV accelerating voltage.

Transmission electron microscopy (TEM) images were obtained using a ZEISS LIBRA® TEM and
the sizes determined using Image) software.

X-ray powder diffraction (XRD) patterns were recorded on a Bruker D8 Discover equipped
with a LynxEye detector, using Cu-Ka radiation (A= 1.5405 A, nickel filter). Data were collected
in the range from 26= 5° to 60°, scanning at 1° min"! with a filter time-constant of 2.5 s per
step and a slit width of 6.0 mm. Samples were placed on a zero background silicon wafer slide.
The X-ray diffraction data were treated using the Eva (evaluation curve fitting) software.
Baseline correction was performed on each diffraction pattern, while the full-width at half-
maximum values from the fitted curves were used to determine the nanoparticle size (if
possible) in this study.

X-ray photoelectron spectroscopy (XPS) was done using a Kratos Axis Ultra DLD, using an Al
(monochromatic) anode, equipped with a charge neutralizer, while the operating pressure
was kept below 5 x 10 torr. For survey XPS scans, the following parameters were used:

emission current was kept at 5 mA, the anode (HT) voltage at 15kV, and the resolution at 160
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12.

13.

14.

eV pass energy using a hybrid lens in the slot mode. The step size used was at 1 eV, while the
dwell times were kept at 300 ms. The high resolution spectra were obtained at pass energy
of 40 eV, also in slot mode with the dwell times and step sizes at 500 ms and 0.1 eV,
respectively

The thermal degradation properties of the Polyamide (PA), functionalized PA fibers and
indivual components were studied using a Simultaneous DTA-TG (Shimadzu) thermal
analyzer (TA 60WS, Shimadzu) at a heating rate of 10 °C/min to 500 °C under a nitrogen
atmosphere with a gas flow rate of 120 ml/min.

An X band EMXP"Ys Bruker Electron Paramagnetic Resonance (EPR) Spectrometer was
employed where the first derivative signal was obtained in solid state for the Gd,0s NPs, Si-
Gd>03 NPs and their conjugates with ZnTCPPc.

Polymer solution viscosity and conductivity measurements were carried out using a rotating
Brookfield Viscometer LVDV-Il and a CDM-210 conductivity meter (Radiometer Analytical).
The electrospinning set-up consisted of an infusion pump (KD Scientific Syringe Pump Series
100) which was used to pump out a solution held in a 20 ml plastic syringe fitted with a needle
(dimensions: 1.024 mm x 15.24 cm). A high-voltage source (Glassman High Voltage Series EH)

was used to generate an electric field between the needle tip and a grounded collector.
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2.3 Methods

2.3.1 Fluorescence quantum yields (®r) and lifetimes (tf)

The fluorescence spectra of the synthesised Pcs together with the zinc phthalocyanine (ZnPc)
standard, were prepared such that the absorbance of each, at their respective excitation
wavelength, was ~ 0.05. Due to differences in solubility, the emission spectra of the Pcs and ZnPc
standard were measured in different solvents. However, the differences in refractive indices
were corrected and the area under the emission curves measured to calculate the fluorescence

guantum yields using equation 1.1. The ZnPc standard was measured in DMSO (®r= 0.20) [1].

— F'Astd'n2 std
Pp = — "= Py (1.1)
std"ANgeq

where F and Fsq are the areas under the fluorescence curves of the sample and the standard
respectively. A and Asqg are the respective absorbances of the sample and the standard at the
excitation wavelength and n and nsigare the refractive indices of the solvents used for the sample

and standard respectively.

The fluorescence lifetime, t¢, of an excited species is the time needed for a concentration of the
excited species to decay to 1/e or ~ 37 %, of its original value [2]. The t¢is related to the radiative
lifetime, 1o, and is defined by equation 1.2.

TF

Py = — (1.2)

To
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2.3.2 Triplet quantum yields and lifetimes

Triplet quantum yields (®Pr) and lifetimes (tr) were determined by a laser flash photolysis set-up

- 9-@

Nd: YAG laser Dye Laser Focussing mirror

(Scheme 2.2).

Oscillosc

ope

i

Monochromator
Xenon Lamp Collimating lens Sample cell holder with PMT

Scheme 2.2: Schematic representation of a laser flash photolysis set-up

The concentration of the argon saturated solutions of each of the samples under investigation,
as well as an unsubstituted ZnPc (standard), was adjusted to an absorbance of ~1.5 and
introduced into a 1 cm path length spectrophotometric cell. The samples were then irradiated at
the wavelength where the Q-band of the sample and standard solutions intersect. The triplet
guantum yields of the samples were determined using equation 1.3 with ZnPc in DMSO (®r=

0.65) [3]. The triplet lifetimes were determined by the exponential fitting of the triplet decay

curves using OriginPro 7.5 or 8.0 software.
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std AAT"E’SFtd

¢T = (I)T AA.Srtd-ST (1.3)
where AArand AA%td are the changes in the triplet state absorbances of the Pc derivative and the

standard respectively; € ' and esrtd, the triplet state molar extinction coefficients for the Pc

derivative and the standard respectively; (D%tdthe triplet quantum yield for the standard e.g.
ZnPc. €' and &5 are determined from the molar extinction coefficients of their respective
ground singlet states (ssand &£5t¢), the changes in absorbances of the ground singlet states
(AAsand AAS®) and changes in the triplet state absorption, (AArand AAS) according to

Equations 2.1a and 2.1b:

AAT
AA

€ = & (2.1a)

d
std _ ostd AAgrt
sT - £S AAStd (2 . 1b)
s

2.3.3 Singlet oxygen quantum yields (®A)

The singlet oxygen quantum yield (®a) determinations for the various phthalocyanine samples

were recorded using a set-up as shown in Scheme 2.3.

56



Cut-off and Sample
interference filter cell holder
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Scheme 2.3 Schematic representation of a photochemical set-up.

The studies were carried out in air using a 2 mL solution of the phthalocyanine or conjugate
sample mixed with a singlet oxygen chemical quencher 1,3-diphenylisobenzofuran (DPBF in
organic solvents or Anthracene-9,10-bis-methylmalonate (ADMA) in aqueous media for
the samples embedded in fiber). The photochemical reaction was executed in a 1 cm path
length spectrophotometric quartz cell fitted which had a tight-fitting stopper and the sample
then photolysed at the Q-band region using a 300 W General Electric quartz lamp, as described
in section 2.2. The light intensity reaching the reaction vessel was calculated to be ~1.3 x 10%°
photons.cm2.sL. Singlet oxygen quantum yield values were determined (using equation 1.4) by
monitoring the decrease in absorbance of ADMA at 380 nm in aqueous media, or DPBF at 414
or 415 nm in DMSO, with time. To avoid chain reactions, the concentrations of DPBF were

kept at ~6 x 10°mol.dm=3. ZnPc was employed as a standard in DMSO (= 0.67 [4]).
R-lStd
b, = q)std abs 1.4
A T (1.4)

where chtd is the singlet oxygen quantum yield fpr the standard ( ZnPc, ¢Std=0.67 in DMSO [4]), R

and R*™ are the DPBF photobleaching rates in the presence of the respective MPc conjugates

under investigation and the standard respectively. l,ps and ijflare the rates of light absorption

by the MPcs
The irradiation experiments were carried out using the photolysis setup described in Scheme
2.3.

57



2.4 Synthesis

2.4.1 Synthesis of uncoated/bare gadolinium oxide nanoparticles (1) Scheme
3.1 (step 1)

The method for the synthesis of the uncoated or bare gadolinium oxide nanoparticles (1,
Gd203NPs) was carried out as reported by Bazzi et. al. [5] with slight modification as follows:

Firstly, 1 g (2.7 mmol) of the Gd(NO3)3 salt instead of GdCl;#6H,0 was placed in 20 ml of PEG

whereas Bazzi et al. used diethylene glycol, as a capping agent, at 60°C under vigorous stirring
overnight under an argon atmosphere. The temperature was decreased from 140° to 60° in order
to control the assembling of the nanoparticles and exclude any aggregation. An aqueous solution

of NaOH (2 M, 1 ml) was added dropwise to the reaction flask after which the temperature was

raised to 140 ©C for 1 h and subsequently increased to 180 ©C for a further 4 h. The resulting
product was precipitated with ethanol, centrifuged and washed a further 3 times with
ethanol. The Gd203NPs (1) were successfully synthesised and were dispersed in ethanol (10 ml)

and stored for further use. Yield=~2.0 g

2.4.2 Silica coated Gdz03nanoparticles (2) Scheme 3.1 (step 2)

Following the method of Bazzi et. al. [5], dried, uncoated Gd>Os3NPs (1, 0.25 mg) were washed 3
times with toluene, air-dried and suspended in a solvent mixture of DMF (12 ml) and toluene (8
ml). APTES (1 ml, 4.27 mmol) was added dropwise and the mixture stirred for 24 h at
room temperature under an argon atmosphere. The resultant product was separated out
by centrifugation and washed 4 times with toluene and thereafter stored in toluene (10 mL)

until further use. The silica coated Gd,03NPs are represented as SiGd,O3NPs (2). Yield: 3.0 g.
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2.4.3 ZnTCPPc (3) Scheme 3.2

Zinc tetracarboxyphenoxy phthalocyanine (ZnTCPPc, complex 3) was synthesized as reported
before [6]. The method followed a synthesis wusing 4-nitrophthalonitrile and 4-(3,4-
dicyanophenoxy)benzoic acid which were also synthesised according to literature methods [6].
UV/Vis: Amax nm (log €): 349 (4.8) 678 (5.2) FTIR cmL: 3430(0-H), 3134(C-H), 2969 (carboxylic
acid OH), 1640 (C=0) 1581(C=C), 1345, 1337, 1131, 840, 748 (CH).

2.4.4 ZInTCPPc- Gd203 NPs (conj) conjugate (4) Scheme 3.2

ZnTCPPc (3) (0.1 g, 0.092 mmol) was firstly added to DCC (1.03 g, 5 mmol) in DMSO (2 ml) and
stirred at room temperature for 12 h to activate the carboxylic acid functional groups on the Pc.
Thereafter NHS (0.58 g, 5 mmol) and the silica-coated Gd,0s (SiGd203,2) (0.4 g) were sequentially
added to the mixture, followed by stirring for 48 h. The product was purified using gravity silica
column chromatography with ethanol and toluene as eluents, to separate the free pc and the

gadolinium oxide nanoparticles from the conjugate (4). Yield: 1.35g.

2.4.5 ZnTCPPc- Gd203 NPs (mixed) (5)

In addition to the conjugate (4) formed, ZnTCPPc (3) (0.2 g, 1.84 mmol) was also simply added to
the silica-coated Gd;0s3 (SiGd203,2) (0.4 g) and stirred in DMSO (2 ml) for 48 hrs and centrifuged
and the precipitate collected. This produced a sample that contained no covalent bond and

is represented as ZnTCPPc-SiGd,03 NPs (mixed, 5). Yield: 2. 5g.
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2.5. Electrospinning methods

2.5.1 Polyamide fibers

Four fiber spinning grades of polyamide-6 were supplied. The weight-average molecular weights
for these resins were reported to be 60 000, 70 000, 80 000 and 90 000 Da, respectively. From
this point forward, these resins will be called PA-6-24, PA-6-27, PA-6-32 and PA-6-36,
respectively.

Since the same procedure was followed for all four different grades of polyamide 6, only one
experimental procedure will be described.

PA-6-32, were found to produce the best polymers as it resulted in no clogging and dripping of
the polymer solution and gave a stable Taylor cone. PA-6-32 pellets were dissolved in formic acid
and acetic acid in a 1:1 ratio to yield a 6, 8, 10, 12, 14, 16 and 18 wt % solution and stirred for
24 h at room temperature to expedite dissolution of the polymers. All reagents were used
without further purification. The polymer solution was electrospun using a 5 mL syringe
with a hypodermic needle (inner diameter of 0.1 mm) at 0.2 ml/h flow rate for the different
polymer solutions to obtain a stable Taylor cone. The polymer solution was electrospun onto a
grounded collector covered with aluminium foil where the aligned, solidified nanofibers were
collected. The potential was also varied (10-30 kV) depending on the solution as different
polymer solutions stabilized at different voltages. All the experiments were performed at
ambient room temperature (about 25 °C) under normal atmosphere with 25% humidity. The
nanofibers were allowed to dry at room temperature overnight before further characterization

was performed on them.
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2.5.2 Functionalised ZnTCPPc (3), Conjugate (4) and mixed (5) nanofiber
preparation

For functionalised nanofibers, ZnTCPPc (3, 2 mg), ZnTCPPc-Gd,03 NP (4, 3 mg) conjugate or the
mixed (5) samples were added to the polymer solution (where the PA-6 pellets were dissolved in
formic acid and acetic acid in 1:1 ratios to yield a 14% solution), stirred overnight to aid
dissolution, followed by electrospinning the following day to give the PA-6/ZnTCPPc, PA-
6/ZnTPCPc-MNPs (conjugate) and PA-6/ZnTPCPc-MNPs mix nanofibres. The polymer solution
was electrospun using a 5 mL syringe with a hypodermic needle (inner diameter of 0.1 mm) at a
flow rate of 0.2 mL h'l. The solutions were electrospun onto a grounded collector covered with
aluminium foil where the aligned, solidified nanofibers were collected. The voltage used for all
solutions was 30 kV. All the experiments were performed at ambient temperature (about 25 °C)
in air with 25% humidity. The nanofibers were allowed to dry at room temperature overnight

before further characterization was performed on them.
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Chapter 3

Synthesis and Characterization

Reported in this chapter is the synthesis and spectroscopic characterization of the nanoparticles,
i.e. gadolinium oxide nanoparticles (Gd;03 NPs, 1), the silica-coated gadolinium
oxide nanoparticles (Si-Gd,0s NPs, 2), the phthalocyanine (ZnTCPPc, 3) and the Pc-NP
conjugate and composite (4 and 5 respectively) employed in this work (as outlined in
schemes 3.1 and 3.2 below). The preparation of the nanoparticles (1, 2), the
phthalocyanine (3), as well as the phthalocyanine functionalized nanoparticles (4, 5) is

discussed.
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Scheme 3.1: Synthetic route for the preparation of the bare Gd,03 NPs (1) and the silica-coated
Gd>03 NPs (Si-Gd203 NPs, 2). PEG = polyethylene glycol; APTES = aminopropyl triethoxysilane.
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Scheme 3.2: Synthetic route showing the conjugation of the ZnTCPPc (3) to the surface of the
silica-coated Gd»03; NPs (2) via an amide bond. DCC = N,N'-dicyclohexylcarbodiimide; NHS = N-

hydroxy succinimde.
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For the sake of ease, a list of the synthesized complexes used in this work is given below in Table

3.1.

Table 3.1: List of the synthesized or functionalized complexes used in this work.

Nanaoparticle/complex Abbreviation No.
Gadolinium oxide nanoparticle Gd,03NP 1
Silica-coated gadolinium nanoparticles Si-Gd,03NP 2
Zinc tetraphenoxycarboxy phthalocyanine ZnTCPPc 3
*ZnTCPPc linked gadolinium oxide ZnTCPPc-SiGd,03NP
nanoparticles (conj) 4
*ZnTCPPc mixed gadolinium oxide ZnTCPPc- Si-Gd,03 NP
nanoparticles (mix) 5

* ZnTCPPc- Zinc tetracarboxyphenoxyphthalocyanine

3.1 Synthesis and Characterization of the Gd:03 NPs (1 and 2)

The synthetic procedure for synthesizing the magnetic gadolinium oxide nanoparticles (Gd,03
NPs, 1) as well as the procedure for coating the surface of the Gd,0s NPs with a silica shell to
form Si-Gd,03 NPs (2) is shown in Scheme 3.1. Paramagnetic GdsO. nanoparticles were
prepared by using a two-step route polyol method as reported by Bazzi et al. [1]. Minor
adjustments such as an increase in reaction time and an initial increase in temperature followed
by a steady decrease, as depicted in chapter 2, were found to improve the shape and dispersion
of the nanoparticles. The polyalcohol used was also different; in this case polyethylene glycol
was used. Several methods were attempted in the preliminary stage of the study, however due
to the need of attaining water soluble nanoparticles for biological studies and pollution studies,

the polyol method was found to be the most appropriate. To allow for
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stability, the magnetic nanoparticles (MNPs) were stabilized with PEG, giving a white powder
which exhibited a strong magnetic response when brought close to a magnet. The nanoparticles
were then functionalised with 3-aminopropyltriethoxy silane (APTES), also as reported in Bazzi
et. al. [1], to give the aminofunctionalised nanoparticles. This amino group would allow for
further functionalization with a suitable molecule of interest. APTES was found to produce highly
stable nanoparticles and did not affect the monodispersivity of the nanoparticles by, for

example, introducing aggregation as it can be seen from the TEM images.

3.1.1. Transmission electron microscopy (TEM)

TEM is an essential technique which allows one to visualise the shape, distribution and dispersion
of nanparticles [2].The TEM images obtained for the uncapped/bare Gd,03 NPs (1) are shown
in Figure3.1 (i) which illustrates the excellent dispersion and size distribution of the
nanoparticles. The sizes for the uncapped Gd,Os3 NPs (1) were determined to range from
approximately 5.97 to 7.87 nm. The silica shell coating procedure to form the Si-Gd,O3NPs (2)

was found to increase the size of the Gd,03 NPs from 6 nm to 15 nm, 3.1 (ii), as expected.

Figure 3.1(ii) shows that the silica coated NPs (2) are still well dispersed and uniform in size.
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Figure 3.1: TEM image of (i) Gd203 NPs (1), (ii) Si-Gd203 NPs (2) (which shows the increased size
of the nanoparticles), and (iii) ZnTCPPc-Gd,03 NPs-conjugate (4) (showing the change in

diameter and morphology of the conjugates).

The Gd;03 NPs1 and 2were further characterized using Uv-Vis and FTIR spectroscopies, as well
as thermogravimetric analyses (TGA), electron paramagnetic resonance (EPR), powder X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). Apart from UV-Vis spectroscopy
(this will be discussed later), the techniques listed above will be used to discuss the NPs

synthesized.

3.1.2 Fourier transform infrared (FTIR) spectroscopy

FTIR is a measurement technique which is used in identifying the structure of a molecule by
means the characteristic functional group bands, which are identified by means of the position

(frequency) and their intensity [3].

Satisfactory FTIR data were obtained for all the NPs which confirmed the silica-coating on the
surface of the gadolinium oxide nanoparticles. A strong bands at 1150 cm*which correspond to

the Si-O bend is observed after functionalization [4]. Also a characteristic peak at 1560 cm “of
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a primary amino group (-NH2) is observed in Figure 3.2(iii) confirming the efficient
functionalization of the surface of the gadolinium oxide nanoparticles. The spectrum of pure PEG
is characterized greatly by the stretching vibration of the C-H at 2887 c¢cm™, which can be
observed in the spectra of the gadolinium oxide nanoparticles. The broadened peak in the range
of 3100 to 3600 cm™ can be attributed to the OH group found on PEG [5]. This is observed in all
the FTIR spectra (i, ii and iii). Similar spectral changes were observed for the Gd,0O3NPs and Si-

Gd,03NPs.

1556 cm’

%T

* 1
0-H: 3365 cm

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm-1)

Figure 3.2: FTIR (i) PEG utilized in the synthesis and the synthesized nanoparticles (ii) Gd203 NPs
(1) and (ii) Si-Gd203 NPs (2).
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3.1.3 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a thermodynamic technique. This
characterization method determines the mass loss or gain of a sample over a certain

temperature profile [6]. In this work, TGA was used to confirm the compositional differences
between the bare and silica coated gadolinium oxide nanoparticles (1 and 2). Different
thermal decomposition profiles point to structurally different materials. The thermal
decomposition profiles obtained under a steady flow of N, at a heating rate of 10 °C min*are
shown in Figure 3.3.

The TGA curves shown in Figure 3.3 are for the starting materials, i.e. the Gd(NOs)s salt (i) and
polyethylene glycol (ii); the bare Gd,03 NP (iii) and the silica-coated NP (Si-Gd,03 NP, (iv)). The
Gd salt (Figure 3.3 (i)) shows two main weight loss steps with a third possibly taking place at
approximately 500 °C. The first step at ~150 °C i.e. an initial loss of 15% is attributed to the loss
of water while the slow decomposition step (50% weight loss) taking place up to 420 °Cis
thought to be due to the loss of the atoms of the salt. The Gd metal content in the salt is
calculated to be 35%, though the mass loss at the end of this TGA run is only at 53% which
suggests that removal of the functional groups is not complete at 500 °C. The thermal
decomposition profile of the capping agent alone, PEG (Figure 3.3 (ii)), shows a single,
dramatic, complete (100% weight loss) decomposition step with an onset temperature of
approximately 190 °C.

The bare Gd,03 NP (Figure 3.3 (iii)) revealed a single, featureless step (20% weight loss) which is
attributed to the slow decomposition of the organic material (probably the PEG) on the surface
of the nanoparticle. It is predicted that the entire PEG capping agent on the surface of the NP
should be removed by 420 °C. It is also possible to make the assumption that the PEG
capping constituted approximately 20% of the NP sample. At first it is surprising to note that the
thermal stability of the silica coated NP (Figure 3.3 (iv)) was reduced by 20% (upon comparison of
the % weight loss at 500 °C for the Gd,03 NP and Si-Gd,03 NP samples). However, the decrease
in thermal stability for these nanoparticles can be accounted for as additional organic
groups (aminopropyl functional groups) have now been added to the surface of the NP and
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will consequently tally the increase in overall weight loss for the silica coated NP at 500 °C.
The initial weight loss (up to 150 °C) though may also be due to the loss of adsorbed water or
solvents.

The Gd,03 NPs and the Si-Gd,03 NPs were shown to be thermally stable as compared to the

Gd(NOs3)s salt and PEG as they retain over 50% of their weight at temperatures above 400 °C.
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Figure 3.3: TGA profiles of (i) Gd(NO3s)s, (ii) PEG, (iii) Gd203sNPs (1) and (iv) Si-Gd20sNPs (2).

3.1.4 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a spectroscopic technique that is used for the elucidation of structural
information relating to the crystal lattice of a sample; here it was intended to aid the
determination of the nanoparticle size by making use of the Debye-Scherrer equation, to give an

idea of the degree of crystallinity and purity of the sample, and finally to enable comparison
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between the nanocomposite formed (in particular ZnTCPPc-SiGd,0s (conj), 4) and the individual
components.
The XRD patterns for the bare Gd,03 and the Si-Gd,03 nanoparticles are shown in Figure 3.4 (i)
and (ii), respectively. An attempt was made to determine the crystal structure and purity of the
Gd203 and SiGd;03 nanoparticles by measuring the XRD data and a broad peak is observed at ~
20 = 20° for both samples. A broad reflection is expected at this position due to amorphous silica
which was used to cap the NPs (2) [7]. For comparative purposes, the synthesised NPs (1 and 2)
were compared to the starting Gd(NO3s)s salt (Figure 3.4). However, the information derived from
the x-ray diffractograms for the gadolinium oxide NPs (1 and 2) were not clear, with the patterns
suggesting either that there is a substantial degree of amorphousness or that the nanoparticles
are very small, resulting in significant line broadening observed when the Gd,0s NPs are smaller
than 20 nm [8,9]. From these data, it was not possible to determine whether the NPs could be
indexed to the cubic phase (JCPDS card No. 11-604) as is expected for Gd,03 NPs [10]. The TEM
images (Figure 3.1 (i and ii)) obtained and described above, however, clearly show the NP shape
and crystal structure, although the XRD data does not.
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Figure 3.4: X-Ray diffractograms of (i) Gd(NO3s)s, salt (ii) bare Gd>03 NPs (1) and (iii) Si-Gd>03 NPs (2)
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3.1.5 X-ray Photoelectron Spectroscopy

X-ray photoelectronspectroscopy (XPS) is a surface-sensitive, quantitative spectroscopic
technique that measures the elemental composition at parts per thousand ranges. XPS is used to
analyse the surface chemistry of a material, elemental composition of the surface, chemical or
electronic state of each element in the surface, elements that contaminate a surface and can also
determine the empirical formula of pure materials. Each element produces a characteristic set of
XPS peaks at characteristic binding energy values that directly identify each element that exists

in or on the surface of the material being analysed [11].

X-ray photoelectron spectroscopy (XPS) measurements were performed in this work to confirm

the elemental constituents of the synthesised material.

Wide scan and high resolution XPS spectra were acquired for the Gd,0s3 (1) and Si-Gd.0s3 (2) NPs
(Figure 3.5A (i) and (ii) respectively) and the experimental data analysed using curve fitting.
Figure 3.5A (ii) clearly shows the presence of the characteristic Gd peaks, particularly the Gd
3ds/2 and 3ds/; peaks at ~1185 eV, together with C 1s, O 1s and Na 1s peaks for the bare Gd,03
NP (1). The O 1s (at ~530 eV) was expected to be part of the Gd,03 NP core as well as the
hydroxyl oxygen atoms of the capping agent PEG. The capping agent also accounted for the
presence of carbon (at ~ 284 eV) in the XPS spectra. Na peaks (Na 1s at ~1100 eV) were also
observed and are most likely due to the NaOH used in the synthesis of the NPs (1). It is
difficult to estimate the experimental Gd/O ratio (which may be calculated from the total
areas under the peaks of the Gd 3d and O 1s peaks in the survey XPS spectrum) since the
organic capping agent may suppress the signal from the NP core. However, this is dependent
on the thickness of the capping agent layer. For this reason survey spectra of the sample
annealed at 500 °C were also analysed but the temperatures used for annealing were not high

enough as some C was still observed in the spectra.

The survey scan obtained for the silica coated Gd.0s (2), shows that the silica coating step has
completely capped the NP (Figure 3.5A (ii)), as none of the Gd peaks are now observed. This was

to be expected as XPS is a surface sensitive technique (where typically the photoelectrons
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generated are from within the first 3 nm of the surface being analysed) [10]. The survey scan

obtained for NP 2 shows instead the characteristic peaks associated with Si (e.g. Si 2p at 100 eV)

and an increase in intensity of the N 1s peak at 397 eV, the position of this peak also indicates

successful amino group functionalization [12].
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Figure 3.5: Wide scan XPS spectra (A) of (i) Gd203 NPs (1) and (ii) SiGd203 NPs (2). High
resolution spectra of: (B) Gd 4d region for (i) Gd(NOs)s salt and (ii) Gd203 NP; and (C) O 1s region
for (i) Gd(NO3s); salt, (ii) Gd203 NPs, and (iii) SiGd203 NPs. Deconvolution of the O 1s high
resolution spectra is given in graphs D — F where: (D) is the Gd(NOs); salt (i), (E) is the bare
Gd203 NP (ii), and (F) is the Si-Gd203 NP (iii).

Figure 3.5B shows the high resolution spectra obtained for the Gd 4d regions for the Gd(NOs3)3
salt and Gd;03 NPs (1), while Figure 3.5C shows the data for the high resolution O 1s regions for
the Gd(NOs)s3 salt employed and the synthesised Gd,03 NPs (1 and 2). For the Gd>0s NP (1), the
Gd 2ds/; and Gd 2ds/2 peaks were found to reside at 142.5 and 148.8 eV (Figure 3.5B(ii)) and this

found to be in agreement with XPS values reported for cubic phase Gd,03 [13].

Figure 3.5C shows the high resolution spectra for the O 1s peak of the Gd(NOs3); salt (Figure
3.5C(i)) employed and the Gd;03 NPs (1 and 2) obtained (Figure 3.5C(ii) and (iii) respectively).
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Deconvolutions of the high resolution O 1s spectra are shown in Figure 3.5D-F. The differences
are clear, where the O 1s peaks are found at higher binding energies for the nitrate salt (Figures
3.5Cand 3.5D). The O 1s peak for the nitrate salt shows perhaps 3 peaks, one main peak (at 531.4
eV) with a second smaller peak(532.9eV) at a higher binding energy and a third,
almost negligible peak (at 529.9 eV). Since oxygen is ubiquitous in systems, it is possible that at
least one of these peaks is due to normal adsorption of oxygen to the sample. The two other
peaks are attributed to N-O and Gd-O O 1s peaks for the gadolinium nitrate salt shown in 3.5B
(i) [14]. The O 1s high resolution spectra for the Gd,03 NP (1) sample, (Figure 3.5C(ii)), shows
two main peaks centred at 529.5 eV and 527.9 eV, together with two smaller peaks at ~531.4
and 529.4 eV, clearly seen upon deconvolution of the O 1s spectra (Figure 3.5E). The two main
peaks are presumably due to the Gd-O and Gd=0, while the other would be due to either the
C-Oor the O-H of the capping agent PEG. Finally, the high resolution O 1s spectra for Si-Gd,03
NP (2) (Figure 3.5C(iii)) showed a complicated deconvolution pattern (6 peaks), however there is
one main peak centred at 530.2 eV (Figure 3.5F) which is attributed to the Si-O peak [15](of the
silica shell on the NP), since this is a surface analytical technique, the core O 1s peaks (e.g. Gd-0)
of the Gd,03 NP, while they can still be present, is not expected to be intense. The other peaks
are therefore considered to be due to ubiquitous O, Gd-O (shell) and Gd-O (core). The sources
of the other peaks are not yet known. All these results confirm that a silica shell has been

placed on the surface of the nanoparticle [16].

3.1.6 Electron Paramagnetic Resonance

Electron paramagnetic resonance (EPR), a magnetic resonance technique similar to nuclear
magnetic resonance (NMR), is an excellent technique for studying materials with unpaired
electrons and detecting paramagnetic species such as free radicals [17]. In this study EPR was
used to evaluate the paramagnetic properties of the Gd203 nanoparticles (1 and 2) and the

conjugate in order to get an idea of their effectiveness as MRl agents for diagnosis.
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The solid state EPR spectra, expected to be broad, are shown in Figure 3.6. Gd3* is paramagnetic
(due to seven unpaired electrons), but its EPR spectrum consists of only one broad line due to
spin-spin interactions between unpaired electrons; hence the observed broad spectra. For
comparison, the spectrum for the Gd(NOs)s salt is shown in Figure 3.6, showing an intense,
asymmetrical, broad curve. On the other hand, the EPR spectra acquired for Gd,0s (1) and
SiGd;03 (2) NPs, shown in Figure 3.6 (insert), show very weak assymetrical, broad signals. Gd(lll)
is a paramagnetic species, however since the relaxation time of Gd(lll) is extremely short,
detection of Gd complexes using EPR is difficult [18] and a stronger magnet is most likely needed
at very low temperatures to detect paramagnetic species. It may be possible that the NPs 1 and
2, have even shorter relaxation times, making detection much more difficult [16]. Though the
EPR spectra did no show conclusive results, Gd is present in the NP system — as it was accounted

for with the XPS measurements.
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Figure 3.6: EPR spectra acquired in the solid state at room temperature for (i) Gd(NO3)s, (ii)

Gd20;3 NPs (1) and (iii)Si-Gd203 NPs (2). Inset: zoomed in section to show the spectra obtained

for the NPs.
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3.2 Synthesis and characterization of the phthalocyanine-MNP conjugates

3.2.1 Synthesis and characterization of zinc tetracarboxyphenoxy
phthalocyanine (3, ZnTCPPc)

The zinc tetracarboxyphenoxy phthalocyanine (ZnTCPPc) was synthesized according to a method
reported in literature. The method followed a synthesis using 4-nitrophthalonitrile and 4-(3,4-
dicyanophenoxy)benzoic acid which were also synthesised according to literature methods [19].
The expected molecular weight of the ZnTCPPc molecule was 1120 g/mol, however the
experimental molecular weight found was 1058 g/mol. The decrease was calculated to be due to

the loss of H,O and a COO.

Using FTIR spectroscopy, the IR spectra of the Pc showed characteristic peaks of the OH
group in the 3430 cm™region, the C=0 was confirmed by the peak at 1640 cm™and the C=C
peaks were observed at 1581 cm™and 1480cm™. C-O-C peaks were evident at 1251 cm*and

1180 cmregions of the spectra. C-H peaks were observed at 840 cm™.

The Pc showed a broad absorbance peak known as the B band at 349 nm in DMSO, Figure 3.7.
The ground state electronic absorption spectra of ZnTCPPc also showed monomeric behaviour
as evidenced by a single, narrow Q-band. The Q band of the ZnTCPPc in DMSO is observed at 678

nm, Figure 3.7.
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Figure 3.7: UV-vis spectrum of ZnTCPPc in DMSO. The Figure illustrates the typical

monomeric behaviour of the Pc with a Q-band maximum at 678 nm.

The fluorescence excitation spectra were found to be similar to absorption spectra and both
were mirror images of the emission spectra, Figure 3.8. The position of the Q band in the
excitation and absorption spectra were observed at 679 and 678 nm respectively, while the
emission peak was observed at 689 nm giving a Stokes shift of 10nm. The fluorescence
excitation and emission spectra are typical of phthalocyanine complexes in DMSO, where

Stokes shifts typically range from 3-19 nm [20].
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Figure 3.8 Normalized absorption, emission and excitation spectra of ZnTCPPc in DMSO.

AAbSmax= 679; AEXC max= 680 nm; LEMmax= 689 nm.

3.2.2 Assembly of the phthalocyanine-MNP conjugates

The main goal in functionalizing the NP surface is to modify their surface with a molecule that
possesses the appropriate chemical functionality which would then allow the NP to serve as
a platform to enable further conjugation/ derivatization and achieve a desired application.
The molecule of interest in this work is thephthalocyanine. This was done to allow for
multi-functionality of the nanocomposite i.e. MRI (attributes imparted by the Gd.03 NP)
and PDT (due to the properties imparted by the phthalocyanine) during cancer therapy.
Chemical functionalization of the nanoparticle can be achieved either by covalent
attachment or by non-covalent (adsorption) reaction. Planar molecules are capable of
adsorbing onto the nanoparticle surface via m-m interactions [21]. The as-synthesied
gadolinium oxide nanoparticles were functionalised with 3-(aminopropyl)triethoxysilane
(APTES), which served a dual purpose: firstly, it introduced amino groups onto the surface of

the nanoparticles and
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secondly, it improved the dispersability of the NP in a variety of solvents. The presence of the
amino group on the NP surface also now facilitated conjugation of the carboxy substituted Pc

to the amino functionalized NP to form an amide bond.

3.2.2.1 Synthesis and characterization of the phthalocyanine - MNP conjugate

At this stage the silica-coated nanoparticles (Si-Gd203 NP, 2) were then functionalized with

the carboxy substituted phthalocyanine (3). The carboxylic acid groups on the ZnTCPPc
enabled covalent linkage to the amino functionalized MNPs through formation of an amide
bond. N,N'-dicyclohexylcarbodiimide (DCC) and N-hydroxy succinimide (NHS) were used to
activate the carboxylic acid groups on the ZnTCPPc before linking to the amino groups of the
MNPs, as shown by Scheme 3.2. The covalent linkage was followed by characterization using
some of the techniques described previously i.e. FTIR spectroscopy, as well as
thermogravimetric analyses (TGA), XRD and XPS confirming the covalent linkage. High yields

were obtained for all the compounds.

The absorbance of the Si-Gd203 (2) nanoparticles in DMSO in the UV/Vis spectra is minimal
and is shown in Figure 3.9 (i). The ground state electronic absorption spectra of the ZnTCPPc
(3) alone, is shown in Figure 3.9 (ii) in DMSO. No significant change was observed in the
UV/Vis absorption spectra when the NPs (2) and the Pc (3) were simply mixed (Figure 3.9 (iv)),
where the effects of Si-Gd;0sare less pronounced in terms of the absorption seen in the 600
to 400 nm range. On the other hand, a steady increase of absorbance from 600 to 400 nm
was observed for the conjugate upon linking the Pc (3) to the Si-Gd.0s3 (2), Figure 3.9 (iii), and
this is due to absorption caused by the nanoparticles. No shifts in the Q band of the ZnTCPPc

(3) were observed for the conjugate (4) or the mixture (5).
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Figure 3.9: UV/vis spectra obtained for the samples in DMSO: (i) Si-Gd>03 NPs (2), (ii) ZnTCPPc
(3), (iii) ZnTCPPc-SiGd203 NP (conj) (4) and (iv) ZnTCPPc-SiGd>03 NP-mix (5).

3.2.2.2 TEM

The TEM image in Figure3.1 (iii) for the ZnTCPPc-SiGd203 NP (conj) (4) shows that the size of the
SiGd203 NPs (2) was further increased upon conjugation with the phthalocyanine to 17 nm,
providing some evidence of the nanocomposite (4) formation. These images show that the
nanocomposite (4), although there is a change in the overall appearance of the NP, is still well

dispersed and somewhat uniform in size.
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3.2.2.3 FTIR spectroscopy

The covalent link expected to form between the Si-Gd,03 NPs (2) and ZnTCPPc (3) to form the

nanocomposite (4) was confirmed using FTIR spectroscopy, as shown in Figure 3.10A and B.

The characteristic peaks of the primary amino (-NHz) groups for Si-Gd>0s NPs (2) are observed at
1568 cm™ and 1463 cm™ [4], Figure 3.10(i).The intense peak at ~1060 cm™is assighed to the Si-
O-Si bonding stretch for the NPs (2), as reported in literature [22]. The ZnTCPPc (3) alone (Figure
3.10 (ii) shows the C=0 vibrational band at 1640 cm™ and weak bands in the range 3100 cm™ to
3600 cm™ corresponding to the O-H of the carboxyl group. For the ZnTCPPc-Gd,03 NPs (conj, 4)
conjugate Figure 3.10 A(iii), the peaks attributed to the -COOH functional group disappeared,
while the peaks assigned to the amide (-NHCO-) group at 1631 cm™ and 1535 cm™ were
enhanced, with the appearance of an -NH- stretch at 3283 cm?, Figure 3.10 (iii). The presence of
these bands suggests the successful formation of a covalent bond between the Si-Gd,03 NPs (2)
and ZnTCPPc (3). These spectra were compared to ZnTCPPc-SiGd,03 NPs (mixed, 5). Figure 3.10
A(iv) shows that the C=0 vibrational peak (at 1710 cm™) and the O-H of the carboxyl group of (~
3300 cm?) for the ZnTCPPc remains unchanged in composite 5. This spectrum served to show
the differences between a nanocomposite (4) and that of a simple mixture (i.e. no covalent bond
link, 5) between the SiGd,0s NPs (2) and ZnTCPPc (3). The most apparent difference between
the mixture (5, Figure 3.10 B(iii)) and the nanocomposite (4, Figure 3.10 B(ii)) is the shift in the
C=0 stretch at 1700 cm™ and the appearance of an amide N-H stretch at 3300 to 3500 cm™upon

conjugation.
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Figure 3.10: FTIR spectra of the synthesized (A) (i) Si-Gd203 NPs (2), (ii) ZnTCPPc (3), (iii)
ZnTCPPc-SiGd203 NP (4) and (iv) the simple mixture ZnTCPPc-SiGd203 NP-mix (5). Graph (B)
are zoomed into the region 2000 — 600 cm? to highlight the changes observed
between (i) ZnTCPPc (3), (ii) ZnTCPPc-SiGd203 NPs (4) and ZnTCPPc-SiGd>03 NPs-mix (5).
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3.2.2.4 Thermogravimetric Analyses

The thermal decomposition profiles obtained for ZnTCPPc (i) and the ZnTCPPc —Si-Gd.0s (4)
are shown in Figure 3.11. The decomposition profile for the Si-Gd,03 NPs (2) has already
been described above in section 3.1.3 but is included here as Figure 3.11 (i) for ease of
comparison. Two main decomposition steps are observed for ZnTCPPc (Figure 3.11 (i)), with the
first shallow step, between 100 and 280°C, suggesting some solvent loss [23]. The second
main decomposition step from ~280 - 500°C is associated with functional group
decomposition i.e. of the groups associated with the complexes e.g. —COOH groups [24].
Overall a 50% weight loss occurred for the Pc at 500 °C. This decomposition profile is typical for
phthalocyanine complexes as they are known to be highly thermally stable, showing no
evidence of melting, only decomposition at higher temperatures [25]. The decomposition
profile for the conjugate showed a marked increase in weight loss (45% at 250 °C), followed
by a further, shallower decomposition step from 250 — 500 °C where 25% was additionally lost.
This composite was found to be hygroscopic and thus the first weight loss may be attributed to
solvent loss. The 2"¥ decomposition step is due to removal of the remainder of the organic
groups on the surface of the nanoparticle. Thus the conjugate was observed to be less
thermally stable as overall a 70% weight loss was observed for (4) as compared to ZnTCPPc (3)

alone and the Si-Gd,03 NP (2) which showed a weight loss of ~50% overall at 500 °C.
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Figure 3.11: TGA profiles of (i) Si-Gd20; NP (2), (ii) ZnTCPPc (3) and (iii) ZnTCPPc-Gd.Os-
conjugate (4) at at a heating rate of 10 °C/min to 500 °C under a nitrogen atmosphere with a

gas flow rate of 120 ml/min.

3.2.2.5 X-ray diffraction

The XRD patterns forZnTCPPc (3) and the conjugate (4) only showed a broad reflection at ~ 20 =
28°which is typical for phthalocyanines [26] together with the reflections observed for the Si-

Gd,03 NPs (2) alone. No real information about the composite structure was obtained from XRD.
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3.2.2.6 Electron paramagnetic resonance
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Figure 3.12: EPR spectra acquired at room temperature in the solid state for (i) ZnTCPPc (3), (ii)
ZnTCPPc-SiGd>03 NP (conj) (4) and (iii) ZnTCPPc-SiGd203 NP (mix) (5). Inset: Zoomed in section
(3400 - 3600 G) for the ZnTCPPc (i) and the conjugate (ii).

Figure 3.12 shows the EPR spectra acquired for the ZnTCPPc (3), the conjugate (4) and the mixed
(5) complexes —in the solid state, to at room temperature. The conjugate showing a small shift to
a higher field, from 2288 to 2345 G as compared to ZnTCPPc, appears to be rather similar to that
of the Pc (3) alone. The mix (5) on the other hand shows characteristics that are reminiscent of
the EPR spectra acquired for the NPs themselves, i.e. weak, broad signals, suggesting that the
conjugate formation exerted some change in the NP physical properties, while a simple mix did
not.

EPR spectra of unsubstituted zinc phthalocyanines have been studied and single, narrow, intense

EPR signals centered at g = 2.0036 with a line width of 4.25 G both in chloroform and in the solid
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state (at 290 K and at 100 K) were obtained. In our case, in addition to the obvious broad signal
obtained for the ZnTCPPc alone, a small, narrow, sharp signal line centered at 3518 G was also
observed (Figure 3.11, inset). The conjugate, on the other hand, showed a broad, shallow step

centered at 3544 G, suggesting some change having taken place upon conjugate formation.

3.3. Photophysical studies

3.3.1. Fluorescence quantum yields (®r) and lifetimes (tr)

The fluorescence behaviour of ZnTCPPc-SiGd,03 NP (conj) and ZnTCPPc-SiGd,03 NP (mix)in
DMSO showed that the fluorescence emission spectra were mirror images of their excitation
spectra confirming the lack of aggregation in the solution and that there is no change in the
symmetry of the molecule upon excitation (Figure 3.13 A and B). However, the absorption
spectrum of ZnTCPPc-SiGd;0s NPmix (Figure 3.13 B) showed a narrower Q band than the
excitation spectra. The Stokes shift for the ZnTCPPc-SiGd,03 NP (conj) and ZnTCPPc-SiGd,03 NP
(mix) were found to be 11 and 9nm respectively, which is typical for phthalocyanine complexes;
i.e. emission occurs at longer wavelengths than absorption, with Stokes shifts ranging from 3 nm

to 19 nm [27] as tabulated in Table 3.2.
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Figure 3.13: Normalized absorption, fluorescence emission and excitation spectra of (A)

ZnTCPPc-SiGd;03 NP (conj) and (B) ZnTCPPc-SiGd203 NP(mix) in DMSO (Aexc= 610 nm).
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The fluorescence quantum yields (®¢) values were determined by the comparative method and
the values were found to decrease by 0.09 upon conjugation with the gadolinium oxide
nanoparticles. Fluorescence quantum vyields are often influenced by the heavy atom affect and
aggregation tendencies, which increase upon conjugation and thus a decrease in the
fluorescence quantum vyield [28, 29] is usually observed. The low ®¢ values of 2.31(indicated in
Table 3.2) are therefore expected for the conjugate and mixed samples as intersystem crossing
(ISC) to the triplet state is expected to be enhanced due to the presence of Gd in the NP system
(heavy atom effect). ISC to the triplet state increases the triplet quantum vyield but it inevitably
shortens the fluorescence lifetimes and quantum yields of the singlet excited states, hence the

observed low fluorescence quantum vyields for the conjugates [30] shown in Table 3.2.

Fluorescence lifetimes for MPc complexes are short, and are strongly dependent on the solvent
used, the nature of the central metal ion, and nature of substituents on the Pc
molecule. Fluorescence lifetimes were obtained for the ZnTCPPc (3), ZnTCPPc- Gd203 NPs (conj,
4) and ZnTCPPc-SiGd,03 NPs (mixed, 5). The decay curves are shown in Figure 3.14. All complexes
show bi-exponential fluorescence decay curves. The decrease in fluorescence lifetimes for the
phthalocyanines alone have been explained as being due to the formation of aggregates which
are non-fluorescent, but which can quench the monomer [31] (though the aggregates are not

easily apparent in the UV/Vis spectra).

The fluorescence lifetime of the Pc decreased after conjugation and after mixing, which
illustrates that the Pc’s fluorescence was quenched by the mere presence of the
gadolinium oxide nanoparticles. The decrease was much greater upon conjugation as
compared to mixing. Two lifetimes for the conjugates could be related to the different
orientations of the phthalocyanine on the nanoparticles. It has been reported that when a
fluorophore is in close proximity with a metal, the fluorophore interacts with the free electrons
on the surface of the metal modifying its fluorescence behaviour [32]. This results in an increase
or a decrease in the fluorescence lifetime depending on the orientation of the fluorophore to

the metal and the distance between the fluorophore and the metal [33, 34].
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The quenching of the lifetimes may be explained using fluorescence radiative lifetimes (7o)

calculated using equation 1.2:

To= T/ Dk (1.2)

12000 -

10000 = ——pc Alone (i) |

m— Conjugate (ii)

. m— Mixed (iii)

Intensi

Time (ns)
Figure 3.14: Fluorescence lifetime decay curves of (i) ZnTCPPc (3) alone, (ii) ZnTCPPc - Gd.03
NPs conjugate (4) and (iii) the mixture in DMSO. Exc. A = 689 nm.
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Table 3.2: Sizes of the NPs, absorbance, photophysical and photochemical results of the Pc

components.

Aabs Aem

Complex Solvent | (nm) | nm) @ | tr(ns) | to(ns) | Dt | tr(us) | Da

ZnTCPPc (3) DMSO 679 689 0.27 | 2.53 9.37 0.61 | 319.25 | 0.32

0.79
ZnTCPPc-Si- DMSO 679 690 0.18 | 2.31 12.83 | 0.69 | 306.97 | 0.36
Gd20s3 NPs (4) 0.68
ZNTCPPc- DMSO 679 688 0.12 | 2.35 19.58 | 0.69 | 313.76 | 0.49
Gd203NPs 0.65

mixed (5)

3.3.2. Triplet quantum yields (®1) and lifetimes (tT)

Figure 3.15 shows the triplet decay curves for the ZnTCPPc (3), conjugate (4) and mixed (5)
samples in DMSO. Triplet quantum vyield (®Dr) is a measure of the fraction of absorbing molecules
that undergo intersystem crossing to the meta-stable triplet excited state. The triplet decay
curves of all the complexes displayed first order decay profiles. The triplet state parameters (®r,
T1), were determined experimentally using laser flash photolysis. The values obtained for ®rand
Tr are tabulated in Table 3.2. The triplet quantum yields were found to be 0.61, 0.69 and 0.69 for
the ZnTCPPc, ZnTCPPc-Si-GANP (conj) and ZnTCPPc-Si-GANP (mixed), respectively. The triplet
guantum vyield increased for the conjugate and the mixed as compared to the Pc alone. Lower
triplet lifetimes were obtained after conjugation and mixing. However, based on the increased
guantum vyields of the conjugate and the mix, it is expected that these complexes will most likely

be efficient in singlet oxygen generation.
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Figure 3.15: Triplet decay curvesfor the synthesized complexes in DMSO at 490 nm. Exc. A. = 682

nm.

3.3.3. Singlet oxygen quantum yields (®a)

In this work, the singlet oxygen quantum yields of the complexes were determined using a
chemical method, i.e. using DPBF in DMSO. Singlet oxygen quantum yield (®a) values are
expected to depend on the corresponding triplet quantum vyield (®1) values of the
photosensitizer, since it is the species in the triplet state which results in the production of singlet
oxygen, and the triplet state lifetimes, efficiency of energy transfer (which depends on the energy
of the triplet state) amongst other factors all give an indication of the singlet oxygen generation
efficiency of the sensitizer [35]. That is, if the triplet state of a photosensitizer is highly populated,

the excited sensitizer can then interact with ground state triplet molecular oxygen exciting it to
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its singlet excited state to a greater extent. Though there is no direct correlation, an increase in

®rsignifies an increase in ®, as shown in Table3.2.

Figure 3.16 shows the decay of DPBF (a singlet oxygen quencher) with time for ZnTCPPc.No
significant decrease in the Q band of the Pc for the period of irradiation time was observed
suggesting that the phthalocyanine had not degraded and was stable over the study. DPBF
degrades due to the singlet oxygen being produced by Pc complexes. The decrease of DPBF was
monitored at ~ 417 nm and the rate of decay of DPBF is directly related to the production of
singlet oxygen species. The conjugate and mix showed stable Q bands for the Pc and a steady
decrease in the DPBF band. The conjugate and the mix showed an improved ability to generate
singlet oxygen (shown in Table 3.2) with &, values of 0.36 as compared to the 0.32 obtained for
the Pc alone. Thus we observe a higher ®, for the conjugate and the mix ($,0.49) as compared
to the Pc alone. An increase of 0.04 and 0.17 for the conjugate and the mixed respectively, shows
that the increase is significant particularly for the mixed sample and therefore the overall
efficiency of the Pc is enhanced by the presence of the Gd,03 NP, with or without formation of a

covalent bond.
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Figure 3.16: Photodegradation of DPBF in the presence of ZnTCPPc in DMSO. [ZnTCPPc] = 4.8 x

10 M and [DPBF] = 2.5 x 10-5 M.
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Chapter 4

Electrospun nanofibers

This work reports on the study of the effect of electrospinning solution parameters on the

morphology and size of fibers. Moreover, the microscopic, spectroscopic and photophysical and

photochemical behavior of phthalocyanine and phthalocyanine-gadolinium nanoparticle

functionalized electrospun polymer fibers is studied.
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4 Electrospun polymer fibers

4.1. Influence of electrospinning conditions on morphorlogy of polymer fiber

Electrospun polymer fibers have a wide range of applications due to their porosity, small pore
sizes and high surface area to volume ratio [1-4]. Their uniformity and morphology, however, are
heavily dependent on a number of factors during the production processes which include the
polymer molecular weight, polymer concentration, viscosity, conductivity, surface tension and
volatility of solvents (solution properties), applied voltage, flow rate, tip-to-collector distance
and temperature, humidity and atmospheric pressure (ambient parameters), collector

composition and geometry(processing parameters).

In this work, before functionalization of the electrospun polymer fibers with phthalocyanines for
various applications was attempted, the effect of some of the electrospinning conditions
(including polymer concentration, viscosity, conductivity and solvent ratio) on the morphology of
the fibers and fiber diameter was investigated. Different grades of Polyamide 6 (B24, B27, B32
and B36 with average molecular weights of 70,000, 80,000 90,000 and 10,000 g/mol) were used
as the model polymer. The average fiber diameter for the fiber mats was used in this work to

assess the effect of these electrospinning conditions.

4.1.1 Effect of polymer viscosity and conductivity on fiber morphology

Some physical properties (viscosity and conductivity) of the as-prepared solutions were
measured and the results are summarized in Table 4.1. This table (Table 4.1), together
with Figure 4.1 shows that by increasing the concentration (for all polymer grades), the
polymer viscosity increases (Figure 4.1), as does the conductivity of the polymer solution
(Figure 4.2). The molecular weight of a particular polymer molecule is a product of the degree
of polymerization and the molecular weight of the repeating unit. The viscosity change was found
to be the greatest for B36, the largest molecular weight polymer (Figure 4.1). This is thought
to be due to the electrical properties, surface tension and the viscosity of the solution;
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all of which determine the amount of stretching that can take place in electrospinning the solution.
In general, by fixing the polymer concentration (e.g. at 16%), increasing polymer molecular weights
(from B24 to B36) were found to increase the solution viscosity and conductivity. Since the
molecular weight represents the length of the polymer change, viscosity is expected to increase with
the molecular weight because the degree of entanglement is greater for longer chains. These

results are in agreement with the literature [5].
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Figure 4.1: Plot of the changes in viscosity with increasing polymer concentration for the

different polymer grades.
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Table 4.1: The effect of polymer solution concentrations (for the different polyamide grades)

on the viscosity and conductivity parameters (solvent used: 50:50 (FA:AA)).

Polymer Viscosity Conductivity
Polymer Grade Concentration (wt%) (cP) (mS/cm)
6 14 0.502
8 41 0.591
10 100 0.643
B24 12 183 0.678
14 384 0.716
16 690 0.739
6 35 0.583
8 75 0.623
10 141 0.646
B27 12 208 0.691
14 576 0.722
16 885 0.739
6 47 0.494
8 101 0.566
10 188 0.633
B32 12 389 0.686
14 796 0.699
16 1802 0.700
6 69 0.543
8 156 0.562
10 336 0.653
B36 12 682 0.674
14 3911 0.678
16 4049 0.766
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4.1.2 Effect of polymer concentration on fiber morphology

The average fiber diameter for the electrospun fibers of the polymers were used also to assess
the effect of polymer concentration on the fiber morphology (Table 4.2). Overall the fiber
diameters were generally found to increase with increasing polyamide weight (e.g. 10 wt% for
B24, B27, B32, B36). Polymer solutions at higher concentrations were virtually solidifying (drying
up) during the electrospinning process resulting in very large fiber diameters. The SEM images in
Figure 4.3 also show that as the concentration of the polymer solution increases, the viscosity
and fiber diameter also increases. In order to obtain a small fiber diameter, the solution
concentration should be as low as possible, which is useful in many applications of fibers
essential for filtering. However, at low polymer concentrations (i.e., lower viscosity); defects in
the form of beading and droplets were observed. This is a result of electrospraying instead of

spinning.

4.1.3 Effect of solvent ratios in polymer solutions

The solvent system used for this study was formic acid and acetic acid in varying ratios. As stated
by De Schoenmaker et al., polyamide-6 dissolves in formic acid (FA) and not in acetic acid (AA),
however, acetic acid acts as a stabilizer and is required for electrospinning to occur [7]. In order
to investigate the effect of the solvent system on the morphological appearance of the as-spun
PA-6 fibers, the polymer solutions were prepared by dissolving the pellets firstly in 1:1 formic
acid: acetic acid and then 1:3 acetic acid (AA): formic acid (FA). Interestingly, the viscosity of the
solutions was found to markedly increase, and the conductivity increased appreciably with the
addition of increasing amounts of formic acid (Figure 4.2 and Table 4.2). The increase in the
conductivity of the solutions with increasing amounts of formic acid could be the result of the
much higher dielectric constant of formic acid (58.5 at 15.6 °C) in comparison with that of acetic
acid (6.8 at 20.9 °C) [6]. Therefore formic acid with its high polarity largely determines the charge
distribution in the jet. An increase in conductivity with increasing amounts of FA implies a
decrease in surface tension, resulting in larger fiber diameters (since steady Taylor cones are

facilitated at higher viscosities).Solutions with 3:1 volume ratios of AA:FA were found to be more
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electrospinnable than those of 1:1 volume ratios of AA:FA. Table 4.2 shows the larger fiber
diameters obtained for the samples with an increase in polymer molecular weight, polymer

concentration and volume of formic acid.
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Figure 4.2: Plots showing the effects of varying the acetic acid:formic acid solvent ratio on the
viscosity and conductivity of the different polymer grades: where (A) and (C) are the
viscosityand conductivity results obtained for the 1:1 FA:AA solvent system respectively; while

(B) and (D) are the viscosity and conductivity results obtained for the 3:1 FA:AA solvent system.
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Table 4.2: The effect of solvent ratio (FA:AA), polymer concentration and molecular weight on the

fiber diameter (in pm).

Polymer 1:1 vol % FA:AA 3:1 vol % FA:AA

Concentration 'gy4 [B27 |B32 |B36 B24 |B27 |B32 |B36
(wt %)

10 58 57 90 96 66 81 80 105
12 65 69 131 151 70 96 108 138
14 95 79 160 234 103 112 141 246
16 109 106 209 304 113 127 154 457

e Fiber diameter in micrometers (um).

4.2 Characterization of electrospun polymer fibers functionalized with the

ZnTPCPc and their photochemical behaviour

Most applications for phthalocyanines are done in solution media; however there are others, e.g
photocatalysis, which are more preferable on solid media, like fibers. These solid systems offer
comparably better advantages like ease of recovery [8]. In this chapter the phthalocyanines were
supported on electrospun fibers and this section discusses the characterization of

phthalocyanine and phthalocyanine-Gd,03 NP functionalized fibers.

Polyamide 6 (i.e., B32, 14 wt %, 1:1 FA/AA) was used in the study due to its tough, high tensile
strength, relative flexibility and resistance to chemical degradation and heat. B32 14 wt % was
found to be the best molecular weight, concentration and solvent system because it showed no
clogging and dripping of the polymer solution and furthermore the Taylor cone was stable

therefore producing fibers with best morphology, i.e a consistent, small fiber diameter.
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The embedding of the nanocomposite in the fiber did not follow covalent bond formation, but
physical mixing (i.e. the conjugate (4) or mixed (5) samples were simply added to the polymer
solution). This has the advantage that varying amounts of the phthalocyanines can be added to
the polymer until the onset of leaching of the phthalocyanine from the polymer in aqueous
photocatalytic applications. It was possible to covalently bind the polymer to the carboxylic acid
group of the phthalocyanine through an amide bond to the N-H functionality of the polymer;
however, due to time constraints this study was not done. Three sets of electrospun fibers were
prepared using the B32 polymer grade, 14%: 1) a Pc functionalized fiber (ZnTCPPc,2), 2) a Pc NP-
conj fiber (PA-6/ZnTCPPc-Gd,03 NPs-conj, 4), and finally 3) the composite where the Pc was
simply mixed with the Gd,03 NPs (PA-6/ZnTCPPc-GdNPsmix, 5).

4.2.1. Microscopic characterization

Fiber diameter and morphology of the electrospun fibers were assessed using Scanning Electron
Microscopy (SEM). The average diameters of the electrospun fibers of each polymer alone and
those when functionalized with phthalocyanine or phthalocyanine-Gd,0s NPs were determined
using Cell*D software from Olympus. Both the functionalized and unfunctionalized polyamide
fibers that were formed had controllable fiber diameters and consisted of fibers that were, on

the whole, defect free (no beads present).

From the SEM images (Figure 4.3), with lower polymer concentrations, the presence of junctions
and bundles, indicating that the fibers were still wet when reaching the collector are observed.
However, by increasing the solution viscosity, through increasing the polymer concentration,
uniform fibers with few beads and junctions were obtained. These samples consisted of
continuous, single fibers with defect-free fiber surfaces and consistent fiber diameters as shown
in Figure 4.3. The electrospun fibers of the polyamide polymer alone and those functionalized
with the phthalocyanine complexes (Figure 4.4) were wholly uniform and defect free i.e. they did

not form an appreciable amount of beads under the experimental conditions (Figure 4.4).
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Figure 4.3: Scanning electron micrographs of the electrospun fiber mats obtained from

solutions of PA-6-24 (A), PA-6-27 (B), PA-6-32 (C) PA-6-36 (D) in 1:1 FA:AA.

The SEM image of the PA-6/ZnTCPPc-GdNP-conj (4) fiber is shown in Figure 4.4, revealing that
there is a slight increase in fiber diameter as compared to the Pc alone (PA-6/ZnTCPPc). The fiber
formed using the Pc-NP conjugate (4) conjugate was found to further increase the fiber diameter
as expected. The conjugate is a more bulky sample than the Pc alone and is expected to increase
the viscosity of the overall polymer solution. Analysis of the SEM images of the PA-6/Pc-NP mix
(5) resulted in a further increase. The fiber diameters of the electrospun fibers were found
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to range from 200 - 1050 nm (0.2-1.05 um). The fibers of Pc-NP mix (5) were shown to have a

number of beads (circled), Figure 4.4 (C).

SEM MAG: 8.85 kx HY: 30.00 kv [ R E———— | SEM MAG: 8.91 kx Hy: 30.00 kY -
VAC: Hivac DET: SEDetector 5um Vega @Tescan VAC: Hivac DET: SEDetector 5pm Vega ©@Tescan
DATE: 07116112 Device: VG1760481J Rhodes University SEM DATE: 07/116/12 Device: VG1760481J Rhodes University SEM

& \\
SEM MAG: 8.91 kx HY: 30.00 kv
VAC: Hivac DET: SEDetector 5um Vega @Tescan
DATE: 07116112 Device: VG1760481J Rhodes University SEM

Figure 4.4: SEM images of the nanofibers mats of A) PA-6/ZnTCPPc, B) PA-6/ZnTCPPc-SiGd.03
NPs (conj) (4) and C) PA-6/ZnTCPPc-SiGANPs (5,mix).
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4.2.2 Spectroscopic characterization

4.2.2.1 EDX spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) is an analytical technique employed for the analysis

of elements or chemical characterization of a sample on metal surfaces.

The EDX spectra shown in Figure 4.5 confirm that the ZnTCPPc-SiGd,OsNP were
successfully embedded in the PA-6 nanofibers as seen by the presence of the gadolinium
and the zinc constituents. Firstly it reveals the gadolinium (Gd) composition of the
nanoparticles. The carbon and the oxygen (O) observed are due to the PEG that was used
during the synthetic procedure, having been used to incur stability for the nanoparticles. Upon
forming the silica coat, Silica (Si) is observed in Figure 4.5 a) which confirms the successful
coating of the gadolinium oxide nanoparticles. The Gd and Si matched the results obtained by
Rossinyol et al. [9].The elemental composition of ZNTCPPc was also confirmed by the presence
of Nitrogen (N), Carbon (C) and O in Figure 4.5 b) and also observed in Figure 4.5d) for the
mixture. No impurities were observed from this analysis; the aluminium observed is from the foil

used as a collector for the nanofibers.

109



l
Qg g g g g g i 0 2 % A & % b & A W
Ful Scae 19497 cts Qursor: 0000 kv Ful Scal 2104 ets Cursa: 0000 i

SRR IRIRS i Ja (e *aai- Jashr aReer s die I R RE S R R A
Ful Scals 2104 cts Curser: 0.000 % [ Ful Scale 2104 s Curser. 0000 kY
Figure 4.5: EDX spectrum of a) PA-6/Si-Gd20; NP (conjugate) b) PA-6/ZnTCPPc c) PA-6/
ZnTCPPc -SiGd203NPs (conjugate) and d) PA -6/ ZnTCPPc —-SiGd,03NPs(mix) nanofibers proving

the presence of the gadolinium oxide nanoparticles on the fibre.

4.3 Photochemical behaviour of the Pc functionalized fibers: singlet oxygen

generating ability

Singlet oxygen plays a significant role in photocatalytic reactions. Therefore it is essential to
determine the singlet oxygen generating ability of the modified fiber in the aqueous medium
which is to be employed for photocatalysis. Similar work has been done, however with a

different central metal, using a lutetium carboxyphenoxy phthalocyanine (with no

nanoparticles).
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The results showed that there was evidence of photo-conversion of the ADMA due to singlet
oxygen production of the phthalocyanine within the fiber matrix, though long periods (75 min at
100 W) of irradiation were required. The value of the singlet oxygen quantum yield was estimated
to be 0.11. Although the yield was low, which was as expected for agqueous media, since
water quenches singlet oxygen[10],the value is still significant in showing the singlet

oxygen generating ability of the modified fiber [11].

In this work the singlet oxygen quantum vyield (®a) determinations for the ZnTCPPc and
ZnTCPPc-SiGd;03NPs in fibers were carried out in aqueous media using ADMA as a
guencher and its degradation was monitored at 380 nm, as shown in Figure 4.6.In each
case 15 mg of the modified fibers was suspended in an aqueous solution of ADMA and

irradiated for 30mins at 60W using the photolysis set-up described in Scheme 2.3.
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Figure 4.6: UV-vis spectral changes observed upon photolysis of 15 mg of PA-6/ ZnTCPPc-
nanofibers in the presence of ADMA in unbuffered water for 15 min of photolysis. Starting

ADMA concentration = 3.9 x 107> mol dm=3, irradiation interval = 5 min.

The singlet oxygen quantum yields obtained for the nanocomposite embedded in fiber are
listed in Table 4.3. The absence of the Q-band of the phthalocyanine when using PA-
6/ZnTCPPc and PA-6/ZnTCPPc-SiGd,0sNP nanofibers indicates that there was no leaching of
the Pc into the water during singlet generation since they are not soluble in water. As
observed there was a decrease in singlet oxygen quantum yield after conjugation and an
increase after physical mixing. The higher the ®, value, the more effective the fiber for the
degradation of Orange-G as will be observed in chapter 5. It was evident that the Pc is
required for the generation of singlet oxygen, as the fiber alone, under the same conditions,
did not produce any singlet oxygen as observed by the lack of degradation of ADMA. Due to
a paucity of sample of the ZnTCPPc, ZnTCPPc-SiGd;0sNP (conjugate and mixed), studies of
singlet oxygen generation without the fiber in water (using ADMA) were not determined.
However comparing the results obtained from the studies using DPBF in DMSO, it was
observed that there was a decrease in singlet oxygen generation when embedded in the fiber

(bearing in mind that singlet oxygen quantum vyields are generally lower in water than in
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organic solvents). This was, however, expected, since water in known to quench singlet
oxygen [12]. Regardless of the reduced singlet quantum yields, the nanocomposites in fiber
were found to be efficient singlet oxygen generators and they were able to produce enough

singlet oxygen to degrade ADMA.

Table 4.3: The effect of functionalization on singlet oxygen quantum yields. Polymer

formed from PA-6 (B 32, 14 wt. %) 3:1 (FA:AA).

Complex Fiber ®x (in water)
Diameter(um)

PA-6/ZnTCPPc 225 0.16

PA-6/ZnTCPPc-SiGd:O3NP 575 0.12

(conjugate)

PA-6/ZnTCPPc- SiGd203NP 1025 0.21

(mix)
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Chapter 5

Photodegradation of azo dye
pollutants

This chapter reports on the application of Pc and Pc-Gd,O3NPs functionalized fibers as

photocatalysts in the photodegradation of the organic pollutant Orange G.
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5.1 Introduction

The widespread presence of organic dyes in industrial wastewater has been proven to be a
potentially highly serious environmental problem. Azo dyes for example Orange G (0G),
especially, are non-biodegradable, toxic and potentially carcinogenic in nature, and are
widely used in industries as food colouring, chemical indicators and for many other
applications[1]. In the past, various physico-chemical and biological methods were used to
remove colour from dye containing wastewaters. These techniques included for example:
filtration, coagulation, precipitation, adsorption, ion exchange and classical
oxidation techniques [2]. However, there was lack of success because of the pollution transfer
from one phase to another leading therefore to a further costly treatment being
observed [3]. A promising approach, based on the production of singlet oxygen
generated by phthalocyanines under photoradiation which lead to photodegradation of
the dye [4], has been developed. The photocatalytic degradation of OG has been reported
in several studies [5], however, not with the conjugate/composite as reported in this work

(i.e. Pc-Gd203 NP).

5.2. Photodegradation of Orange G (0G)

5.2.1. Spectroscopic characterization

Not surprisingly, the unmodified fiber on its own showed no activity toward the
photodegradation of OG. This also confirms that the photosensitizer ZnTCPPc is embedded in

the fiber mat, hence catalytic activity is observed.

The absence of the Q-band of the phthalocyanine indicates that there was no leaching of the
Pc into the water as shown in Figure 5.1A. All experiments were performed by placing 5 g
fibre pieces in 5 ml deionised water in a glass vial. The photocatalytic setup used was the
same as that used for singlet oxygen detection, Scheme 2.3. The light reaching the reaction
vessel was found to be 3.2 x 10%° photons cm™2.s'. The degradation was monitored by
observing the change in the absorbance band of orange G at 478 nm [6]. An
advantage for this photocatalytic system is that the used fiber could simply be removed

from solution following
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photolysis, using a pair of tweezers or with magnet for the fibers embedded magnetic
nanoparticles. Figure 5.1 shows the absorption spectral changes observed during the
photolysis of Orange-G at 5 min intervals using PA-6/ZnTCPPc (Figure 5.1A), PA-6/ZnTCPPc-
Si-Gd,03NP (conjugate) (Figure 5.1B) and PA-6/ZnTCPPc-SiGd,03NP (mix) nanofibers (Figure
5.1C) as a photocatalyst. The spectral changes observed for PA-6/ZnTCPPc without Si-GdNP
showed a smaller decrease in the Orange G band. The OG absorption peak at 478 nm shows
a greater decrease in intensity in the presence of PA-6/ZnTPCPc- Si-Gd,03NP (Figure 5.2). This
decrease can be attributed to the large singlet oxygen quantum vyield observed for the
conjugate and the mix. With the mix having the greatest singlet oxygen quantum yield, it is

expected to be show better catalytic behaviour for the degradation of orange G.
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Figure 5.1 Electronic absorption spectral changes of a 1.93 x10~> mol L2 Orange G solution
during visible light photocatalysis using a 10 mg A) ZnTCPPc , B) ZnTCPPc-SiGd,0sNP
(conjugate) and C) ZnTCPPc-SiGd>03NP (mix) nanofiber mat. The experiments were carried

out using unbuffered water and the spectra recorded at 5 min intervals.

5.2.2. Kinetics studies for the photodegradation of Orange-G (OG)

The plots of In (Co/C) versus irradiation time are shown in Figure 5.2. The linearity of the plots
obtained indicates that this reaction follows first order kinetics. The kinetic data is listed in

Table 5.1.
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Figure 5.2: First order kinetics plots for the degradation of OG for: (A) PA-6/ ZnTCPPc R%:
0.984, 0.882 and 0.780 for (i), (ii), and (iii) respectively (B) PA-6/ ZnTCPPc-
SiGd203(conjugate) R%: 0.994, 0.982 and 0.944 for (i), (ii), and (iii) respectively and (C) PA-6/
ZnTCPPc -SiGd»03 (mix) R%: 0.992, 0.990 and 0.999 for (i), (ii), and (iii) respectively, nanofiber
as a photocatalysts.
0OG Concentration: (i) 2.3 x 107>, (ii) 3.5 x 107> and (iii) 4.8 x 10> mol L™
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The rate of photodegradation of OG decreased with an increase in OG concentration, where
the rate is faster for PA-6/ZnTCPPc-SiGd;Os3NP nanofibers compared to PA-
6/ZnTCPPcnanofibers without the nanoparticles. This is due to the higher singlet oxygen
quantum yield obtained for nylon-6/ ZnTCPPc-SiGd,03NP nanofibers. A decrease in Kops Was
observed as the concentration of the orange G increased. Higher Kops values were obtained
for the conjugate and the mix compared to those obtained for the Pc alone. This observation
can be explained by the increase in the singlet oxygen generation for the conjugate and the
mix. The reduced half-lives for OG oxidation for the ZnTCPPc-SiGd,03NP nanofiber compared
to ZnTCPPc nanofiber, Table 5.1, shows that the MNPs in the former improve the efficiency
of the OG photodegradation due to increased singlet oxygen quantum yields. The rate for OG
degradation is slower when ZnTCPPc or ZnTCPPc- SiGd,03NP are employed in solution (not
embedded in fiber) Table 5.1, although the amounts of the Pc in solution and fiber are
different. The Kobs values for the ZnTCPPc in solution are smaller than those observed for
ZnTCPPc in fiber. This was observed also for ZnTCPPc-SiGd,03NP-conjugate and ZnTCPPc-
SiGd;03NP—mix. Also the half-lives for ZnTCPPc in solution were much greater than those
observed for ZnTCPPc in fiber; again the same pattern is seen for ZnTCPPc-SiGd;O3NP-
conjugate and ZnTCPPc-SiGd,03NP-mix. Therefore this shows that photocatalysis is more

efficient in functionalised nanofibers.
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Table 5.1: The initial rate, rate constant (koss) and half-life (ti2) of various initial

concentrations of Orange G using the variously functionalized electrospun fibers.

Values in brackets are for nanocomposites not embedded in fiber.

[0G] Initial rate Half-life
Catalyst (x107°> mol L) Kobs (min~?1) (mol L't min™) (min)
3.2x1077
2.3 0.014(0.0080) | (1.8x1077) 49 (87)
2.1x1077
PA-6/ZnTCPPc 3.5 0.0060(0.0058) | (2.0x1077) 116 (119)
1.6x1077
(2 mmol) 4.8 0.0033(0.0010) | (4.8x1078) 210 (693)
1.2x10°®
2.3 0.050(0.030) | (6.9x1077) 14 (25)
5.6x1077
PA-6/ZnTCPPc - 3.5 0.016 (0.010) (3.5x1077) 44 (69)
1.7x1077
Conjugate (2 mmol) 4.8 0.0036(0.0020) | (9.6x1078) 193(347)
2.3 0.019 4.4x1077 36
PA-6/ZnTCPPc-mix | 3.5 0.018 6.3x1077 39
(2 mmol) 4.8 0.018 8.4x1077 39

5.3 Conclusion

The phthalocyanine and phthalocyanine-gadolinium oxide nanoparticle conjugate nanofibers
were found to be photoactive and are promising photosensitizers for the conversion of the
environmental pollutant, Orange G. The conjugate and the mix nanocomposites showed an
increase in singlet oxygen quantum vyield resulting in an increase in the rate of
photodegradation. Nanocomposites embedded on fibers were found to be more efficient in
degrading orange G than those not in fibers. This proves that funtionalised nanofibers are

better photocatalysts.
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6 General Conclusions

Zinc tetracarboxyphenoxy phthalocyanine (ZnTCPPc, 3) was covalently attached to the
surface of an amino functionalized silica-coated gadolinium oxide (Si-Gd,0s3, 2) nanoparticle
through formation of an amide bond. Formation of the covalent link between the Si-Gd,03
NPs and ZnTCPPc to form the conjugate (4) was confirmed using FTIR spectroscopy. Spherical
gadolinium oxide nanoparticles were synthesized as confirmed with TEM. TEM also revealed
an increase in size after coating the surface of the nanoparticles with silica and furthermore
after conjugation. Sizes for the nanoparticles obtained were from TEM studies. XPS
studies clearly revealed the presence of the characteristic Gd peaks and further showed that
the silica coating step had completely capped the NP, as no Gd peaks are observed. A
steady rise from 600 to 400 nm was observed for the conjugate upon conjugation of the Pc
to the nanoparticle, confirming the presence of the nanoparticle after conjugation. The
ground state absorption, fluorescence excitation and emission spectra of ZnTCPPc after
mixing with, and linking to, Si-Gd,OsNPs did not change significantly. The fluorescence
guantum vyields decreased in the presence of the nanoparticles. ®a and tr of ZnTCPPc

were found to increase upon conjugation.

The zinc phthalocyanines and the gadolinium oxide nanoparticle conjugates were
successfully incorporated into electrospun polymer fibers and the photochemical and
photophysical parameters evaluated. Improved singlet oxygen quantum yields were obtained
for the fibers as compared to the Pc (3) and the conjugate (4) alone. The model pollutant
Orange-G was easily degraded by these photocatalysts and the rate was high for PA-
6/ZnTCPPC-Si-Gd,03NP (mix) fiber due to its improved singlet oxygen quantum vyield.
These polymeric fiber materials, incorporating phthalocyanine and phthalocyanine-
gadolinium oxide nanoparticle conjugates, were shown to be promising materials in
developing multi-functional nanomaterials, which are easily recoverable, for application in

photocatalysis.

124



