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ABSTRACT

This thesis reports on the synthesis, photophysicochemical and photocatalytic
properties of various zinc phthalocyanines (Pcs). For enhanced properties and catalyst
support, the reported Pcs were conjugated to different nanoparticles (NPs) through
chemisorption as well as amide bond formation to yield Pc-NP conjugates. For
increased catalyst surface area and catalyst reusability, the Pcs and some of their
conjugates were also supported on electrospun inorganic nanofibers i.e. SiOz2,
hematite (abbreviated Hem and has formula a-Fe203), ZnO and TiO2 nanofibers. The
effect that the number of charges on a Pc has on its antimicrobial activities was
evaluated by comparing the photoactivities of neutral, octacationic and
hexadecacationic Pcs against S. aureus, E. coli and C. albicans. The extent of
enhancement of their antimicrobial activities upon conjugation (through chemisorption)
to Ag NPs was also studied in solution and when supported on SiO2 nanofibers. The
results showed that the hexadecacationic complex 3 possessed the best antimicrobial
activity against all three microorganisms, in solution and when supported on the SiO2
nanofibers. Covalent conjugation of Pcs with carboxylic acid moieties (complexes 4-
6) to amine functionalised NPs (Cys-Ag, NH2-Fe304 and Cys-Fe3O4@Ag) resulted in
enhanced singlet oxygen generation and thus antibacterial efficiencies. Comparison
of the photodegradation efficiencies of semiconductor nanofibers (hematite, ZnO and
TiO2) when bare and when modified with a Pc (complex 6) were evaluated.
Modification of the nanofibers with the Pc resulted in enhanced photoactivities for the
nanofibers with the hematite nanofibers being the best. Modification of the hematite
nanofibers with two different Pcs i.e. monosubstituted (complex 5) and an
asymmetrical tetrasubstituted Pc (complex 6) showed that complex 6 better enhanced
the activity of the nanofibers. Evaluation of the hydrogen generation efficiencies of the
bare and modified TiO2 nanofibers calcined at different temperatures demonstrated
that the anatase nanofibers calcined at 500 °C possessed the best catalytic efficiency.
The efficiency of the TiO2 nanofibers was enhanced in the presence of the Co and Pd
NPs as well as a Pc (complex 7), with the extent of enhancement being the greatest
for the nanofibers modified with the Pd NPs. The reported findings therefore
demonstrate the versatility of applications of Pcs for different water purification

techniques when supported on different nanomaterials.

iv



Table of Contents

T Page. .. e s [
DediCatioNS. ... e e i
ACKNOWIEAGEMENTS. . ... iii
Y 01 =T iv
Table of CoNtENtS. ... ..o %
List Of SYMDOIS. . ... Xii
List Of ADDreviations. ... ..o Xiii
Preamble....... .o e 1
L0 T- T = ol PP 2
1. INIrOAUCHION. ... 3
1.1 NaNOfIDEIS ... 3
1.1.1 EleCtrosSpiNNiNg. ..o 3
1.1.2 Modification of electrospun nanofibers................cccooiiiiiiii 5
1.1.3 Polymer free nanofibers. ... 7
1.1.3.1  Silica nanofibers (SiO2 NFS).......cooiiiiiii 8
1.1.3.2 Semiconductor based nanofibers. ..o 8
1.2 Nanoparticles (NPS)........ou e 10
1.2.1 Silver nanoparticles (AG NPS)......cooiiiii 11
1.2.2 Iron oxide magnetic nanoparticles (Fe3O4 NPS)...........oooiiiiiiiiiiints 12
1.2.3 Bimetallic iron oxide-silver nanoparticles (FesO4@Ag NPS)................... 13

\"



1.2.4 Palladium nanoparticles (PA NPS)........ooiiii 13

1.2.5 Cobalt nanoparticles (CONPS).......coiiiiii 14
1.3 Phthalocyanings (PCS) ......ouiiieii e 15
1.3.1 Synthesis of symmetrical and asymmetrical Pcs................cocooiiiiii, 16
1.3.2 Phthalocyanines studied in this thesis...............cooo . 18
1.3.3 Electronic Absorption Spectra of PCs........ccooiiiiiiii 24
1.3.4 Photophysicochemical Parameters of Pcs.............ooooiiiiin, 25
1.3.4.1  Fluorescence Quantum yields (®r) and lifetimes (tF)............ccooevennn. 27
1.3.4.2 Triplet Quantum yields (®1) and lifetimes (t1)..........cooviiiiiiiiiiiin, 28
1.3.4.3 Singlet Oxygen Quantum yields (Pa)........coeieiiiiiiiiiiiiiene, 29
1.3.5 Photocatalytic activities of Pcs studied in this work............................. . 31
1.3.5.1  Photodynamic Antimicrobial Chemotherapy (PACT)..........c.ccceeeiit. 31
1.3.5.2 Photodegradation of organic water pollutants................................. 34
1.3.5.3  Hydrogen generation.............cooiiuiiii i 36
1.4 AIMS OF theSiS. ... e 37
(0 4 T- T =] o P 39
2. Experimental....... ..o 40
2 Materials. ... s 40
2.0 SOOI ENES. e 40
2.1.2 Reagents for synthesis of Pcs, NPs, NFs and their conjugates................. 40
2.1.3 Reagents for photophysicochemical studies................ccooiiiiii. 41
2.1.4 Reagents used for photocatalytic applications...............ccccoeiiiiiiiiiiini, 41

Vi



2 2 EQUIPIMENT . L e 42
2.3 SYNINESIS ..t 51

2.3.1 Synthesis of Pcs (complexes 2-5)........ ..o 51

2.3.1.1 Synthesis of 2,9(10),16(17),23(24)-Tetrakis-(4"-(1’,3'-N-dimethyl, 4'-6'-

diaminopyrimidin-2’-ylthio))) phthalocyaninato zinc (II) (2), Scheme 3.1............ 51

2.3.1.2 Synthesis of 2,9(10),16(17),23(24)-Tetrakis-(4'-(1’,3"-N-dimethyl, 4'-6’

(hexamethylaminopyrimidin-2’-ylthio))) phthalocyaninato zinc (llI) (3), Scheme 3.1 52

2.3.1.3 Synthesis of 2-Mono-isophthalic acid-9(10),16(17),23 (24)- tri (tert-

butylphenoxy) phthalocyaninato zinc(ll) (4), Scheme 3.2..................cooiiinne 52

2.3.1.4 Synthesis of 2-Mono-(5-oxy) isophthalic acid phthalocyaninato zinc(ll) (5),

Y o] 4 (=) 1 1 -3 22 53

2.3.2 Synthesis and functionalisation of NPs................cocoi 54

2.3.2.1 Synthesis of oleylamine capped Ag NPs (OLM-Ag NPs), Scheme 3.3...... 54

2.3.2.2 Synthesis of cysteamine functionalised Ag NPs (Cys-Ag NPs), Scheme 3.4 55

2.3.2.3 Synthesis of Fe304 NPs (NH2-Fe3O4 NPs), Scheme 3.5........................ 55

2.3.2.4 Synthesis of cysteamine capped core-shell FezsO4@Ag NPs (Cys-FesOs@Ag

NPS), SCheme 3.6. ... 56

2.3.3 Conjugation of NPS t0 PCS.......uiiiiiii e 57

2.3.3.1 Conjugation of OLM-Ag NPs to complexes 1-3 via chemisorption, Scheme

BT 57

2.3.3.2 Conjugation of Cys-Ag, NH2-Fe304 and Cys-Fe3Os@Ag NPs to complexes 4-

6 via amide bonds, Scheme 3.8....... ... 57

Vii



2.4  Fabrication of electrospun NFS...... ..., 58

2.4 SIO2 NF S . 58
2.4.1.1Bare SiO2 NFS. ... 58
2.4.1.2 in situ synthesis of Ag NPs onto SiO2 NFs (Ag-SiO2 NFs)...................... 59
2.4.1.3 Pc decorated SiO2 NFs (Pc-SiO2 NFS)........oviiiiiiie 59
2.4.1.4 Pc decorated Ag-SiO2 NFs (PC@AQ-SiO2 NFS).......cccooiiiiiiiiiiii, 60

2.4.2 SemicondUCtOr NFS. ..o e, B0

242 1Bare Hem NFs. ... 60
2.4.2.2Bare ZNO NFS ...t 61
2.4.2.3Bare TiO2 NF S ..o 61
2.4.2.4 Pc decorated semiconductor NFS...........oooiiiiiiiii s 62
2.4.2.5 in situ synthesis of Pd NPs onto TIO2NFs ..., 63
2.4.2.6 in situ synthesis of Co NPs onto TiO2NFs ... 63
2.5 Photocatalytic applications..........coooiiiii s 64
2.5.1 PACT SUAIES. .. enieii e 64
2.5.2 Photodegradation Studies...........c..oiiiiiiiii 66
2.5.3 Hydrogen generation Studies. ..........ccouiiiiiiiii 66

Results and DiSCUSSION........ccciviiiiiireiaiiierreennrersessarassasassnsasensasens OF

[ 0] o] [o= 11 oY o 1= 68

viii



(04 =1 o (- i PP 70

3.1 Phthalocyanines (PCS)......c.oeiiiii e 71

3.1.1 2,9(10),16(17),23(24)-Tetrakis-(4’-(1',3’-N-dimethyl, 4’-6’-diaminopyrimidin-2’-
ylthio))) phthalocyaninato zinc (Il) (2) and 2,9(10),16(17),23(24)-Tetrakis-(4’-(1",3’-N-

dimethyl,4’-6’-(hexamethylaminopyrimidin-2’-ylthio))) phthalocyaninato zinc (ll) (3). 71

3.1.2 2-Mono-isophthalic acid-9(10),16(17),23 (24)- tri (tert-butylphenoxy)

phthalocyaninato zinc(ll) (4) and 2-Mono-(5-oxy) isophthalic acid phthalocyaninato

ZINC(I1) (5.t 77
3.2 Nanoparticles (NPs) and conjugates............oooveiiiiiiiiiiiiiiie e, 81
3.2. 1 NaNOPAMCIES. ... e 81
3.2.2 Chemisorption of complexes 1-3 to OLM-Ag NPs..........coiiiiiiiiiiiann. 84
3.2.2.1 Transmission Electron Microscopy (TEM)..........ccoooiiiiiiiiiii e, 85
3.2.2.2 X-ray Diffraction (XRD)........ccoiiiiiiiii e 85
3.2.2.3 Ground state UV-Vis SPeCIrOSCOPY. .. .vvuiieiiiiiieeei e 86
3.2.2.4 X-ray photoelectron spectroscopy (XPS)......ccciiiiiiiiiiie, 88

3.2.3 Covalent conjugation of complexes 4-6 to Cys-Ag, NH2-Fe304 and Cys-

FE304@AG NPS ... 91
3.2.3.1 Transmission Electron Microscopy (TEM)..........cooiiiiiiiiiiiiiiin, 92
3.2.3.2 X-ray Diffraction (XRD)........cuiuiuiiiiii e 93
3.2.3.3 Ground state UV-ViS SPECIrOSCOPY ....uvvviniieiiiiiiiiei e 94
3.2.3.4 X-ray photoelectron spectroscopy (XPS)........cooiiiiiiiiiiiiies 96

ix



3.3 Loading of PCS ON NPS. ... 97

3.4 CloSINg REMArKS. ... .ovii e 98

Chapterd.........coo ot e naan 99

4. Characterisation of electrospun nanofibers ..., 100
4.1 SIO2 NFS. .o 100
4.2 SemicondUCIOr NFS. .. ... 110
4. 2.1 HemM N S .o 110
4.2.2 ZN0 NS ..o 117
4.2.3 TiO2 NFS. .. 120
4.3 CloSiNg ReMaArKS. ... .o 130
L0 T T =] g 131
5.1 FIUOrescence StUAIES. .......ouiuii i 132
St P T 0T o« > 132

5.1.2 Quantum yields (®r) and lifetimes (TF).........oovriiiiiii 133

5.2 Triplet Quantum yields (®1) and triplet lifetimes (t1).........ccooooiiiiiiin.. 135

5.3 Singlet oxygen quantum yields (Pa).......ccoeoiiiiiiii e 138
5.3.1 Comparative method ....... ..o 138
5.3.2 Absolute Method. ... 143
5.4 Closing RemMarks. ..o 146



Chapter B... ..o 147

6.1 Antimicrobial activity of Pcs and Pc-NP conjugates in solution..................... 148
6.2 Antimicrobial activity of Pc/NP modified electrospun NFs ............................ 156
6.2.1 Antimicrobial activity on SiO2 NFs...........o i 156
6.2.2 Antimicrobial activity on Hem NFs............o e, 164
6.3 Mechanism of PACT actiVity..........coooiuiiiiiii e 165
6.4 ClosSiNng Remarks. ..o 168
04 3 T T =] o A 169
7.1 Photodegradation of Methyl Orange (MO)..........cccoiiiiiiii e, 170
7.2 Mechanism of photodegradation...............coooiiii i 180
7.3 ClosSiNg REMAIKS. ... .ovii e 182
Chapter 8..... .o e 183
8.1 Photo-induced hydrogen generation..............coooiiiiiii i, 184

8.2 Mechanism of sacrificial electron donor (SED) assisted hydrogen generation.187

8.3 Closing RemMarks. ..o 188
Chapter 9. 189
9.1 CONCIUSIONS. . ..ttt e e 190
9.2 FULUIE WOTK. ...t 191
References. ... oo e 192

Xi



List of Symbols

D Apma ADMA Quantum Yield

Ka Adsorption coefficient

k Apparent reaction rate constant

TF Fluorescence Lifetime

O Fluorescence Quantum Yield

t1/2 Half-life

l'o Initial photocatalytic degradation rate
Co Initial concentration of pollutant

labs Light intensity

n Refractive index of sample solvent
Nstd Refractive index of standard solvent
o, Singlet Oxygen Quantum Yield

TT Triplet Lifetime

D Triplet Quantum Yield

a Absorption coefficient

h Planck’s constant,

v Photon’s frequency

Eg Band gap energy

Kk Proportionality constant

Xii



AA
ADMA
APTES
BET

C. albicans
DBU
DCC
DCM
DMAE
DMSO
DMF
DPBF
EDC
EDX

E. coli
EtOH
GC-TCD

Hem
HPLC
"H NMR
HOMO
IC

ISC
LUMO

List of Abbreviations

Acetic acid
Anthracene-9,10-bis-methylmalonate
(3-Aminopropyl)triethoxysilane
Brunauer—Emmett-Teller

Candida Albicans
1,8-Diazabicyclo[5.4.0]lundec-7ene
Dicyclohexylcarbodiimide
Dichloromethane
Dimethylaminoethanol

Dimethyl sulfoxide
N,N-Dimethylformamide

1,3- Diphenylisobenzofuran
N,N'-dicyclohexylcarbodiimide
Energy Dispersive X-ray
Escherichia Coli

Ethanol

Gas Chromatograph-Thermal Conductivity
Detector

Hematite

High performance liquid chromatography

Proton Nuclear Magnetic resonance
Highest Occupied Molecular Orbital
Internal conversion

Intersystem crossing

Lowest Unoccupied Molecular Orbital

xiii



MALDI-TOF

MO
MNP
MPc
PBS

Pc

PVP
ROS

S. aureus
SED
SEM
SPR
TCD
TCSPC
TEM
TEOS
THF
XRD
XPS

Matrix- Assisted Laser Desorption
lonization- Time of Flight

Methyl Orange

Metal Nanoparticles
Metallophthalocyanine
Phosphate Buffer Solution
Phthalocyanine
Polyvinylpyrrolidone
Reactive Oxygen Species
Staphylococcus Aureus
Sacrificial Electron Donor
Scanning Electron Microscopy
Surface Plasmon Resonance

Tip to Collector Distance

Time-Correlated Single Photon Counting

Transmission Electron Microscopy
Tetraethoxysilane
Tetrahydrofuran

X-ray Diffraction

X-ray Photoelectron Spectroscopy

Xiv



Preamble

This thesis reports on the fabrication and characterisation of hybrid
nanomaterials composed of various phthalocyanines that have been supported
on nanofibers and nanoparticles. The composite nanomaterials are applied for
water purification studies including the photoinactivation of microbes,

photooxidation of organic pollutants and for the generation of hydrogen.



Chapter 1

This chapter describes the basis of the thesis. It gives background on nanofibers,
nanoparticles and phthalocyanines and how these nanomaterials can be conjugated

to form hybrid visible light active nanocatalysts.



1. Introduction

The treatment of water contaminants (including bacteria and organic pollutants) is an
area of importance due to the scarcity and hence increased demand for clean water.
This thesis describes the fabrication, characterisation and application of various
heterogeneous catalysts based on nanofibers (NFs) and nanoparticles (NPs) which
have been modified with different phthalocyanines (Pcs). The fabrication of such
organic-inorganic hybrid nanomaterials yields nanoconjugates with unique

photophysicochemical properties and thus versatile applications.

1.1 Nanofibers (NFs)

Nanofibers are generally fibers with diameters in the nanometer range. They can be
generated from different polymers and can have different physical properties and
hence application potentials. The different NFs discussed in this work were all

fabricated through electrospinning and used in varying water treatment applications.

1.1.1 Electrospinning

Electrospinning; a technique that was developed in 1934 by Forhals, is used for the
fabrication of continuous fibers with diameters in the nanometer to micrometer range
through an electrically charged jet of polymer [1,2]. As depicted in Figure 1.1, the basic
electrospinning components include a high voltage direct current power supply, a
ground/rotating collector (an electrical conducting material) and a spinneret (typically
a syringe needle) [3]. During the generation of the electrospun NFs, a high voltage is
applied to a polymer fluid which is fed through the spinneret with the help of the syringe
pump (controls the flow rate). The discharged polymer solution undergoes a whipping
wherein the solvent evaporates and the stretched polymer fibers are deposited on the

collector [3,4].



Figure 1.1: Schematic diagram of electrospinning setup [3]

The morphologies and diameters of electrospun NFs can be altered by modifying

paramaters including [5-7]:

e intrinsic properties of the polymer solution such as the type of polymer, solution
viscosity, and solvent volatility.
e processing parameters including the strength of the applied electric field,

solution flow rate, and tip to collector distance (TCD).

Variables such as humidity and temperature of the surroundings also contribute to the

physical properties of the electrospun NFs [3].

Through experimental investigations, general relationships between these parameters
and fiber morphologies have been elucidated. For instance, a higher voltage has been
observed to lead to larger fiber diameters, a trend that is not necessarily monotonic. It
has also been observed that the more viscous the polymer solution, the larger the fiber

diameter [3].



Electrospun NFs commonly possess properties such as porosity, long length and
higher surface areas hence they are used in numerous fields including tissue
engineering scaffolds, protective clothing, filtration, and wound dressing amongst

others [7-10].

In this work, the electrospun NFs are used as catalyst supports for phthalocyanines
(Pcs), nanoparticles (NPs) and their respective conjugates for application in the
photoinactivation of microbes, photodegradation of organic pollutants and for

hydrogen generation studies.

1.1.2 Modification of electrospun nanofibers

As demonstrated in Table 1.1, electrospun NFs have been used to embed a range of
Pcs and NPs for use in different water purification applications [11-17]. This is to
ensure catalyst recovery and hence reusability as well as cost effectiveness. The use
of NFs also increases the catalyst surface area and in addition, embedding the
photocatalysts in the NFs also ensures that they are protected from degradation and

do not leach into the water, thereby further polluting it.

All the modified NFs in Table 1.1 are derived from various polymers. The electrospun
NFs reported in this work are however different from the commonly used ones as they
are polymer free. This is achieved by calcination of the polymer of choice at high
temperatures to yield purely inorganic NFs. The polymer therefore acts as sacrificial
entity and aids in the generation of NFs from otherwise powdered or liquid materials.
The calcination of the polymer is attractive in that it eliminates the possible shielding
and suppression of the activity of the embedded catalysts. The polymer removal also

ensures that there is direct contact and hence better interaction between the pollutants



and the catalyst without the polymer barrier. It is novel for Pcs to be embedded onto

polymer-free NFs.

This work reports on the fabrication, characterisation and application of a range of

polymer free NFs i.e. silica NFs as well as various semiconductor based NFs.

Table 1.1: Modified electrospun nanofibers for different water treatment applications

Catalysts Polymer Application Ref.

INOCPc Polyacrylonitrile | Degradation of Methyl Orange and 11
Photoinactivation of S. aureus

LuUuTPPc Polystyrene Degradation of 4-Chlorophenol 12
Lead Pc Polystyrene Photoinactivation of Escherichia coli | 13
ZnOCPc-Fe304 conjugate Polyamide-6 Degradation of Orange G 14
ZnTCPPc and ZnTAPPc Polystyrene Degradation of Orange G 15
Copper Pc Polyacrylonitrile Degradation of Rhodamine B 16
H2TPCPc Polystyrene Photoinactivation of S. aureus 17

INOCPc = In octacarboxy phthalocyanine, LuTPPc = Lu tetraphenoxy
phthalocyanine, ZnOCPc = Zn octacarboxy phthalocanine, ZnTCPPc = Zn
tetracaboxyphenoxy phthalocyanine, ZnTAPPc = Zn tetraaminophenoxy
phthalocyanine, H2.TPCPc = free-base tetraphenylcarboxy phthalocyanine.



https://www.sciencedirect.com/science/article/pii/S0277538711006760

1.1.3 Polymer free nanofibers

Attractive properties of heterogeneous catalysts for water treatment include high

surface areas, high activity, stability, cost effectivity, reusability and versatility, hence

this work compares the properties and catalytic efficiencies of a range of polymer free

NFs.

As demonstrated in Table 1.2 [18-22], various polymer free NFs have been fabricated

for various applications. In this work however, the synergistic interactions of the

various NFs with different Pcs and NPs are explored for the first time. The NFs

discussed in this work are applied in the presence of Pcs and NPs for a range of water

purification based applications such as the degradation of water pollutants and

antimicrobial studies amongst others to demonstrate their versatility and hence multi-

functional purposes.

Table 1.2: Electrospun polymer free nanofibers and their various applications.

Type of Nanofiber Application Ref.
Alumina nanofibers Methyl Orange adsorption 18
Cyclodextrin nanofibers - 19
Tin oxide nanofibers Detection of Triacetone triperoxide Precursors | 20
Tantalum pentoxide fibers - 21
Cesium tungstate Photodegradation of Rhodamine B 22




1.1.3.1 Silica nanofibers (SiO2 NFs)

Silica (SiO2) is one of the most abundant compounds in the earth’s crust and it exists
in crystalline (quartz) and amorphous (glass) form, both of which possess different
properties [23]. Due to their attractive properties such as chemical and physical
stability, biocompatibility as well as high surface areas, the fabrication and application
of SiO2 NFs for studies such as thermal energy storage and removal of organic
pollutants have been reported [24-27]. These NFs are also good as catalyst supports
as they are stable, difficult to destroy in solvents, easy to recycle, flexible and possess

high-heat-resistance [28,29].

Herein the fabrication and characterisation of inorganic SiO2 NFs is reported. This
entails the combination of electrospinning with sol-gel process, followed by calcination.
The NFs are also decorated with different Pcs and NPs for the first time with the aim
of creating effective antibacterial and antifungal agents against Staphylococcus
Aureus (S. aureus), Escherichia Coli (E. coli) and Candida Albicans (C. albicans),

respectively.

1.1.3.2 Semiconductor based nanofibers

Over the years, research interest on semiconductor based photocatalysts has
increased due to their versatile applications, including the photodegradation of organic
waste, bacterial treatment, anticancer properties and water splitting [30-33]. Hematite
(Hem), titanium dioxide (TiOz2), and zinc oxide (ZnO) are the most commonly used of
these photocatalysts due to their relatively low cost, good chemical and optical stability
as well as their easy fabrication in a range of nanostructures such as nanowires,

nanocombs and nanospheres etc. [34-36].



This thesis reports on the fabrication (through electrospinning followed by calcination),
characterisation and applications of Hem, ZnO and TiO2 NFs. These NFs are
particularly attractive relative to the other semiconductor nanomaterials as they usually
have small diameters (nano to micrometer scale) and high surface-to-volume ratios
[37,38]. The limitation of some semiconductors however is that they tend to have wide
band gaps of ~3.0 eV meaning their photoactivity is mainly under UV irradiation
[39,40]. The sunlight reaching the earth's surface on the other hand contains less than
5% UV irradiation, thereby limiting the real life applications of these photocatalysts
[41]. Hence this thesis discusses the fabrication of Hem, ZnO and TiO2 NFs decorated

with visible light active Pcs for the first time.

The conjugation of Pcs to iron oxide NPs has been reported before [42,43]. This work
however reports for the first time on the fabrication and characterisation of Pc modified
polymer free Hem NFs. This is done with the aim of creating dual purpose catalyst
with high activity and that can be magnetically regenerated post-application. The
photocatalytic activities of the Pc modified Hem NFs are evaluated for antibacterial
studies against S. aureus and for the photodegradation of Methyl Orange (MO), an

organic pollutant.

The conjugation of Pcs to ZnO NPs for enhanced photocatalytic activity has been
reported before [44]. This thesis however reports on the fabrication and
characterisation of Pc modified ZnO NFs for the first time. The photocatalytic activities

of these NFs are discussed based on their efficiencies in the photodegradation of MO.

The conjugation of Pcs to TiO2 NPs has also been reported before [45]. In this thesis
however, the fabrication, characterisation and application of anatase and rutile TiO2

NFs is discussed. Comparison of the catalytic efficiencies of the anatase and rutile



TiOz2 is also reported. The NFs are modified with NPs and Pcs and applied for the

photodegradation of MO and the generation of hydrogen.
1.2 Nanoparticles (NPs)

Nanoparticles (NPs) are the building blocks of nanotechnology that in broadest terms
signifies the understanding and controlling of properties of matter at dimensions of

roughly 1-100nm [46]. Although small, NPs are mainly composed of three layers [47]:

-The surface layer, which may be functionalized with a variety of small molecules,

metal ions, surfactants and polymers.
-The shell layer, which is chemically different material from the core in all aspects.

-The core, which is essentially the central portion of the NP and usually refers the NP

itself.

Some of the main advantages of using NPs include their ability to target drugs to
specific locations in the body, they can enhance aqueous solubility of other materials,
they have tuneable properties and they have large surface areas, which allow for
multiple functional groups to be added to their surfaces [48]. In addition, NPs can
influence the photophysicochemical properties of a photosensitiser and they tend to
exhibit size-related properties that differ significantly from those observed in fine
particles or bulk materials [47,49]. The NPs that have been synthesised and are
reported in this work are silver, iron oxide (Fes3Oas), bimetallic iron oxide- silver,
palladium and cobalt NPs. As shown in Table 1.3 [50-63], these NPs have been used
for various applications. This thesis however discusses the syntheses and role of the
NPs in the enhancement of the photoactivities of the different Pcs; in solution (Ag,

FesO4 and bimetallic FesO4@Ag NPs) and when supported on NFs (Ag, Pd and Co
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NPs). The different chemical bonds holding the NPs to the NFs and Pcs are also
reported based on the different capping agents that are used. As shown in Table 1.3
[60-63], the conjugation of the NPs with various Pcs also results in conjugates that

have been used for photocatalytic applications.

Table 1.3: Various applications of the NPs and Pc-NP conjugates.

NPs/ Pc-NP conjugates Application Ref.
Silver NPs Drug delivery, catalysis, wound dressing | 50-52
Iron oxide magnetic NPs Antibacterial agents, catalysis 53,54
Bimetallic iron oxide- silver NPs Biosensors 55
Palladium NPs Fuel cells, catalysis 56,57
Cobalt NPs Biomedicine, catalysis 58,59
Pc-silver NP conjugate Antimicrobial agents 60,61
Pc-iron oxide magnetic NP conjugate Antimicrobial agents, catalysis 11,62
Pc- bimetallic iron oxide- silver NP conjugate Antimicrobial agents 63

1.2.1 Silver nanoparticles (Ag NPs)

Silver nanoparticles (Ag NPs) are commonly used nanomaterials in various research
areas due to their attractive properties including optical, electrical, and thermal
stability, high electrical conductivity, and biological activity amongst others [64,65]. A
variety of preparation techniques have been reported for the synthesis of silver NPs
such as laser ablation, gamma irradiation, electron irradiation, microwave processing

and biological synthetic methods [66-70].
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This work reports on the fabrication of Ag NPs on the surface of SiO2 NFs for catalyst
support and reusability. This was conducted using the in situ chemical reduction, as
the method allows for control of the particle size and morphology of the NPs [71]. The
anchoring of Ag NPs on SiOz NFs is particularly attractive as the photoactive Ag+ ions
have been shown to exhibit sustained release from Ag NPs when they are immobilised

on substrates, thereby providing prolonged catalytic effects [72].

Oleylamine capped Ag NPs were also fabricated and then conjugated to sulfur and
nitrogen rich Pcs through chemisorption using Ag-N and Ag-S bonds. The conjugation
of Ag NPs to uncharged Pcs has been reported to enhance their
photophysicochemical and hence photocatalytic properties [60,61] (Table 1.3). In this
work however, the conjugation of Ag NPs to cationic Pcs is reported for the first time.
This was achieved through the thermal decomposition of silver acetate, a method that
has been reported to yield monodispersed Ag NPs with controlled sizes [73]. The
conjugation of cysteamine capped Ag NPs to Pcs with terminal carboxylic acid groups
through amide bonds is also explored and reported. All of the Ag NP modified Pcs and

NFs reported herein are applied for antimicrobial purposes.

1.2.2 Iron oxide magnetic nanoparticles (Fe3O4 NPs)

Due to their superparamagnetism and high surface areas, research interest in
magnetite nanoparticles (FesO4 NPs) has increased [74]. Various methods have been
reported for the synthesis of these NPs including co-precipitation, microemulsion,
thermal decomposition, solvothermal and sonochemical techniques [75-79]. The
FesO4 NPs reported herein were synthesised using the co-precipitation method. This
is because it is an easy method, uses less harmful materials, it has high productivity,

short reaction times and controlled NP sizes [80].
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This work reports on the conjugation of amine functionalised Fe3O4 NPs to carboxylic
acid functionalised Pcs through amide bonds to get magnetically retrievable
photocatalysts. The effect of the conjugation on the photophysicochemical and
antibacterial properties of the Pcs is studied and discussed. The conjugation of Pcs to
FesOs4 NPs and their antibacterial behaviours have been reported before [11,62]
(Table 1.3). In this work however, asymmetrical Pcs are investigated in such a study

for the first time.

1.2.3 Bimetallic iron oxide- silver nanoparticles (Fes0s@Ag NPs)

With the aim of combining the optical and photochemical properties of Ag NPs to the
magnetic properties of FesOs4 NPs, bimetallic composite iron oxide- silver NPs were
synthesised. This was achieved through the thermal decomposition of silver acetate
on the surface of FesOs4 NPs. Although the fabrication of these NPs has not been
explored much, they have been reported to possess an enhanced magneto-optic

response relative to Ag and Fe3O4 NPs alone [81].

The conjugation of these NPs to Pcs has been reported before [63] (Table 1.3). This
thesis however reports for the first time on their conjugation to asymmetric Pcs. The
effect of the conjugation on the photophysicochemical and antibacterial properties of

the Pcs is studied and discussed.

1.2.4 Palladium nanoparticles (Pd NPs)

Palladium (Pd) is a rare and precious metal that belongs to the platinum group

elements [82]. Pd NPs are largely employed as active catalysts due to their high

surface area to volume ratio and high surface energy [83]. Several methods have been
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developed for the synthesis of these NPs including microwave assisted,

microemulsions, biosynthesis and sonochemical reduction [84-87].

This thesis however reports for the first time on the use of TiO2 NFs to reduce Pd?* to
Pd° thereby leading to the in situ formation of the NPs on the NFs. It is also the first
time that Pcs are employed with Pd NPs. This is done with the aim of enhancing the
photocatalytic efficiencies of the anatase and rutile TiO2 NFs which is evaluated based

on their abilities to promote the production of hydrogen from contaminated water.

1.2.5 Cobalt nanoparticles (Co NPs)

Cobalt is considered to be the first catalyst made from nonprecious metal with
properties closely matching with those of the highly active platinum [88]. Cobalt NPs
are particularly attractive due to their superparamagnetic nature and easy fabrication
in different shapes and sizes [89,90]. Reported methods for the synthesis of Co NPs
include microfluidics, microemulsion, biosynthesis and template based synthesis [91-

94].

In this work, reduction of Co?* to Co® is conducted on the TiO2 NFs leading to the in
situ formation of the NPs on the surface of the NFs, a study that is conducted for the
first time. It is also the first time that Pcs are employed with Co NPs. This is done with
the aim of enhancing the photocatalytic efficiencies of the anatase and rutile TiO2 NFs
and comparing the findings to those obtained for the TiO2 NFs modified with Pd NPs.
The catalytic behaviour of the NFs modified with the Co NPs was also evaluated based

on their abilities to promote the production of hydrogen from contaminated water.
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1.3 Phthalocyanines (Pcs)

Phthalocyanines (Pcs) are structural analogues of other macrocylic pigments such as
porphyrins and were first characterized and documented by Linstead and co-workers
[95]. They are synthetic tetrapyrrolic macrocycles containing four iminoisoindoline
rings (connected via nitrogen atoms) with a conjugated 18 m-electron system [96]. The
central cavity of Pcs can accommodate numerous metals or metalloids, while various

substituents can be incorporated to the outer hydrocarbon moieties on the non-
peripheral (0) and peripheral (B) positions as shown in Figure 1.2. According to
nomenclature of tetrapyrroles [97], a-substituents are located at the 1, 4, 8, 11, 15, 18,

22, and 25 positions on the Pc ring, while B-substituents are located at the 2, 3, 9, 10,

16, 17, 23, and 24 positions on the Pc ring.

B position

2
- :
N HN \
N/ \N Q position
NH N=—
&\«%

Figure 1.2: The molecular structures of (i) an unmetallated phthalocyanine (H2Pc) and

(ii) a metallophthalocyanine (MPc).
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The use of the different central metals and substituents allows for the generation of a
wide range of Pc complexes with different properties and hence applications. Pcs
generally possess attractive properties such as excellent visible/near infrared
absorption, high chemical and thermal stability and the ability of generate singlet
oxygen [98]. They have gained attention in diverse applications including nonlinear
optics [99], photodynamic therapy of cancer [100], dye sensitised solar cells [101],
water splitting [102], sensors [103], textile coloring [104] and corrosion inhibition [105]

amongst others.

1.3.1 Synthesis of symmetrical and asymmetrical Pcs

Various routes have been reported for the synthesis of Pcs, all of which depend on the
type of the desired Pc i.e. whether metallated or metal free, symmetrical or
asymmetrical. The synthesis of Pcs can be achieved using different precursors
including o-cyanobenzamide, o-dibromobenzene, diiminosoindoile and phthalonitriles.
The use of phthalonitriles is more popular due to ease of purification and high yields
of the generated Pcs [106,107]. The synthesis of a and B-tetrasubstituted Pcs would
thus require the use of a 3-nitrophthalonitrile and 4-nitrophthalonitrile, respectively.
The nitro groups of the phthalonitriles can then be modified to afford the desired
substituted phthalonitriles for the synthesis of Pcs [108]. Symmetrically
tetrasubstituted Pcs are synthesized by cyclotetramerization of monosubstituted
phthalonitriles in the presence of a metal salt (in the case of metallophthalocyanines),
a base such as 1,8-diazabicycloundec-7ene (DBU) or dimethylaminoethanol (DMAE)

and a solvent such as quinoline and 1-pentanol [109,110], Scheme 1.1.
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v
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Scheme 1.1: The synthesis of tetrasubstituted MPcs from monosubstitued
phthalonitriles at (i) non-peripheral (a) and (ii) peripheral (B) positions. R represents

the substituent of choice.

The cyclotetramerization of monosubstitued phthalonitriles to form tetrasubstituted
Pcs results in a mixture of isomers with the molecular symmetry of Can, C2v, Cs and
D2n. Although time consuming and resulting in low yields, these isomers have been
reported to be separable using specially designed high performance liquid

chromatographic (HPLC) columns [111].
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The synthesis of asymmetrical Pcs has been achieved using various methods
including sub-phthalocyanine expansion and the conventional statistical condensation
of two differently substituted phthalonitriles [112,113]. The statistical condensation
approach was implemented for the synthesis of AsB-type asymmetrical Pcs in this
work. These Pcs have three identical isoindole subunits and one different subunit. This
method requires two differently substituted phthalonitriles which upon cyclising in the
presence of a metal salt give six possible constitutional isomers with varying
percentage vyields, Scheme 1.2 [114,115]. The six products can be

chromatographically isolated to obtain the desired Pc.

1.3.2 Phthalocyanines studied in this thesis

This work reports on symmetrical and asymmetrical peripherally substituted Pcs with
a zinc (Zn) central metal. The central metal of Pcs influences their
photophysicochemical properties. Zn was particularly chosen for the Pcs reported in
this thesis because it is diamagnetic and hence has a closed shell structure which
results in enhanced photophysicochemical properties. In addition, as a heavy atom,
Zn promotes intersystem crossing (ISC) of the excited dye to populate the triplet state,
a phenomenon known as the heavy atom effect. ISC is mostly observed in atoms
whose nuclei are large and enhances the kinetics of both radiative and non-radiative
transitions between states with different spins [116,117]. Complexes 1, 6 and 7 have

been reported before [118-120] while complexes 2-5 are novel, Table 1.4.

Please note: Complex 6 was reported as part of my MSc work, but has now been

expanded to include NPs and NFs.
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CN NC R4

Metal Salt

Scheme 1.2: Methods for the synthesis of unsymmetrical Pcs using the statistical

condensation of phthalonitriles A and B.
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Table 1.4: Phthalocyanine complexes used in this thesis

Support 5
Pc structure and name 2
(NFs and / or NPs) Application g'
(&)
No NFs
OLM-Ag NPs

(Ag-N & Ag-S bonds) Photodynamic Antimicrobial

1

Chemotherapy of S. aureus,
E. coliand C. albicans [118]

SiO2 NFs
with
in situ Ag NPs
2,9(10),16(17),23(24)-Tetrakis-(4-(4'-6’-
diaminopyrimidin-2’-ylthio)))
phthalocyaninato zinc (Il)
8 I
No NFs
OLM-Ag NPs

(Ag-N & Ag-S bonds)
Photodynamic Antimicrobial

Chemotherapy of S. aureus,
E. coli and C. albicans

INEW]

o f SiOz NFs
@
N%N@/ with
H,N \ |
NH, NH, in situ Ag NPs

2,9(10),16(17),23(24)-Tetrakis-(4-(1’,3’-N-
dimethyl, 4’-6’-diaminopyrimidin-2’-ylthio)))
phthalocyaninato zinc (I1)
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161

\/
\\g — \
N eN— No NFs
ON—/
/o OLM-Ag NPs
(Ag-S bonds)
/ . o 3
N Photodynamic Antimicrobial
/ /N Chemotherapy of S. aureus, | [NEW]
E. coli and C. albicans
\ S
N Si0; NFs
\@ Ng~
—N7\
/ o with
/ \ in situ Ag NPs
2,9(10),16(17),23(24)-Tetrakis-(4’-(1’,3’-N-
dimethyl, 4’-6’-(hexamethylaminopyrimidin-
2’-ylthio))) phthalocyaninato zinc (lI)
COOH
HOOC
No NFs
(o]
0 Cys-Ag, NH2-F€304
"@ and Cys-Fe;0.@Ag
N, N 4
xZn/ % NPs
(Amide bonds) Photodynamic Antimicrobial | [NEW]

2-Mono-isophthalic acid-9(10),16(17),23
(24)- tri (tert-butylphenoxy) phthalocyaninato
zinc(Il)

Hem NFs

No NPs

Chemotherapy of S. aureus
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COOH

HOOC

No NFs
Cys-Ag, NH2-FesO4
and Cys-Fe;0.@Ag

NPs

(Amide bonds)

Photodynamic Antimicrobial

Chemotherapy of S. aureus

Photodynamic Antimicrobial 5
Chemotherapy of S. aureus | [INEW]
Hem NFs
No NPs Photodegradation of Methyl
2-Mono-(5-oxy)isophthalic acid
phthalocyaninato zinc(ll) Orange
COOH
HooC No NFs . . :
Photodynamic Antimicrobial
Cys-Ag, NH2-Fes04 Ch th fS
and Cys-Fes0«@Ag emotherapy of S. aureus
NPs
(Amide bonds)
Photodynamic Antimicrobial 6
Hem NFs Chemotherapy of S. aureus | [119]
No NPs

2-[5-(phenoxy)-isophthalic
16(17), 23(24)-tris
phthalocyaninato zinc (I1)

acid]
(tert-butyl)

9(10),

Photodegradation of Methyl
Orange

ZnO and TiO; NFs

No NPs

Photodegradation of Methyl
Orange
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COOCH;

H,C00C H,C00C

COOCH,

TiO2 NFs
e with Hydrogen generation

C oy ”é in situ Pd and Co NPs
N
mcooc@ Dcoocm

COOCH; H;CO0C

2,9(10),16(17),23(24)-Tetra  5-(phenoxy)-
isophthalic acid phthalocyaninato] Zinc (ll)

[120]

Complexes 1-3 were chosen based on them having nitrogen and sulfur moieties,
thereby allowing for chemisorption of the Pcs on Ag NPs via Ag-N or Ag-S bonding
[121]. In addition, complexes 2 and 3 are cationic, a trait that makes them good
candidates for the photoinactivation of different kinds of microorganisms [122,123].
The antimicrobial activities of complexes 1-3 and their respective conjugates were
evaluated in solution when they are alone and when conjugated to oleylamine capped
Ag NPs as well as in solid state when they are supported on SiO2 NFs. Although the
synthesis and antibacterial studies of a hexadecacationic Pc (with different
substituents) have been recently reported [124], this thesis reports for the first time on
the photophysicochemical attributes of the hexadecacationic complex 3 when alone,
when conjugated to Ag NPs and when supported on NFs. Complexes 4-6 were chosen
based on their asymmetry as it has been reported that asymmetry in Pcs results in
improved singlet oxygen quantum yields [125]. Complexes 4-6 also have carboxylic
acid moieties which allow for their covalent conjugation to various NPs (Ag, FezO4 and

FesOs@Ag NPs) with amine groups for enhanced photophysicochemical properties
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as observed before [126]. The carboxylic acid groups in complexes 4-6 also allow for
anchoring of the Pcs to the surface of their respective NFs to provide intimate
electronic coupling. The tert-butyl and carboxylic acid groups of complex 6 act as
“‘push” and “pull” groups, respectively. This is important for light-harvesting systems
wherein the photosensitizer possesses directionality which can be achieved by using
electron donating (push) and electron withdrawing (pull) functional groups as
substituents [127]. In addition, the bulky tert-butyl groups in complexes 4 and 6 cause
increased solubility and reduce aggregation of the Pcs in solution. Complexes 4-6 and
their respective conjugates were applied for antibacterial studies while complexes 5
and 6 were also applied for the photodegradation of MO when supported on different
NFs. Lastly, complex 7 was chosen based on it being easily soluble in volatile solvents
such as THF, making its adsorption onto the surface of TiO2 NFs effortless. Complex

7 was used in the modification of different TiO2 NFs for the generation of hydrogen.

1.3.3 Electronic Absorption Spectra of Pcs

The spectra of Pcs are influenced by numerous factors including the presence or
absence of a central metal, the nature of the substituents, solvents and aggregation
tendencies [128,129]. The Pcs reported in this work are all metallated and generally

have similar spectra with two major distinct absorption bands as shown in Figure 1.3.

The Q band is the most intense peak and it is observed in the near infrared region,
accompanied by vibronic bands (Qvib). The Gouterman’s four orbital model was used
to explain the transitions that occur to give rise to the individual absorption bands. The
Q band results from the m-* transition from the ground state a1 of the highest
occupied molecular orbital (HOMO) to the doubly degenerate eg of the lowest

unoccupied molecular orbital (LUMO), Figure 1.3 (insert) [130,131]. The B band (B
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and B2 combined) is attributed to the 1-1m* transitions from azu and b2y of the HOMO

to the eg of the LUMO, Figure 1.3 (insert) [132,133].
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o b1 Q Band
o 1 -
S eg LUMO ﬁ
2
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Figure 1.3: Example of ground state UV-vis spectrum of Pcs extrapolated from

unpublished work. Insert = molecular orbital representation of electronic transition).

1.3.4 Photophysicochemical Parameters of Pcs

The photophysicochemical properties of Pcs determine their applicability as
photosensitizers in areas such as photocatalysis. These properties explain the
changes that occur in quantum states of a molecule upon exposure to light wherein
the chemical nature is unaltered. A Jablonski diagram such as that shown in Figure
1.4 is commonly used to demonstrate the processes that occur when photosensitisers

such as Pcs absorb light.
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D,

Figure 1.4: Modified Jablonski diagram showing the major photophysical
parameters of Pcs. So = ground state, S1= first excited singlet state, T1= excited

triplet state, ISC= intersystem crossing, ROS = reactive oxygen species.

Briefly, the Pc in its ground state (So) absorbs light and is excited to the first excited
singlet state (S1). The excited Pc can then dissipate energy either by spontaneous
emission (fluorescence) back to the ground state (So) or by intersystem crossing (ISC)
to the excited triplet state (T1). The Pc can then transfer electrons (Type I) or energy
(Type Il) to ground state molecular oxygen (30z2) thereby generating various reactive
oxygen species (ROS) including singlet oxygen [134,135]. The singlet oxygen is the
main active species in photosensitiser mediated photocatalysis [136]. Quantification
of the major transitions i.e. fluorescence, population of the excited triplet state and the
amount of singlet oxygen produced is therefore of importance as they determine the

suitability of a Pc as a photosensitiser for photocatalytic applications. These
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parameters are denoted as ®r, ®r, and ®a for fluorescence, triplet and singlet oxygen

quantum yields, respectively in Figure 1.4.

1.3.41 Fluorescence Quantum yields (®r) and lifetimes (tr)

The fluorescence quantum vyield (®r) is a direct measure of the extent of conversion
of absorbed light into emitted light through fluorescence [137].

The ®r values of the Pcs in this work were determined using the comparative method
[138] wherein their emission spectra were compared to that of a standard upon their

excitation at the same wavelength. The ®r was thus calculated using Equation 1.1:

FAg, n’
CDF = cDF(Std) -,
s A Ny 1.1

where F and Fstd represent the area under the fluorescence curves of the samples and
standard respectively. A and Asw are the absorbance values of the sample and
standard at the excitation wavelength while n and nstd are the refractive indices of the
solvents used for the preparation of the sample and standard solutions, respectively.
®r(sta) is the fluorescence quantum yield of the standard in a particular solvent. The
standard used for ®r quantification in organic solvents in this thesis is an unsubstituted
zinc Pc (ZnPc) and its ®r(stq) is provided in the relevant section in Chapter 5.

The fluorescence lifetime (tr) on the other hand shows the average time an excited

molecule stays in the excited state before losing all its energy through fluorescence. It

is directly proportional to the fluorescence quantum yield and is usually in the order of
nanosecond (109 s). The T values of the Pcs reported in this work were determined

using the time-correlated single photon counting (TCSPC) method [139].
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1.3.4.2 Triplet Quantum yields (®1) and lifetimes (t7)

The triplet quantum yield (®r) is the fraction of species that undergo radiationless
decay through intersystem crossing from the excited singlet state to the excited triplet

state [140].

Using ZnPc as the standard, the ®r values of the Pcs reported in this work were

determined based on the comparative method [141] as shown in Equation 1.2:

Std

AA. €
q)T :®§td T T

AAS e, 1.2

where AA; and AAY are the changes in the triplet state absorption of the samples

and standard, respectively. The ®1519 s the triplet quantum vyield of the ZnPc in a

particular solvent and its value is provided in the relevant section in Chapter 5. €; and

s?d are the triplet state extinction coefficients for the samples and the standard,

respectively and they are determined using Equations 1.3 and 1.4 respectively:

AA.
ET = ES
AAS 1.3
std
std _ _std AATt
T —“s Std
AAS 1.4
Std Std
where €5 and 5" 416 ground state molar extinction coefficients and AAg and AAg

are the changes in the singlet state absorptions of the Pcs and standard, respectively.
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The triplet lifetime (t1) is the amount of time it takes for the excited triplet state to be

depopulated by either transferring energy/ electrons to molecular oxygen or losing
energy by phosphorescence. In this work it was quantified by exponential fitting of the

kinetic curve using the ORIGIN 8 Software.

1.3.4.3 Singlet Oxygen Quantum yields (®a)

Singlet oxygen ('02) is a metastable oxidant that is produced through energy transfer
from the excited triplet state of the Pcs to molecular oxygen [142]. It is the main active
species in photosensitised treatment of organic pollutants and microbial inactivation

[143,144].

Quantification of the generated singlet oxygen for all Pcs and their conjugates was
determined using the chemical method as reported before [145]. This requires the use
of singlet oxygen quenchers which react with singlet oxygen and are degraded in the
process. The progress of the reaction is spectroscopically monitored over pre-

determined time intervals.

In this work, 1, 3- diphenylisobenzofuran (DPBF) and anthracene-9,10-bis-
methylmalonate (ADMA) were used as singlet oxygen quenchers in organic and

aqueous media, respectively.

The singlet oxygen quantum yields were calculated using Equation 1.5:

1.5

where ®a% is the singlet oxygen quantum vyield of the standard. The ZnPc is the

commonly used standard in organic media while an aluminium sulfonated Pc
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(AlIPcSmix), which is a mixture of sulfonated Pc derivatives is the used standard in
aqueous media. The ®a%t values are provided in the relevant section in Chapter 5.

R and Rs are the rates of photobleaching of the singlet oxygen quencher in the
presence of the sample and the standard, respectively. I,,; and I35 are the rates of
absorption of light by the samples and standard, respectively and are defined by

Equations 1.6 and 1.7:

|- a. Al
Abs — .,
NA 1.6
s _ aAl
Abs —
NA 1.7

where a = 1-10AM, A (A) is the absorbance of the sensitizer at the irradiation
wavelength, A is the irradiated cell area (cm?), | is the intensity of light calculated using

the wavelength of the Q band of the Pc (photons/cm? s) and Na is Avogadro’s constant.

Quantification of the ®a of Pcs (or conjugates) embedded in NFs was conducted using
the absolute method due to lack of standards. The studies were carried out in an
aqueous solution, using ADMA as a chemical quencher for singlet oxygen wherein its
degradation was spectroscopically monitored at 380 nm [146].

The quantum yield of ADMA (®abwma) was calculated using Equation 1.8:

(C,-C. VvV
(q)ADMA): Ol—ttR
Abs * 18

where Co and C:; are the ADMA concentrations prior to and after irradiation,
respectively; Vr is the solution volume; t is the irradiation time per cycle and /aps is

defined above in Equation 1.6.
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The absorbances used for Equation 1.8 are those of the Pcs in the NFs and the light
intensity measured refers to the light reaching the spectrophotometer cells. It is
expected that some of the light may be scattered, hence the ®a values of the Pcs in
the NFs are estimates. The singlet oxygen quantum yields (®a) were calculated using

Equation 1.9:

1 N 1 k_d 1
Qpomn Py P, k, [ADMA] 1.9

where kg is the decay constant of singlet oxygen and k; is the rate constant for the
reaction of ADMA with 'Oz ('Ag). The intercept obtained from the plot of 1/ ®a abma

versus 1/ [ADMA] gives ®a.

1.3.5 Photocatalytic activities of Pcs studied in this work

The ability of Pcs to absorb light and thus produce ROS (including singlet oxygen) as
depicted in Figure 1.4 makes them versatile in photo-induced processes. In this work,
the photocatalytic activities of Pcs are reported based on their roles as antimicrobial
agents, catalysts for the degradation of organic water pollutants such as dyes and

hydrogen generation from contaminated water.

1.3.51 Photodynamic Antimicrobial Chemotherapy (PACT)

Due to the rapid emergence and spread of drug-resistant microorganisms such
as bacteria in healthcare and the community at large, urgency in the development of
alternative treatment methods has been prompted [147]. Photodynamic antimicrobial
chemotherapy (PACT) is a method of photoinactivation of microbes in the presence of

a photosensitizer such as a Pc. Upon activation of the photosensitizer with light of
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appropriate wavelength, and upon interaction with oxygen, the generated ROS
(including singlet oxygen) result in photodamage and cell death [148,149]. This work
reports on the PACT efficiencies of Pcs conjugated to NPs as well as when supported

on bare and modified SiO2 NFs as depicted in Figure 1.5.

Figure 1.5: lllustration of the photoinactivation of bacteria using modified electrospun

SiO2 NFs. ROS = Reactive oxygen species.

The antibacterial activities of Pc modified Hem NFs are also reported. Neutral Pcs
have been efficiently applied in the phototreatment of gram-positive bacteria while
cationic Pcs are effective for both gram-positive and gram-negative bacteria [123,150].
As shown in Figure 1.6, gram-negative bacteria have a double lipid bilayer
sandwiching the peptidoglycan layer plus an outer layer of lipopolysaccharide,
resulting in a low degree of permeability while gram-positive bacteria possess a porous

peptidoglycan layer and a single lipid bilayer [151,152].
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Figure 1.6: Cell wall structure of (A) gram-negative bacteria, (B) gram-positive

bacteria, and (C) fungi [152].

Thus the membrane barrier of gram-negative prevents the uptake of anionic and
neutral Pcs [153]. The PACT efficiencies of cationic Pcs against fungi have also been
reported [154]. Fungi has a lipid bilayer and the polysaccharides; chitin, B-glucan and

mannan (in the form of mannoproteins), Figure 1.6 [152].

The conjugation of Pcs to NPs has been reported to enhance their singlet oxygen
quantum yields and hence antimicrobial efficiencies [154,155]. This work therefore

reports on the antimicrobial efficiencies of neutral and cationic Pcs when conjugated
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to various NPs. As shown in Table 1.3 [60-63], the antimicrobial efficiencies of Pcs
when conjugated to different NPs have been reported before. These studies were
however predominantly conducted with symmetrical Pcs unlike the asymmetrical
complexes 4-6 that are conjugated to the same NPs and applied for PACT in this
thesis. The effect of the number of charges a Pc has on its antimicrobial properties are
also reported. This is done by comparing the antimicrobial properties of neutral,
octacationic and hexadecacationic Pcs when alone and when conjugated to Ag NPs
against gram-positive S. aureus, gram-negative Escherichia coli (E. coli) and Candida

albicans (C. albicans) which is a fungus.

1.3.5.2 Photodegradation of organic water pollutants

Azo dyes are synthetic, water-soluble dyes possessing the characteristic azo (-N=N-)
bond and they possess poor biodegradability due to their complex structures [156].
The azo bond determines the color of the dyes and is the most reactive moiety, usually
undergoing oxidation leading to fading of the color of the dye solution upon

degradation [157].

Figure 1.7: (A) Picture of azo-dye contaminated water (https://edition.

cnn.com/style/article/dyeing-pollution-fashion-intl-hnk-dst-sept/index.html) and (B)

structure of Methyl Orange.
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These dyes are common water pollutants (Figure 1.7A) thereby compromising aquatic
life, they are carcinogenic and potential genotoxic agents, hence the importance of
devising means for effectively degrading them [158,159]. The azo dye studied as a
model pollutant in this work is Methyl Orange (MO, Figure 1.7B). Methods including
filtration, coagulation, precipitation and adsorption have been reported for the removal
of azo dyes from water [160-162]. These methods however merely change the dye
from one phase to another and are not destructive, making treatment of azo dyes
costly due to the required retreatment [163,164], hence alternative methods are
required. A comparison on the photocatalytic efficiencies of bare and Pc modified
Hem, TiO2 and ZnO NFs on MO photooxidation are reported as depicted in Figure

1.8.

Figure 1.8: Diagrammatic representation showing the use of NFs for the degradation

of MO.
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1.3.5.3 Hydrogen generation

The global energy crisis and ongoing environmental issues have prompted extensive
focus on producing hydrogen from water under solar light irradiation because for both
concerns, hydrogen rich system would be beneficial [165]. Hydrogen has been
identified as a clean, zero-emission energy source and environmentally-friendly

alternative to traditional fossil fuels [166].

True water splitting entails breaking down water to form hydrogen and oxygen in the
presence of a catalyst, such as TiO2. Unfortunately, this process is rather inefficient
[167,168]. Sacrificial electron donors (SEDs) are commonly used to improve the
hydrogen generation at the expense of the consumption of the SEDs. A range of SEDs
have been reported to be effective for this process [127,168]. In this work, 1%
methanol is used as a SED. For the first time, Pc modified anatase and rutile TiO2 NFs
are used for SED assisted generation of hydrogen. For comparison and enhancement
of the catalytic efficiencies of the TiO2 NFs, they are also decorated with Co and Pd
NPs. The catalytic efficiencies of the NFs were evaluated using different light
intensities so as to optimise hydrogen generation conditions for the fabricated

catalysts.

36



1.4

Aims of thesis

The work reports on the design of composite nanocatalysts for the treatment of

microbes (bacteria and fungi) and organic water pollutants as well as for the

generation of hydrogen.

The specific aims of the thesis include:

Synthesis of phthalocyanine complexes 2-5.

Fabrication of polymer free SiO2 nanofibers.

Modification of the SiO2 nanofibers with Ag nanoparticles and different
phthalocyanines i.e. neutral, octacationic and hexadecacationic (complexes 1-
3) as well as their conjugates.

Evaluation of antimicrobial efficiencies of phthalocyanine and nanoparticle
modified SiO2 nanofibers against S. aureus, E. coli and C. albicans.
Evaluation and comparison of photophysicochemical and antimicrobial
properties of phthalocyanines varying in number of charges (complexes 1-3) in
solution, before and after conjugation to OLM-Ag nanoparticles (via
chemisorption).

Synthesis and characterisation of amine functionalised Cys-Ag, NH2-Fe3O4 and
Cys-Ag@Fe304 nanoparticles.

Covalent conjugation of phthalocyanines (complexes 4-6) to Cys-Ag, NH:2-
FesO4 and Cys-FesO4@Ag nanoparticles via amide bond formation.
Antimicrobial studies of phthalocyanine (complexes 4-6)-nanoparticle
conjugates against S. aureus.

Fabrication and modification of polymer free Hem, ZnO and TiO2 nanofibers.
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Evaluation of antimicrobial efficiencies of phthalocyanine (complexes 4-6)
modified Hem nanofibers.

Evaluation and comparison of photodegradation efficiencies of phthalocyanine
(complex 6) modified Hem, TiO2 and ZnO nanofibers.

Evaluation of hydrogen generation efficiencies of phthalocyanine (complex 7)

and nanoparticle (Co and Pd) modified TiO2 nanofibers.
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Chapter 2

This chapter gives details on the materials, instrumentation and experimental
procedures implemented in the synthesis as well as characterisation and application

of the nanomaterials.
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2. Experimental
2.1 Materials

2.1.1 Solvents

Deuterated dimethyl sulphoxide (DMSO-ds) and spectroscopic dimethyl sulphoxide
(DMSO) were purchased from Merck. Ethyl acetate, N, N-dimethylformamide (DMF),
tetrahydrofuran (THF), diethyl ether, chloroform, dichloromethane (DCM), acetonitrile,
hexane, methanol, ammonia, toluene, absolute ethanol and hydrochloric acid (HCI)
were purchased from SAARChem. Glacial acetic acid (AA) was purchased from
Minema chemicals. Ultra-pure (Type 1) water was obtained from an Elga PURELAB

Chorus 2 (RO/DI) system.

2.1.2 Reagents for synthesis of Pcs, NPs, NFs and their conjugates

Zinc acetate dihydrate, polyvinylpyrrolidone (PVP, Mw =1, 300, 000), titanium (IV)
propoxide, ferric nitrate nonahydrate, iodomethane, dimethylaminoethanol (DMAE),
N,N’-dicyclohexylcarbodiimide (DCC), N,N’-dimethylpyridin-4-amine (DMAP), 1,2-
dicyanobenzene, cobalt nitrate hexahydrate, silver acetate, silver nitrate, diphenyl
ether, oleic acid, oleylamine (OLM), cysteamine (Cys), tetraethoxysilane (TEOS), 3-
aminopropyl-triethoxysilane (APTES) and ferrous chloride tetrahydrate were
purchased from Sigma-Aldrich. Ferric chloride hexahydrate was purchased from
Saarchem. Silicon substrates were purchased from Biotain Crystal Co., Ltd. Palladium
(Il) chloride (99%) was purchased from Alfa Aesar. Irgacure-907 (2-methyl-4'-
(methylthio)-2-morpholinopropiophenone) was a gift from Ciba Specialty Chemicals.
Sodium hydroxide pellets were purchased from Minema Chemicals. The syntheses of
2,9(10),16(17),23(24)-tetrakis-(4’-(4’-6’-diaminopyrimidin-2’-ylthio))) phthalocyaninato

zinc (1) (1) [118], 2-[5-(phenoxy)-isophthalic acid] 9(10), 16(17), 23(24)-tris (tert-butyl)

40



phthalocyaninato zinc (llI) (6) [119] and 2,9(10),16(17),23(24)-tetra 5-(phenoxy)-
isophthalic acid phthalocyaninato] zinc (ll) (7) [120] were conducted as reported in
literature. The syntheses of dimethyl 5-(3,4-dicyanophenoxy) isophthalate [120,169]

and 4-(4-tert-butylphenoxy phthalonitrile [170] have also been reported before.

2.1.3 Reagents for photophysicochemical studies

Anthracene-9,10-bis-methylmalonate (ADMA), unsubstituted zinc phthalocyanine
(ZnPc) and 1,3- diphenylisobenzofuran (DPBF) were purchased from Sigma-Aldrich.
AlIPcSmix (a mixture of sulfonated aluminium Pcs) was synthesized according to

literature [171].

2.1.4 Reagents used for photocatalytic applications

Titanium (IV) oxide (P25-TiO2) and Methyl Orange were purchased from Sigma-
Aldrich. Escherichia coli (ATCC 25922) was obtained from Microbiologics USA.
Stapphylococcus aureus (ATCC 25923) and Candida albicans (ATCC 24433) were
obtained from Davies Diagnostics, South Africa. Nutrient agar and bacteriological BBL
Muller Hinton broth were purchased from Merck. Phosphate buffer saline (PBS) was
prepared using appropriate quantities of sodium chloride and potassium chloride
purchased from Minema chemicals as well as sodium hydrogen phosphate dihydrate

and dipotassium hydrogen phosphate purchased from Riedel-de Haén.
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2.2Equipment

1.

The ground state electronic absorption spectra were measured at room
temperature on a Shimadzu UV-2550 spectrophotometer using a 1 cm pathlength

cuvette in solution.

A Perkin Elmer Lambda 950 UV-vis spectrophotometer was used for the solid

state spectra of the NFs.

Fluorescence emission and excitation spectra were obtained on a Varian Eclipse
spectrofluorometer using a 1 cm pathlength quartz cuvette. The excitation spectra

were all recorded at the wavelength of the emission.

Fluorescence lifetimes were measured using a time correlated single photon
counting (TCSPC) (FluoTime 300, Picoquant GmbH) setup such as that depicted
in Figure 2.1. The excitation source was a diode laser (LDH-P-670 driven by PDL
800-B, 670 nm, 20 MHz repetition rate, 44 ps pulse width, Pico quant GmbH).
Fluorescence was detected under the magic angle with a peltier cooled
photomultiplier tube (PMT) (PMA-C 192-N-M, Picoquant GmbH) and integrated
electronics (PicoHarp 300E, Picoquant GmbH). A monochromator with a spectral
width of 4 nm was used to select the required emission wavelength. The response
function of the system, which was measured with a scattering Ludox solution
(DuPont), had a full width at half-maximum (FWHM) of about 300 ns. The ratio of
stop to start pulses was kept low (below 0.05) to ensure good statistics. The
luminescence decay curve was measured at the maximum of the emission peak.
The data was analyzed with the FluoFit Software program (Picoquant GmbH,
Germany). The support plane approach was used to estimate the errors of the

decay times.
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Figure 2.1: Schematic diagram of a TCSPC setup.
(MCP)-PMT= (Multichannel plate detector)-Photomultiplier tube. Insert shows

the actual TCSPC setup that was used.

5. Energy dispersive X-ray spectroscopy (EDX) was done on an INCA PENTA FET

coupled to the VAGA TESCAM using 20 kV accelerating voltage.
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6. Mass spectral data were collected with a Bruker AutoFLEX IlI Smartbeam
TOF/TOF Mass spectrometer operated in the positive mode using a-cyano-4-
hydroxycinnamic acid as the MALDI matrix.

7. Transmission electron microscopy (TEM) images for the NPs and conjugates were
obtained using a ZEISS LIBRA® TEM.

8. Triplet state quantum yields were determined using a laser flash photolysis system
consisting of an LP980 spectrometer with a PMT-LP detector and an ICCD camera
(Andor DH320T-25F03). The signal from a PMT detector was recorded on a
Tektronix TDS3012C digital storage oscilloscope. The excitation pulses were
produced using a tunable laser system consisting of an Nd:YAG laser (355 nm,
135 mJ/4—6 ns) pumping an optical parametric oscillator (OPO, 30 mJ/3-5 ns) with
a wavelength range of 420-2300 nm (NT-342B, Ekspla). The schematic
representation of the setup is shown in Figure 2.2.

The solutions were prepared such that the sample and standard absorbance
values were ~1.5 at the Q band (to avoid aggregation effects) in 1 cm path length
quartz cells. The solutions were deaerated using argon and then sealed. Lastly,
the solutions were illuminated using an appropriate excitation wavelength i.e. the
crossover wavelength of the sample and the standard at the Q band region is used.
The triplet lifetimes were obtained by exponential fitting of the kinetic curves using

OriginPro 8 software.
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Monochromator
Power supply

LP Controller
Pump

Beam

Detectors

Figure 2.2: Schematic diagram of a LP980 laser flash photolysis setup.

PMT = Photomultiplier tube. Insert shows the actual TCSPC setup that was used.

9. Scanning electron microscopy (SEM) images of the electrospun NFs were

examined using a scanning electron microscope (JOEL JSM 840 scanning

electron microscope) at an accelerating voltage of 20 kV.
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10.

11.

12.

Nitrogen adsorption/desorption isotherms were carried out at 77 K using a
Micrometrics ASAP 2020 Surface Area and Porosity Analyzer. Prior to each
measurement, degasing was carried at room temperature for varying amounts of
time, depending on sample. The Brunauer—Emmett-Teller (BET) method was
employed to determine surface area and porosity. The BET surface area and total
pore volume were calculated from the isotherms obtained.

A Metrohm Swiss 827 pH meter was used for all pH measurements.

The electrospun NFs were fabricated from the electrospinning setup shown in
Figure 2.3. The setup consists of a high voltage source (Glassman High Voltage.
Inc.m series, 0-40 kV), a pump (Kd Scientific, KDS-100-CE) and a plastic syringe
equipped with a steel needle with diameter of a 0.60 mm. A metallic plate covered

with aluminium foil was as a ground collector for the NFs.

Plastic syringe
equipped with steel
needle

Collector

High Voltage Source

Figure 2.3: The electrospinning setup used in the fabrication of the NFs.
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13.

14.

15.

16.

17.

Calcination of all of the NFs was then was conducted in a Labotec Precision
Furnace (SNOL 3/1100).

Elemental Analyses (CHNS) were done using a Vario-Elementar Microcube ELIII
Series.

X-ray powder diffraction patterns were recorded on a Bruker D8 Discover equipped
with a LynxEye detector, using CuKa radiation (A = 1.5405 A, nickel filter). Data
were collected in the range from 20 = 5° to 100°, scanning at 1° min-1 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 Eva (evaluation curve fitting) software. Baseline correction was performed
on each diffraction pattern.

X-ray photoelectron spectroscopy (XPS) analysis was done using a Kratos AXIS
Ultra DLD, with Al (monochromatic) anode equipped with a charge neutraliser,
supplied by Kratos Analytical. The following parameters were used: the emission
was 10 mA, the anode (HT) was 15 kV and the operating pressure below 5 x 10-°
torr. A hybrid lens was used and resolution to acquire scans was at 160 eV pass
energy in slot mode. The centre used for the scans was at 520 eV with a width of
1205 eV, with steps at 1 eV and dwell time at 100 ms. The high resolution scans
were acquired using 80 eV pass energy in slot mode.

Time-of-flight-secondary ion mass spectrometer (TOF-SIMS) data were recorded
with an ION TOF GmbH TOF SIMS 5-100 run in micro-raster mode. The raster
area was 3000 um x 3000 um, and the sample was run in both positive and
negative ion modes. The analyzer was set to a standard operating mode with a
cycle time of 100 us; the primary beam was a Bis ion cluster gun with a current of

0.4 pA and an energy of 3000 eV (also termed as spectrometry mode). The Bis

47



18.

19.

20.

21.

22.

cluster and electron flood gun were used to get a better ion signal from the sample.
Charge compensation was used to account for the electron flood gun. The raw
data were processed using the Surface Lab 6.5 software provided by ION TOF.
Glassy carbon plates (Goodfellow, UK) of 1 x 1 cm and 2 mm thick were used as
substrates for TOF-SIMS.

Raman spectroscopy was conducted on a Horiba Xplora TM Plus Raman
Microscope configured with 785 nm (at 50 pW) laser line at 100% power and data
analyses were done using LabSpec 6 software.

Proton nuclear magnetic resonance spectra recorded on a Bruker AMX 600 MHz
NMR spectrometer using tetramethylsilane (TMS) as an internal reference.

FT-IR spectra of the NFs were acquired using a Bruker® ALPHA FT-IR
spectrometer with a universal attenuated total reflectance (ATR) sampling
accessory.

The optical densities of the bacteria culture were determined using the LEDTECT
96 from LABXIM PRODUCTS. A vortex mixer and HERMLE Z233M-2 centrifuge
from LASIEC were used to mix the bacterial suspension and for the harvesting of
the bacterial cells, respectively.

Quantification of Pd, Co and Zn on the TiO2 NFs was conducted with Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES), using an Agilent Vista
Pro ICP Emission Spectrometer. Approximately 10 mg portions were accurately
weighed in triplicates and digested with aqua regia. Solutions were further diluted
and measured by ICP-OES wherein the respective emission lines obtained were

used for quantification.
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23. Irradiations for singlet oxygen determination were conducted using a general
electric quartz lamp (300W), 600 nm glass (Schott) and water filters were used to
filter off ultraviolet and far infrared radiations respectively. An interference filter of
670 nm with a band of 40 nm was placed in the light path just before the cell
containing the sample. The intensity of the light reaching the cell was measured
with a POWER MAX 5100 (Molelectron Detector Incorporated) power meter. A
schematic representation of the setup is shown in Figure 2.4. Irradiations for
photodegradation studies and PACT for the NFs were also conducted with the

same setup but without any of the filters.

Figure 2.4: Schematic representation of photochemical setup.

24 lllumination for PACT studies in solution were carried out using the Modulight®
Medical Laser system (ML) 7710-680 channel Turnkey laser system coupled with
a 2 x 3 W channel at 680 nm, cylindrical output channels, aiming beam, integrated
calibration module, foot/hand switch pedal, fiber sensors (subminiature version A)
connectors and safety interlocks. The used illumination kit for PACT studies was

a 127.75 x 85.05 mm 24 well plate. The setup is shown in Figure 2.5.
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Sample holder

Modulight Laser
Hand/foot

Switch pedal

Magnetic
Stirrer

Figure 2.5: Laser setup used for PACT studies.

25. A Luzchem (LZC-4V) photoreactor fitted with UVA lamps was used for decoration
of the TiO2 NFs with the Pd and Co nanoparticles.

26. Photo-induced hydrogen generation was performed upon irradiation utilizing light-
emitting diodes (LEDs) of 10 W from LedEngin centered at 368 or 630 nm.

27. Hydrogen detection was carried out in a Perkin Elmer, Claurus Gas
Chromatograph coupled to Thermal Conductivity Detector (GC-TCD) using Argon

as a carrier gas and a 5 A Zeolite molecular sieves column.
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2.3Synthesis

2.3.1 Synthesis of Pcs (complexes 2-5)

As stated before, the syntheses of complexes 1, 6 and 7 have been reported before

[118-120]. The syntheses of the novel complexes 2-5 is explained below.

2.3.1.1 Synthesis of 2,9(10),16(17),23(24)-Tetrakis-(4’-(1’,3'-N-dimethyl, 4’

6’-diaminopyrimidin-2’-ylthio))) phthalocyaninato zinc (ll) (2), Scheme 3.1

Complex 1 (0.100 g, 0.088 mmol) was dissolved in dry DMF (20 mL) followed by the
addition of iodomethane (3.52 mmoL, 0.2 mL). The solution was stirred while heating
at 70 °C for 24 h under nitrogen atmosphere. The reaction mixture was then cooled to
room temperature and complex 2 was precipitated out of the solution using diethyl
ether. The formed precipitate was collected by centrifugation and washed several
times with chloroform, ethyl acetate as well as ethanol and then dried overnight under

a high vacuum fumehood.

Yield = 52%. UV-Vis (DMSO): Amax/nm (log €): 687 (5.53), 620 (4.88), 353 (5.30).
FT-IR (vmaxlcm™): 3304, 3150 (N-H stretch), 3007 (Aromatic C-H stretch), 2924, 2742
(Aliphatic C-H stretch), 1638 (C=N stretch), 1383 (C-H bend), 1143 (C-N stretch), 940
(C=C bend). MS MALDI-TOF (m/z): Calculated: 157.04 Found: 159.44 [M+2H]. 'H
NMR (600 MH z, DMSO-d6): 8, ppm: 11.36 (s, 16H, NH2), 9.50 (s, 4H, Ar-H), 8.44 (s,

4H, Ar-H), 8.01 (d, 4H, Ar-H), 7.89 (d, 4H, Ar-H), 2.73 (s, 24H, Aliph-H).
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2.31.2 Synthesis of 2,9(10),16(17),23(24)-Tetrakis-(4’-(1’,3’-N-dimethyl, 4’-
6’-(hexamethylaminopyrimidin-2’-ylthio))) phthalocyaninato zinc (ll) (3),

Scheme 3.1

Complex 1 (0.100 g, 0.088 mmol) was dissolved in dry DMF (20 mL) followed by the
addition of iodomethane (7.04 mmoL, 0.4 mL). The solution was stirred while heating
at 70 °C for 72 h under nitrogen atmosphere. lodomethane (7.04 mmoL, 0.4 mL) was
again added to the reaction after 24 h and 48 h of the ongoing reaction. The reaction
mixture was then cooled to room temperature followed by the precipitation of complex
3 out of the solution using diethyl ether. The formed precipitate was collected by
centrifugation and washed several times with chloroform, ethyl acetate as well as

ethanol and then finally dried overnight under a high vacuum fumehood.

Yield = 29%. UV-Vis (DMSO): Amax/nm (log €): 686 (4.88), 623 (4.31), 358 (4.96).
FT-IR (vmax'cm™): 3006 (Aromatic C-H stretch) 2946, 2730 (Aliphatic C-H stretch),
1619 (C=N stretch), 1478, 1395 (C-H bend), 940 (C=C bend). MS MALDI-TOF (m/z):
Calculated: 100.05, Found: 100.98. '"H NMR (600 MHz, DMSO-d6): 5, ppm: 8.01 (s,

4H, Ar-H), 7.96 (d, 4H, Ar-H), 7.88 (d, 4H), 7.79 (s, 4H), 3.10 (s, 72H), 2.71 (s, 24H).

2313 Synthesis of 2-Mono-isophthalic acid-9(10),16(17),23 (24)- tri (tert-

butylphenoxy) phthalocyaninato zinc(ll) (4), Scheme 3.2

Dimethyl 5-(3,4-dicyanophenoxy) isophthalate (0.28 g, 0.83 mmol), tert-butylphenoxy
phthalonitrile (0.80 g, 2.90 mmol) and zinc acetate dihydrate (0.45 g, 2.45 mmol) were
weighed into a round bottomed flask followed by the addition of dimethylaminoethanol
(DMAE, 5 mL). The mixture was stirred at 240 °C for 1 h under argon atmosphere. The
temperature was then lowered to 180 °C and the reaction continued for a further 5 h.

After cooling the reaction to room temperature, the obtained product was precipitated
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out with methanol followed by column chromatography to isolate the derivative Pc of
complex 4 (which has ester groups instead of carboxylic acid groups) using
tetrahydrofuran (THF) and methanol as eluents. The obtained product was dried and
hydrolysis of the ester groups to form carboxylic acid groups was conducted by
dissolving the unhydrolysed Pc (0.2g, 0.16 mmol) in THF (5mL) followed by the
addition of a 5 M NaOH solution in a round bottomed flask. The reaction was stirred at
80 °C for 24 h under reflux. THF was then evaporated from the reaction mixture and
dilute HCI was added to the solution resulting in the formation of a precipitate which
was then filtered off. Column chromatography was run to isolate complex 4 from some

of the unhydrolysed Pc using dichloromethane (DCM) and methanol (9:1) as eluents.

Yield: 15% (w/w). UV/Vis (DMSO): Amax/nm (log €): 357 (4.44),612 (4.19), 680 (4.86).
Calc. for C7oHs6NsOsZn: C 69.91, H 4.69, N 9.32; Found C 68.57, H 4.80, N 7.96. MS
MALDI-TOF (m/z): Calculated: 1202.65, Found: 1202.80. IR [vmax/cm™']: 3420 (O-H
stretch), 2815 (Aliphatic C-H stretch), 1750 (C=0 stretch), 1610 (C=C stretch), 1490
(C-C stretch), 1335 (C-N stretch). '"H NMR (600 MHz, DMSO): 5, ppm: 9.56 (s, 2 H,
COOH), 9.42-8.29 (m, 12 H, macrocycle-H), 8.22—-7.78 (m, 15 H, phenyl-H), 1.57 (s,

18 H, C(CHz3)3), 1.05 (m, 9 H, C(CHs)3).

2314 Synthesis of 2-Mono-(5-oxy) isophthalic acid phthalocyaninato

zinc(ll) (5), Scheme 3.2

Dimethyl  5-(3,4-dicyanophenoxy) isophthalate  (0.40g, 1.28 mmol), 1,2-
dicyanobenzene (0.50 g, 3.90 mmol) and zinc acetate dihydrate (0.45g, 2.45 mmol)
were weighed into a round bottomed flask. Dimethylaminoethanol (DMAE, 5 mL) was
then added to the flask and the mixture was stirred at 240 °C for 1 h under argon

atmosphere. The temperature was then lowered to 180 °C and the reaction continued
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overnight. The reaction mixture was cooled and the obtained product was then
precipitated out with methanol followed by column chromatography to isolate the
derivative Pc of complex 5 (which has ester groups) followed by its hydrolysis wherein
the Pc (0.3 g, 0.38 mmol), THF (5mL) and 5M NaOH (1 mL) were stirred in a round
bottomed flask at 80 °C for 24 h under reflux. The THF was evaporated from the
reaction mixture and dilute HCI| was added to the solution. The formed precipitate was
then filtered off and column chromatography was used to isolate complex 5§ using

dichloromethane (DCM) and methanol (9:1) as eluents.

Yield: 32% (w/w). UV/Vis (DMSO): Amax/nm (log €)): 343 (4.35), 608 (4.25), 671
(5.05). Calc. for CaoH20NsOsZn: C 63.38, H 2.66, N 14.78; Found C 64.05, H 3.11, N
13.25. MS MALDI-TOF (m/z): Calculated: 756.08, Found: 756.25. IR [vmas/cm']: 3287
(O-H stretch), 1665 (C=C stretch), 1571 (C=C bend), 1360 (C-H bend), 1210 (C-N
stretch), 920 (C=C bend). 'H NMR (600MHz, DMSO): &, ppm 9.42 (s, 2H, COOH),

9.11-8.29 (m, 15 H, Pc macrocycle-H), 8.00-7.25 (m, 3H, phenyl-H).
2.3.2 Synthesis and functionalisation of NPs
2.3.2.1 Synthesis of oleylamine capped Ag NPs (OLM-Ag NPs), Scheme 3.3

Synthesis of the OLM-Ag NPs was conducted as reported before [172]. Briefly, silver
acetate (0.50 g, 3.00 mmol), oleylamine (2 mL) and toluene (50 mL) were refluxed at
115 °C while stirring overnight. The solution turned from yellow to a dark brown as the
reaction proceeded. The solution was allowed to cool to room temperature followed
by the addition of methanol (100 mL) which lead to the formation of a black precipitate.
The precipitate was dissolved in hexane (10 mL) and the NPs were then re-
precipitated with methanol (20 mL). The formed OLM-Ag NPs were air dried under an

enclosed high vacuum fume hood.
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2.3.2.2 Synthesis of cysteamine functionalised Ag NPs (Cys-Ag NPs), Scheme

3.4

Synthesis of the Cys-Ag NPs was carried out as reported before [173,174] but with
slight modification. Briefly, cysteamine (0.020g, 0.26 mol) was then added to the
already formed OLM-Ag NPs described above followed by stirring for another 2 h at
100 °C. The reaction mixture was then cooled to room temperature and the
cysteamine functionalised Ag NPs were precipitated out of solution with ethanol under
centrifugation. The NPs were washed several times with ethanol, followed by air drying

of the formed precipitate under an enclosed high vacuum fume hood.

2.3.2.3 Synthesis of Fe304 NPs (NH2-Fe304 NPs), Scheme 3.5

Synthesis of the NH2-Fe304 NPs was conducted using the co-precipitation method as
reported before [175]. Briefly, ferric chloride hexahydrate (1.08 g, 4.00 mmol) and
ferrous chloride tetrahydrate (0.40 g, 2.00 mmol) were stirred in a flask containing
water (40 mL) under nitrogen atmosphere. The solution was heated to 80 °C followed
by the addition of ammonia (5mL, 25 %) which resulted in the formation of a
precipitate. The formed bare Fe3O4 NPs were rinsed several times with deionised
water then dispersed in ethanol (120 mL) followed by sonication for 15 min. Water
(40 mL), ammonia (3 mL, 25 %) and tetraethoxysilane (TEOS, 2 mL) were then added
to the solution followed by continuous stirring for 24 h. The precipitates were washed
three times with deionized water and collected by centrifugation (15 000 rpm) resulting
in Si-FesO4 NPs. The formed Si-FesOs4 NPs were then functionalised with amine
groups using previously reported methods [42] as follows: Si-Fe3O4 NPs were added
to a solvent mixture of DMF (12 mL) and toluene (8 mL) followed by stirring. APTES

(1200 pL) was added dropwise into the solution and reaction was stirred for 24 h at
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room temperature under a nitrogen gas flow. The formed NH2-Fe3Os4 NPs were
washed four times with toluene and collected with a magnet. The NPs were then air

dried under an enclosed high vacuum fume hood.

2.3.2.4 Synthesis of cysteamine capped core-shell Fes;O0s@Ag NPs (Cys-

Fe304@Ag NPs), Scheme 3.6

Synthesis of the Cys-FesOs@Ag NPs was conducted by adding the Si-Fe3Os4 NPs
(0.15 g), silver acetate (0.25 g, 1.50 mmol), diphenyl ether (20 g, 117 mmol), oleic acid
(5mL) and oleylamine (10 mL) in a round bottomed flask. The Si-Fe3sOs4 NPs were
chosen instead of the bare FesOs4 NPs because silica has been reported to be a
stabilizing surfactant, thereby preventing the alteration of the properties of the core
FesOs4 NPs [176]. The mixture was heated at 200 °C, under argon gas flow for 5h
followed by the addition of cysteamine (0.020 g, 0.26 mol). The mixture was then
stirred at a reduced temperature of 100 °C for another 5h and then cooled to room
temperature. Using ethanol, the NPs were precipitated out of solution followed by
successive washing with ethanol. Cys-FesOs@Ag NPs were then magnetically

retrieved and air dried under an enclosed high vacuum fume hood.
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2.3.3 Conjugation of NPs to Pcs

Complexes 1-3 were conjugated to the OLM-Ag NPs via chemisorption through Ag-N
and Ag-S bonds. Complexes 4-6 on the other hand were conjugated to the Cys-Ag,
NH2-Fe3O4 and Cys-FesOs@Ag NPs through amide bond formation between the

carboxylic acid moieties of the Pcs and the amine moieties of the NPs.

2.3.3.1 Conjugation of OLM-Ag NPs to complexes 1-3 via chemisorption,

Scheme 3.7

The conjugation of the Pcs to the OLM-Ag NPs was conducted via interaction between
Ag and the nitrogen (and/or the sulfur) groups on the Pcs as reported before [116]
wherein the Pcs replace the loosely bound OLM. Briefly, 5 mg of each of the Pcs was
dissolved in DMF (10 mL) followed by the addition of a solution of the OLM-Ag NPs
(2mg in 5 mL chloroform) to each of the Pc solutions. The mixtures were allowed to
react at 80 °C for 48 h under argon gas flow. After cooling to room temperature,
methanol was added to each of the solutions and the Pc-NP conjugates were collected
by centrifugation. The conjugates were washed further with methanol and ethanol and
then dried under a high vacuum fume hood. The obtained conjugates for complexes

1, 2 and 3 are denoted 1-Ag, 2-Ag and 3-Ag, respectively.

2.3.3.2 Conjugation of Cys-Ag, NH2-Fe304 and Cys-Fe304@Ag NPs to complexes

4-6 via amide bonds, Scheme 3.8

The conjugation of complexes 4-6 to the different NPs was conducted as reported
before for the conjugation of Ag NPs to Pcs [173] but with slight modifications. The
method of conjugation using complex 4 as an example is explained. Briefly, complex
4 (0.02g, 0.017 mmol) was weighed into three flasks and dissolved in DMF (2 mL).

N,N’-dicyclohexylcarbodiimide (DCC) (0.017 g, 0.082 mmol) was then added to each
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of the flasks followed by stirring for 48 h at room temperature. N,N’-dimethylpyridin-4-
amine (DMAP) (0.010 g, 0.082 mmol) was then added to each of the reaction mixtures
followed by the addition of the Cys-Ag NPs, NH2-Fe3O4 NPs and Cys-Fe3Os@Ag NPs
(0.01 g) to their respective flasks. The reaction mixtures were stirred for a further 48 h
at room temperature so as to allow for amide bond formation between the NPs and
Pc. The formed conjugates were precipitated out of solution with methanol and
washed with ethanol followed by air drying under an enclosed high vacuum fume hood.
The resulting conjugates are represented as 4-Ag, 4-FesO4 and 4-Fe3Os@Ag NPs,
respectively. The same procedure was followed for complexes 5 and 6 and their
conjugates are denoted as 5-Ag, 5-Fe304, 5-FesOs@Ag NPs and 6-Ag, 6-FesOa4, 6-

FesOs@Ag NPs, respectively.

2.4Fabrication of electrospun NFs

2.4.1 SiO2 NFs

The SiO2 NFs reported herein were electrospun, calcined and then modified with Ag
NPs and Pc complexes 1-3 using the procedures described below. Composite NFs
containing both Pcs and Ag NPs were also prepared. The bare and modified NFs were

then applied for antimicrobial studies.

2.4.1.1 Bare SiO2 NFs

Preparation of the electrospun SiO2 NFs was conducted as reported before [26].
Briefly, polyvinylpyrrolidone (PVP, 3.0 g) and TEOS (2.8 mL) were mixed in ethanol
(24 mL) followed by stirring for 2 h at room temperature. The gelatation/hydrolysis of
TEOS was then conducted by adding HCI (0.35mL) dropwise into the solution
followed by stirring for another 12 h at room temperature. The solution was then

electrospun using an applied voltage of 12kV, a tip to collector distance (TCD) of
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16.0 cm and a flow rate of 2 mL/h to obtain a white fibrous mat on the aluminium foil
which was used as the collector. The NFs were electrospun at a room temperature of
25.7 °C and room humidity of 53 %. The calcination of the NFs was then conducted

wherein the fibrous mat was placed in

a furnace which was heated to 600 °C for 6 h at a heating rate of 5 °C/min with air flow
in order to burn off all organic components of the nanofibers. Purely inorganic

SiO2 NFs were obtained and allowed to cool to room temperature.

2.4.1.2 in situ synthesis of Ag NPs onto SiO2 NFs (Ag-SiO2 NFs)

Grafting of Ag NPs on the surface of the bare SiO2 NFs was conducted as reported
before [177] but with slight modification. The SiO2 NFs were immersed in 100 mL
aqueous solution of 0.1 M AgNOs in a 250 mL round bottomed flask. A few drops of
ammonia were added to the solution and the flask was then placed in an oil bath and
heated at 90 °C for 1.5h accompanied by magnetic stirring. The NFs were then
washed with deionized water three times and dried at room temperature under a high
vacuum fume hood in the dark for 24 h. The obtained SiO2 NFs modified with Ag NPs

are denoted Ag-SiO2 NFs (Table 4.1).

2.4.1.3 Pc decorated SiO2 NFs (Pc-SiO2 NFs)

The Pc decorated NFs were fabricated by immersing the bare SiO2 NFs in 75 uM of
each of the Pc solutions in DMF (10 mL). The mixtures were stirred gently for 24 h at
room temperature. The NFs were then rinsed with deionised water and then with
ethanol. The obtained green NFs were then dried in an enclosed high vacuum fume
hood. The NFs modified with complexes 1-3 are denoted 1-SiO2, 2-SiO2 and 3-SiO2

NFs, respectively (Table 4.1).
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2.4.1.4 Pc decorated Ag-SiO2 NFs (Pc@Ag-SiO2 NFs)

Composite NFs composed of both the Ag NPs and the Pcs were fabricated through
chemisorption (Ag-N, Ag-S) of the Pcs onto the surface of the in situ fabricated Ag
NPs. Briefly, the Ag-SiO2 NFs were immersed in 75 uM solutions of the complexes 1-
3 in DMF for 96 h at room temperature. The NFs were rinsed with water, followed by
drying under an enclosed high vacuum fume hood. The obtained NFs modified with
complexes 1-3 are denoted 1@Ag-SiO2, 2@Ag-SiO2 and 3@Ag-SiO2 NFs,

respectively (Table 4.1).
2.4.2 Semiconductor NFs

The fabrication of bare Hem NFs is reported and so is their modification with
complexes 4-6. In order to compare the photocatalytic activities of the ZnO and TiO2
NFs to those of the Hem NFs, studies were conducted where the bare NFs were
fabricated and calcined at the same temperature followed by modification with the
same Pc (complex 6). No NPs were added to any of these NFs. A separate batch of
TiO2 NFs was however also fabricated and calcined at different temperatures. It was
modified with Pd and Co NPs as well as another Pc (complex 7) for hydrogen

generation studies.

2.4.2.1 Bare Hem NFs

Fabrication of the polymer-free Hem NFs was conducted as reported before [178] but
with modifications. Briefly, ferric nitrate nonahydrate (4.04 g, 10 mmol) was dissolved
in a solvent mixture of ethanol (10 mL) and DMF (10 mL) while stirring for 10 min. PVP
(2 g) was then added to the solution followed by further stirring for 4 h to form the
spinning solution. The precursor solution was then loaded into a plastic syringe

equipped with a stainless steel needle. The electrospinning setup was set to a voltage
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of 13 kV, a tip to collector distance of 12.0 cm and a flow rate of 1 mL/h to obtain a
yellow fibrous mat on the aluminium foil which was used as the collector. The NFs
were electrospun at a room temperature of 26.3 °C and room humidity of 48 %.
Calcination of the NFs was then conducted at 450 °C using a heating rate of 2 °C/min
for 3 h in air to obtain purely inorganic Hem NFs. Due to their fragile nature, the NFs

were then cast to 0.8 cm x 0.8 cm dimensions on glass slides before modification.
2.4.2.2 Bare ZnO NFs

The fabrication of the ZnO fibers was conducted as reported before [179] but with
slight modification. Briefly, zinc acetate dihydrate (1.5 g) was dissolved in a solvent
mixture of ethanol (15 mL) and DMF (5 mL) under magnetic stirring at room
temperature. After 2 h of stirring, PVP (2.5 g) was added to the solution followed by
continuous stirring for 6 h to obtain a homogenous viscous solution. The solution was
loaded into a plastic syringe equipped with a stainless steel needle and connected to
a high voltage power supply. A solution flow rate of 0.03 mL h~' and a voltage of 15.5
kV were administered with the distance between the needle tip and the collector being
maintained at 20 cm. The recorded temperature and humidity in the room were 26.7
°C and 49%, respectively. The formed NFs were collected on the surface of silicon
substrates clamped on top of a conductive aluminium collector and subsequently
exposed to the air overnight for stabilization. The NFs were then calcined at 450 °C at

a heating rate of 2 °C min-' for 3 h to obtain purely inorganic ZnO NFs.
2.4.2.3 Bare TiO2 NFs

Fabrication of the TiO2 NFs was conducted as reported before [180,181] but with slight
modifications. A solution of glacial acetic acid (5mL) and titanium (IV) propoxide

(5mL) was prepared and added to a solution of 10 % PVP (10 mL) in ethanol. The
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resulting solution was stirred for 24 h and then loaded into a syringe equipped with a
stainless steel needle, connected to a high voltage power supply. A voltage of 12.5 kV
was applied between the needle and the stationary aluminium foil collector. The
distance between the tip of the needle and the collector (TCD) was 12cm and the
applied flow rate was 1.5mL/h (controlled using a syringe pump). The recorded
temperature and humidity in the room in which the electrospinning was conducted
were 24.7 °C and 49%, respectively. The collected NFs were left in open air for 2 h
and then calcined at 450 °C at a heating rate of 2 °C min™' for 3 h to obtain purely

inorganic TiO2 NFs.
2.4.2.4 Pc decorated semiconductor NFs

Complex 6 was dissolved in a 1:1 solvent mixture of acetonitrile and ethanol in three
separate reaction vessels to make 75 yM solutions. The Hem, ZnO and TiO2 NFs were
immersed in each of the Pc solutions overnight in sealed containers and left in the
dark. Blue NFs were retrieved, washed with ethanol and then dried under a high
vacuum fume hood. The resulting functionalised NFs are denoted 6-Hem, 6-ZnO and
6-TiO2 NFs. Since the Hem NFs were also modified with complexes 4 and 5, the same
procedure reported above was conducted but using DMF instead of acetonitrile and
ethanol and the resulting NFs are denoted 4-Hem and 5-Hem, respectively (Table

4.2).

Due to the different properties of the phases that TiO2 can exist in, a second batch of
TiO2 NFs was prepared using the same sample preparation and electrospinning
technique reported above but in this case the electrospun NFs were calcined at
temperatures of 500, 750 and 950 °C for 3 h instead. The obtained bare NFs calcined

at 500, 750 and 950 °C are denoted as TiO2-500, TiO2-750 and TiO2-950, respectively

62



(Table 4.2). Modification of these NFs with complex 7 was conducted as reported
above for complex 6 but instead using THF instead of acetonitrile and ethanol. The
obtained Pc modified NFs for TiO2-500, TiO2-750 and TiO2-950 are denoted 7@TiO2-
500, 7@TiO2-750 and 7@TiO2-950, respectively (Table 4.2). A comparative study of
the photocatalytic properties of the fabricated NFs against the commercially available
P25-TiO2 was conducted thus the Pc modified P25-TiO2 is denoted therefore 7@P25-
TiO2. The NFs (and P25-TiOz2) were also modified with Pd and Co NPs as discussed

below.
2.4.2.5 in situ synthesis of Pd NPs onto TiO2 NFs

The formation of Pd NPs was conducted by the reduction of Pd?* under ultraviolet A
(UVA) irradiation in the presence of the calcined TiO2 NFs (TiO2-500, TiO2-750 or TiO2-
950) and P25-TiO2. This was done following the protocols previously described [182]
but with slight modifications. Each of the calcined NFs and P25-TiO2 (500 mg) together
with PdCl2 (22 mg) were added to 20 mL water in separate reaction vessels followed
by UVA irradiation in a photoreactor for 8 h. The NFs were then rinsed with water and
dried overnight in a desiccator. Brown Pd decorated TiO2 NFs were obtained and
denoted Pd@TiO2-500, Pd@TiO2-750, PA@TiO2-950 NFs and Pd@P25-TiOz (Table

4.2).
2.4.2.6 in situ synthesis of Co NPs onto TiO2 NFs

The formation of Co NPs on the surface of the TiO2 NFs (and P25-TiO2) was
conducted following the protocols previously described [183] but with slight
modifications. Irgacure-907 (I-907) was used as a photoinitiator for the photochemical
reduction of Co?* to Co NPs. Each of the calcined NFs and P25-TiO2 (160 mg) were

added to a 20 mL solution of 1 mM cobalt nitrate and 2 mM [-907 in argon-saturated
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acetonitrile, followed by irradiation in a photoreactor for 2 h. The catalysts were then
rinsed with water and left to dry overnight. Due to the instability of the Co NPs in the
presence of oxygen, the otherwise black and paramagnetic Co NPs did not exhibit
paramagnetic behaviour in the presence of air and resulted in grey/white Co decorated
TiO2 NFs which are denoted Co@TiO2-500, Co@TiO2-750, Co@TiO2-950 NFs and

Co@P25-TiO2, respectively (Table 4.2).

2.5Photocatalytic applications

2.5.1 PACT studies

The microorganisms were grown on agar plate according to the manufacturer’s
specifications to obtain individual colonies. The colonies were inoculated into nutrient
broth and placed on a rotaryshaker (~200 rpm) overnight at 37 °C (E. coli and S.
aureus) or 30 °C (C. albicans). Aliquots of the culture were aseptically transferred to
fresh broth (4 mL) and incubated at 37°C or 30°C to mid-logarithmic phase
(absorbance =~ 0.6 at 620 nm). The bacteria/fungal cultures in the logarithmic phase
of growth were harvested through the removal of the broth culture by centrifugation for
15 min at 3000 rpm followed by washing using PBS three times. The bacteria/fungal
cultures were diluted to 1/1000 using PBS to get a bacterial working stock solution of

approximately 108 colony forming units (CFU) per mL.

The antimicrobial studies were carried out as reported before [184] but with slight
modification. In all the experiments, the bacterial/fungal suspensions were incubated
in an oven equipped with a shaker for 30 min in the dark at 37°C (bacteria) or 30°C
(fungus). Half (3 mL) of the incubated bacterial/fungal suspensions were irradiated at
the Q band maximum of the photosensitizers using the irradiation set-up described in

Section 2.2 and the other half kept in the dark. After irradiation, 100uL samples were
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spotted on agar plates using a micropipette. The plates were inverted and incubated
overnight. The experiments were done in triplicates. Complexes 1, 2, 4 and 5 and their
conjugates are not soluble in water while complex 3 is partially soluble hence they
were dissolved in DMSO (2%) and made up with PBS for PACT studies. Control
experiments were also prepared for both light and dark toxicity studies wherein there

was no Pc/conjugate in the bacterial/fungal solution.

The photoinactivation of the microorganisms using the SiO2 and Hem NFs was
conducted using previously reported procedures [13]. Briefly, the modified NFs were
placed on agar plates inoculated with the microorganisms (150 pL). A set of agar
plates containing the modified NFs and the bare NFs (used as control) were
illuminated with light for 30 min. A similar set of agar plates were prepared but kept in
the dark instead. All the plates were then incubated overnight at 37 °C for S. aureus

and E. coli and 30 °C for C. albicans.

The antimicrobial efficiencies of the bare and modified NFs were evaluated by
measuring the zones of inhibition for each of the NFs. Using a ruler, the length from
the centre of the NFs to the edge of the area with no microbial growth were measured.
Since experiments were conducted in triplicate, the average length (in milimeters) was
calculated and recorded. The zone of inhibition can be directly related to the level of
antimicrobial activity present in the sample i.e. the larger the zone of inhibition, the
more potent the NF while smaller zones of inhibition can be an indication of the

resistance of the microorganisms.
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2.5.2 Photodegradation studies

The photodegradation efficiencies of the bare and Pc modified semiconductor NFs
(Hem, ZnO and TiO2 NFs) were evaluated. The photodegradation of MO was carried
out at pH 2.5 as it has been reported that the degradation of MO is enhanced in acidic
conditions with pH ranges of 2-3 [185,186]. Spectral changes that occurred were
monitored at 506 nm on a UV-vis spectrophotometer using 20 mg of the NFs. Kinetics
calculations were then conducted to compare the manner and rates in which the
pollutant degrades using the different catalysts. All the experiments were carried out
under aerobic conditions using a range of pollutant concentrations.

2.5.3 Hydrogen generation studies

The bare and modified TiO2 NFs (and P25-TiO2) (10 mg) were suspended in 4 mL of
1% methanol aqueous solution under argon atmosphere and sealed in a crimp top vial
followed by irradiation for 4 h. Samples of the headspace gas were then taken with a
sample lock syringe and injected in the Gas Chromatograph-Thermal Conductivity
Detector (GC-TCD) wherein the Hz signal was detected at ~ 4.0 min. Quantification of
H2 was performed using the already reported calibration curve of the gas detection in

the GC-TCD instrument.
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Chapter 3

This chapter gives details on the syntheses and characterisation of the Pcs, NPs as

well as their respective conjugates.
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3.1 Phthalocyanines (Pcs)

Since the syntheses of complexes 1, 6 and 7 has been reported before [118-120], their
characterisation will not be discussed. Discussions of the syntheses and

characterisation of complexes 2-5 is however elaborated below.

Complexes 2 and 3 originate from the same Pc. They were both obtained from the
quartenization of complex 1. Discussions on their characterisations are therefore
combined for comparative studies. Complexes 4 and 5 also only differ based on the
former having tert-butylphenoxy groups hence their characterisation is also combined

for comparative studies.

3.1.1 2,9(10),16(17),23(24)-Tetrakis-(4’-(1’,3’-N-dimethyl, 4’-6’-diaminopyrimidin-
2’-ylthio))) phthalocyaninato zinc (ll) (2) and 2,9(10),16(17),23(24)-Tetrakis-(4’-
(1’,3’-N-dimethyl,4’-6’-(hexamethylaminopyrimidin-2’-ylthio))) phthalocyaninato

zinc (I) (3)

Scheme 3.1 demonstrates the quaternization of complex 1 to yield complexes 2 and
3 using varying amounts of iodomethane as the quaternizing agent at different reaction
times. Using various spectroscopic techniques, characterisation of the novel cationic

Pcs was conducted to confirm their structures.

As shown in Figure 3.1, the FT-IR spectrum of complex 2 shows peaks at 3304 and
3150 cm™' corresponding to the primary amine N-H stretch, thereby proving that the
amine peaks of the Pc are not quartenized. These peaks are however not observed
for complex 3 as it is completely quratenized. The FT-IR spectra also shows peaks
attributed to the introduced methyl groups at 2924-2742 cm-' for complex 2 and 2946-

2730 cm-" for complex 3.
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Scheme 3.1: Quartenization of complex 1 to yield complexes 2 and 3.
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Figure 3.1: FT-IR spectrum complexes (i) 2 and (ii) 3.

As shown in Figure 3.2, the MALDI-TOF spectra (run in positive mode) of complexes
2 and 3 show single peaks for each Pc with m/z of 159.44 and 100.98, respectively.
These values correspond to the calculated m/z of the Pcs without the iodine atoms
which balance the charges. This is therefore evidence of successful quartenization of
complex 1 as no peaks associated with it are observed on either spectrum nor are

there any other peaks that are unaccounted for.
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Figure 3.2: MALDI-TOF spectra of complexes (i) 2 and (ii) 3.
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Integration of the '"H NMR spectra of complexes 2 and 3 further confirmed their
structures as all the expected protons were accounted for, thereby confirming their
purity. The aromatic proton peaks were observed at 7.89-9.50 ppm for complex 2 and
7.79-8.01 ppm for complex 3. The shift in the aromatic peaks between the two
complexes is due to differences in their electron densities thereby proving that the Pc

complexes have different structures. The ground state electronic absorption spectra



of complexes 2 and 3 in DMSO are shown in Figure 3.3. The spectra show the
characteristic bands associated with monomeric metallated Pcs i.e. Q band
accompanied by a vibronic band and B band. The Q bands for complexes 2 and 3 are
observed at 687 and 686 nm, respectively (Table 3.1). The spectra of the cationic
complexes 2 and 3 are thus slightly blue shifted relative to the neutral complex with a
Q band at 689 nm [118], Table 3.1. The optical behaviour of complexes 2 and 3 was
also analysed in 2% DMSO (in PBS) as that is the solvent mixture used in antimicrobial
studies due to the poor solubility of complex 2 in water. As shown in Figure 3.3
(insert), the Q bands are broad and split due to aggregation. It is typical of Pcs in
aqueous media to form aggregates attributed to the m- m stacking interactions of the

aromatic rings of the Pcs [187].
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Figure 3.3: Ground sate UV-vis spectra of complexes 2 and 3 in DMSO. Insert =

Absorption spectra of complexes 2 and 3 in 2% DMSO (in PBS).
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Table 3.1: The Q band absorbance values of the Pc complexes and their conjugates

in DMSO.

Pc/ conjugate Q band (nm)
Complex 1 689
1-Ag 689
Complex 2 687
2-Ag 687
Complex 3 686
3-Ag 686
Complex 4 680
4-Ag 682
4-Fes0q4 680
4-Fe3s04s@Ag 681
Complex 5 671
5-Ag 671
5-Fe304 671
5-FesO4s@Ag 671
Complex 6 676
6-Ag 676
6-Fes04 676
6-FesOs@Ag 676
Complex 7 6802

Values in brackets were obtained in 2% DMSO (in PBS)
@Values in THF
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3.1.2 2-Mono-isophthalic acid-9(10),16(17),23 (24)- tri (tert-butylphenoxy)
phthalocyaninato zinc(ll) (4) and 2-Mono-(5-oxy) isophthalic acid

phthalocyaninato zinc(ll) (5)

The synthetic routes for 2-mono-isophthalic acid-9(10),16(17),23 (24)- tri (tert-
butylphenoxy) phthalocyaninato zinc(ll) (4) and 2-mono-(5-oxy) isophthalic acid
phthalocyaninato zinc(ll) (5) are shown in Scheme 3.2. The cyclotetramerization of
their respective phthalonitriles as well as the hydrolysis of their ester counterparts was

confirmed with FT-IR. The FT-IR spectra of complexes 4 and 5 are shown in Figure

3.4.
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Figure 3.4: FT-IR spectra of complexes (i) 4 and (ii) 5.
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Scheme 3.2: Synthesis of complexes 4 and 5.
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The lack of C=N peaks at ~2200 cm™! is an indication of complete cyclization of the
phthalonitriles to form the ester substituted Pcs and the presence of -OH vibration
peaks at values > 3200 cm™' is an indication of efficient hydrolysis of the ester groups
to form complexes 4 and 5 with carboxylic acid groups. In addition, complex 4 has a
peak at 2815 cm' due to the aliphatic hydrogens of the tert-butyl groups. These peaks
are absent in complex 5 as it is monosubstituted which proves that the two Pcs have

different functional groups and thus structures.

The MALDI-TOF spectra (run in positive mode) of complexes 4 and 5 are shown in

Figure 3.5.
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Figure 3.5: MALDI-TOF spectra of complexes (i) 4 and (ii) 5.
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The spectra show single peaks at 1202.80 and 756.25 for complexes 4 and 5,
respectively. These values correspond to the calculated m/z of the Pcs, which

therefore serves as evidence of successful synthesis and purity of both complexes.

Integration of the "H NMR spectra of both complexes 4 and 5 further confirmed their
structures as all the expected protons were accounted for. Complex 4 has peaks at
1.05- 1.57 ppm due to the tert-butyl groups which were not observed for complex 5

thereby proving that the two Pcs have different structures.

The ground state electronic absorption spectra of complexes 4 and 5 in DMSO are
shown in Figure 3.6. The spectra show that both complexes 4 and 5 also exhibit
monomeric behaviour in DMSO with the Q bands observed at 680 and 671 nm,

respectively (Table 3.1).
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Figure 3.6: Ground state UV-vis spectra of complexes 4 and 5 in DMSO. Insert =

Absorption spectra of complexes 4 and 5 in 2% DMSO (in PBS).
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The blue shift of complex 5 can be attributed to the lack of electron donating tert-butyl
groups that are present in complex 4. Just as with complexes 2 and 3, complexes 4
and 5 were also analysed in 2% DMSO (in PBS) due to their poor solubility in water.

As shown in Figure 3.6 (insert), both Pcs are aggregated in the solvent mixture.

3.2 Nanoparticles (NPs) and conjugates

3.2.1 Nanoparticles

Various NPs were synthesised with the aim of conjugating them to Pcs for synergistic
interactions and thus enhanced photophysicochemical properties. Characterisation of
the conjugates was conducted using Transmission Electron Microscopy (TEM), X-ray
Diffraction (XRD), Ground state UV-vis spectroscopy and X-ray photoelectron

spectroscopy (XPS).

An illustrative representation of the synthetic route of the OLM-Ag NPs is
demonstrated in Scheme 3.3. The OLM-Ag NPs were synthesised by reduction of
silver acetate to form the NPs using oleylamine which also acts as the surfactant on
the NPs. Further functionalisation of the NPs is not conducted as they are synthesised

with the aim of conjugating them via chemisorption to complexes 1-3.

Silver acetate + Toluene
Oleylamine

Scheme 3.3: Synthesis of oleylamine capped Ag NPs (OLM-Ag NPs).
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As demonstrated in Scheme 3.4, cysteamine was used to functionalise Ag NPs that

had OLM as a surfactant to yield Cys-Ag NPs.

NH,
S ///NHZ
S S
- H N @
. Cysteamine o 2 \/\S S
2h
)/S

NH,
H,N
Cys-Ag

Scheme 3.4: Synthesis of cysteamine capped silver NPs (Cys-Ag NPs).

As demonstrated in Scheme 3.5, magnetic NPs were synthesised through the co-
precipitation of Fe?* and Fe3* salts, surface stabilisation with TEOS to yield Si-Fe3O4

NPs and finally, functionalisation with APTES to yield NH2-Fe304 NPs.
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NH,OH, N, TEOS
FeCl; + FeCl, > >

5 h, Argon NH,OH

Bare Fe3O0,4

APTES, DMF,
Toluene

NH,

NHz'Fe304

Scheme 3.5: Synthesis of amine functionalised Fe3O4 NPs (NH2-Fe304 NPs).

With the aim of adopting properties from both the Ag NPs and magnetic NPs,
composite NPs were synthesised. As demonstrated in Scheme 3.6, the TEOS
stabilised magnetic NPs (Si-Fe3O4) were used a canvas for making of the Ag NPs

which were then further functionalised with amine groups using cysteamine.

S
Si-OH N )
Si-OH H,N s
Si-OH Cysteamine s N
AgC;H;0, + > >
) Oleic acid + 2h
Diphenyl ether .
Oleylamine, / ~
/S S
5 h, Argon HoN \S
bare Fe;0,@Ag g NH,
H,N

Cys-Fe;0O,@Ag

Scheme 3.6: Synthesis of cysteamine capped core-shell composite (Cys-Fe3sOs@Ag
NPs).
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3.2.2 Chemisorption of complexes 1-3 to OLM-Ag NPs

The method of conjugation of complexes 1-3 to the OLM-Ag NPs via chemisorption is
depicted in Scheme 3.7 (using complex 1 as an example). The chemisorption method

takes advantage of the loosely bound OLM being replaced by the Pc through Ag-S

and Ag-N bond formation.

N
N,
ey
H,N
DMF
80 °C,48 h

/H\ &i LT e
/
et N NH, NH,

Scheme 3.7: Chemisorption of complex 1 on OLM-Ag NPs.
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3.2.2.1 Transmission Electron Microscopy (TEM)

The sizes, dispersion and shapes of the NPs and their respective conjugates were
analysed using TEM. As shown in Figure 3.7, the OLM-Ag NPs are well dispersed
spheres while the conjugates (using 3-Ag as an example) show slight aggregation.
This can be attributed to the interaction of Pcs on neighbouring NPs through = —«
bonding. The sizes of the NPs and conjugates are listed in Table 3.2 and they show
that the conjugates are bigger in size than the individual NPs, which is proof of efficient

anchoring of the Pcs on the surface of the NPs.

Figure 3.7: TEM images of (A) OLM-Ag NPs and (B) 3-Ag.

3.2.2.2 X-ray Diffraction (XRD)

As shown in Figure 3.8, the diffraction pattern of the OLM-Ag NPs shows crystalline
behaviour with characteristic diffraction peaks at 26 values of 38.03°, 44.27°, 64.42°,
77.16° and 81.44° corresponding to hkl Miller indices of (111), (200), (220), (311) and
(222), respectively. The diffraction pattern therefore corresponds to the faced-centred
cubic structure of metallic silver [188]. Using 3-Ag as an example, the crystalline nature
of the OLM-Ag NPs is maintained in the conjugates with an additional broad peak at

20 = 26.13° attributed to the amorphous character of Pcs as reported before [189].

85



The results therefore show that the conjugates possess combined amorphous and

crystalline character. The same patterns were observed for 1-Ag and 2-Ag (not

shown).

20 30 40 50 60 70 80 90 100

111 i

220
200 311

Intensity (a.u.)

20 30 40 50 60 70 80 90 100
20

Figure 3.8: XRD pattern of (i) OLM-Ag and (ii) 3-Ag.

3.2.2.3 Ground state UV-vis spectroscopy

As shown in Figure 3.9 A (insert), the spectrum of the OLM-Ag NPs shows a distinct
absorption band at 410 nm (Table 3.2) due to the surface plasmon resonance (SPR)
of the metallic silver. Using the conjugates of the novel complexes 2 and 3 as
examples, the absorption spectra of 2-Ag and 3-Ag are shown in Figures 3.9 A and
B, respectively alongside those of their respective Pcs for comparison. The spectra
reveal that conjugation of the Pcs to the Ag NPs does not affect their Q band maxima

but the spectra of the conjugates do show an enhancement in absorption in the SPR
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band region. A similar spectrum was observed for 1-Ag (not shown). The Q band

maxima of the conjugates are listed in Table 3.1.
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Figure 3.9: Ground state UV-vis spectra of (A) complexes 2 and 2-Ag (Insert =

Absorption spectra of OLM-Ag NPs) as well as (B) complexes 3 and 3-Ag in DMSO.
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3.2.2.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) analysis was conducted to validate efficient
anchoring of the Pcs on the surface of the OLM-Ag NPs. Complex 2 has both nitrogen
and sulfur atoms available for bonding with the Ag NPs, hence it was used as an

example.

As shown in Figure 3.10, the deconvoluted N 1s spectrum of complex 2 shows three
peaks at 397.4 eV (N-C), 399.0 eV (N-H) and 399.8 eV (N-Zn). The deconvolution of
the N1s spectrum of 2-Ag however shows four peaks at 387.9 eV (N-C), 390.9 eV (N-
H), 394.9 eV (N-Zn) and 399.5 eV (N-Ag). The shift in the binding energies of the
various peaks in the conjugate relative to the Pc as well as the appearance of a new
peak in the conjugate is an indication that the lone pair electrons of the nitrogen atoms
in the terminal amine groups of the Pc take part in the chemisorption of the Pc onto

the Ag NPs.

To prove that the sulfur atoms also interact with the Ag NPs, deconvolution of the S
2p spectra of complexes 2 and 2-Ag was conducted. The spectrum of complex 2 was
deconvoluted to two peaks at 161.4 eV (S-C) and 162.6 eV (S) while that of 2-Ag was
deconvoluted to three peaks 161.7 eV (S-C), 162.9 eV (S) and 165.9 eV (S-Ag). The
emergence of the new peak in 2-Ag relative to complex 2 alone is an indication of

successful interaction of the Pc with the NPs using the sulfur atom.

Similar results were obtained for complexes 1 and 3 (not shown) where the former
was found to interact using both nitrogen and sulfur atoms with the OLM-Ag NPs while

the latter only interacts using sulfur due to quartenization of all of its nitrogen atoms.
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Figure 3.10: XPS High resolution N 1s spectra of (A) complex 2, (B) 2-Ag, and S 2p

spectra of (C) complex 2, (D) 2-Ag.
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Table 3.2: Properties of NPs and their respective conjugates

NPs/ nanoconjugate TEM Sizes Loading NP Absorbance
(nm) NP: Pc (nm)
OLM-Ag NPs 12.08 + 2.51 - 410
1-Ag 30.05 + 3.52 1.7 -
2-Ag 26.01 + 2.46 1:5 -
3-Ag 18.05 + 1.56 1:3 -
Cys-Ag NPs 15.40 + 1.29 - 430
4-Ag 20.40 + 2.40 1:2 -
5-Ag 22.20 + 1.65 1:3 -
6-Ag 21.90 + 1.27 1:3 -
NH2-Fe3O4 NPs 12.30 + 3.25 - -
4-Fe304 14.50 + 1.75 1:2 -
5-Fe304 15.02 + 1.02 1:4 -
6-Fes04 14.95 + 2.02 1:3 -
Cys-Fe3Os@Ag NPs 17.10 + 1.85 - 417
4-Fe3s04s@Ag 22.50 + 1.25 1:4 -
5-FesOs@Ag 26.50 + 1.32 1:5 -
6-Fe304@Ag 25.95 + 2.45 1:5 -
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3.2.3 Covalent conjugation of complexes 4-6 to Cys-Ag, NH2-Fe304 and Cys-

Fes0s@Ag NPs

The method of covalent conjugation of complexes 4-6 to the various amine
functionalised NPs via amide bond formation is depicted in Scheme 3.8 (using

conjugation of complex 4 to the Cys-Ag NPs as an example).

HOOC

NH,
;é Dcoon S
///NHZ
o C S S
N oM N \\\
/
yN N=
lo) o

£ X

1. DCC/DMAP, DMF, 48 h

2. THF, 48 h, RT

Scheme 3.8: Amide bond linkage of complex 4 to Cys-Ag NPs resulting in 4-Ag.

91



3.2.3.1 Transmission Electron Microscopy (TEM)

The sizes, dispersion and shapes of the NPs and their respective conjugates were
analysed using TEM. As shown in Figure 3.11, the Cys-Ag NPs are well dispersed
spheres while the NH2-FesOs NPs are aggregated spheres due to their
superparamagnetic nature. The image of the Cys-Fe3sOs4@Ag NPs shows that the NPs
are also spherical and well dispersed. The larger size (Table 3.2) and good dispersion
of the Cys-Fe3sO4@Ag NPs is an indication of efficient coating of the Si-Fe3O4 NPs

with Ag.

Figure 3.11: TEM images of (A) Cys-Ag NPs, (B) NH2-Fe304 NPs, (C) Cys-Fe3O4@Ag

NPs and (D) 4-FesO4@Ag.
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Amide bond linkage of the Pc to the NPs resulted in aggregated conjugates. This is
shown in Figure 3.11 D (using 4-FesOs@Ag as an example) where the
superparamagnetic nature of the NPs and interaction of Pcs on neighbouring NPs
resulted in aggregates. The sizes of the NPs and their respective conjugates are listed

in Table 3.2.

3.2.3.2 X-ray Diffraction (XRD)

The XRD patterns of the different NPs and conjugates (using NH2-Fe3sO4 NPs and 4-

FesO4 as examples) are shown in Figure 3.12.
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Figure 3.12: XRD patterns of (i) NH2-Fe3O4 NPs and (ii) 4-Fe3Oa.
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The diffraction pattern of the NH2-Fe3O4 NPs shows a crystalline phase with a series
of characteristic peaks at 26 values of 30.38°, 35.77°, 43.41°, 54.20°, 57.60° and
63.28° corresponding to hkl Miller indices of (220), (311), (400), (422), (511), and
(440), respectively. These peaks are in accordance with the inverse cubic spinel phase
of magnetite [190]. For 4-FesO4, the crystalline peaks of the NH2-FesOs4 NPs are
preserved with an additional amorphous peak at 26 = 22.30° due to the Pc. Similar

changes were observed for the other conjugates.

3.2.3.3 Ground state UV-vis spectroscopy

The normalised absorption spectra of the NPs are shown in Figure 3.13 A. The
spectra reveal distinct absorption bands at 430 and 417 nm for the Cys-Ag and Cys-
FesOs@Ag NPs, respectively attributed to the SPR band of the metallic silver, Table
3.2. No distinct absorption band is observed for the NH2-Fe3sO4 NPs. As shown in
Figure 3.13 B, the spectra of the covalently bonded conjugates show an enhancement
in the absorption below 600 nm relative to that of the Pc alone (using complex 4 as an
example) due to the presence of the NPs which absorb around that region. The 4-Ag
and 4-Fe304@Ag conjugates show distinct peaks at ~420 nm attributed to the SPR
band of Ag, thereby proving that the conjugates are indeed composites of the NPs and
Pcs. Similar spectra were observed for the conjugates of complexes 5 and 6 (not
shown). As shown in Table 3.1, negligible changes in the Q band maxima of all the

conjugates were observed relative to Pcs alone.
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Figure 3.13: Ground state UV-vis spectra of (A) i. Cys-Ag NPs, ii. Cys-Fe3O4@Ag NPs
and iii. NHz-Fe3O4 NPs and (B) (i) complex 4, (ii) 4-Fes3O4 (iii) 4-Ag and (iv) 4-

FesOs@Ag in DMSO.
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3.2.3.4 X-ray photoelectron spectroscopy (XPS)

Efficient amide bond formation between each of the Pcs and the different NPs was
confirmed using XPS as shown in Figure 3.14 (using complex 4 and its conjugates as

examples).

Figure 3.14: High resolution XPS (N1s) of (A) 4, (B) 4-Ag and (C) 4-Fe304 and (D)

4-Fe304@AQ.
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The deconvoluted N 1s spectrum of complex 4 shows two peaks at 397.4 eV (N-C)
and 399.8 eV (N-Zn). The N 1s spectra of the conjugates however were deconvoluted
to three components with the component at high binding energy (~401 eV) being
representative of the N-C=0 bond. This is proof of efficient amide bond formation
between the Pc and each of the NPs. Similar spectra were observed for complexes 5

and 6 as well as their respective conjugates (not shown).

3.3 Loading of Pcs on NPs

Pcs have a size of ~1 nm while the NPs are all much bigger as shown in Table 3.2. It
is therefore unlikely for more than one NP to be attached to a single Pc but it is possible
for more than one Pc to be conjugated to a single NP. The ratio of Pc molecules
bonded to each of the NPs were determined using absorption as reported before [191].
This entails comparing the Q band absorbance intensity of the Pc in the conjugates
with that of the Pc alone using the same mass of the compounds. The NP: Pc ratios

for the conjugates are listed in Table 3.2.

The loading of Pcs onto the OLM-Ag NPs was found to be higher for 1-Ag than 2-Ag
and 3-Ag.The higher loading of complex 1 onto Ag NPs compared to complex 2 could
be due to the latter having less site of attachment to the Ag NPs as the quartenized
nitrogen atoms are not available for coordination. This explains the even lower loading
of the complex 3 on the OLM-Ag NPs as none of the nitrogen atoms are available and

it is solely dependent on the sulfur for coordination to the OLM-Ag NPs.

The loadings of complexes 4-6 on each of the NPs shows that complex 4 has the
lowest loading on all the NPs. This could be attributed to the bulky substituents of the
Pc which can hinder efficient amide bond formation between numerous Pcs and the

NPs unlike the less sterically challenged complexes 5 and 6.
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Since the in situ Ag NPs, Pd and Co NPs were made for modification of NFs and not
conjugated to Pcs in solution, their characterisation is discussed together with that of

the NFs in Chapter 4.

3.4 Closing Remarks

Novel cationic (complexes 2 and 3) and asymmetrical (complexes 4 and 5) Pcs were
successfully synthesized and characterized by various microscopic and spectroscopic
techniques. A variety of NPs (OLM-Ag, Cys-Ag, NH2-Fe304 and Cys-Fe3sO4s@AQg) were
also successfully synthesised and characterised. Complexes 1 to 3 were successfully
conjugated to the OLM-Ag NPs via chemisorption while complexes 4-6 were
covalently conjugated to the Cys-Ag, NH2-Fe304 and Cys-FesO4@Ag NPs as proven

with XPS.
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Chapter 4

This chapter discusses the optical and physical properties of the different electrospun

nanofibers when bare and when modified with Pcs, NPs or both.
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4. Characterisation of electrospun nanofibers

Characterisation of the NFs was conducted so as to elucidate their properties and
compositions. The effect of modification of these NFs with Pcs, NPs and their
conjugates is also explored. Comparison of the properties of bare SiO2 NFs relative to
their properties after modification with complexes 1-3 and in situ Ag NPs are
discussed. The properties of semiconductor Hem, ZnO and TiO2 NFs are also
reported. The bare Hem NFs are modified with complexes 4-6 while the ZnO and TiO2
NFs are modified with complex 6. The properties of a second batch of TiO2 NFs
prepared at different calcination temperatures and modified with complex 7 as well as

in situ Pd and Co NPs are also discussed.

4.1 SiO2 NFs

Formation of inorganic SiO2 NFs through the complete removal of PVP from the NFs
by calcination was confirmed using FT-IR spectroscopy. As shown in Figure 4.1, the
spectrum of the SiO2 NFs (pre-calcination) shows a series of peaks at 460 (O-Si-O
bending), 575 (N-C=0 stretch), 958 (Si-OH stretch), 1026 (CH2 rock), 1290 (C-N
stretch), 1421 (C-H bend), 1639 (C=0 stretch) and 2930 cm-! (C-H stretch) which
serves as an indication that the NFs are comprised of both SiO2 and PVP. In addition,
there is a broad peak at 3250 cm™' which is due to the surface—adsorbed water and

hydroxyl groups on the PVP [192].

Post-calcination however, the bare SiO2 NFs only show peaks at 465 cm™" (O-Si-O
bend), 810 (Si—-O-Si symmetric stretch), 969 (Si-OH stretch), 1054 (Si—O-Si
asymmetric stretch) and 3275 cm™' (OH stretch; surface water/hydroxyl groups)) as
reported before [193]. This proves that the bare SiO2 NFs are purely inorganic as no

PVP peaks are observed.
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Figure 4.1: FT-IR spectra of (A) SiO2 NFs (pre-calcination) and (B) bare SiO2 NFs.

TOF-SIMS was used for characterizing the bare and modified SiO2 NFs in order to
confirm complete polymer removal, efficient modification of the NFs as well as
distribution of the Pc and NPs on the NFs. Since TOF-SIMS uses a focused bismuth
beam to dislodge species on the surface of the NFs, the particles produced closer to
the site of impact tend to be dissociated ions (positive or negative) while those
generated further from the impact site tend to be molecular compounds [194]. In this
work, TOF-SIMS was run in positive ion mode so as to detect positive ions. The
acquired secondary ion images are shown in Figure 4.2 (using NFs modified with
complex 1 as an example) depicting the chemical changes on the different NFs. The
images reveal that the SiO2 NFs (pre-calcination) show the dominance of a green
colour with bits of red corresponding to mass locations of Si (red m/z 27.96) and PVP
fragment (green m/z 93.99). These results therefore confirm that pre-calcination, the
NFs are predominantly composed of the PVP. Post-calcination however, the bare SiO2
NFs show only a red colour attributed to Si (red m/z 27.89) with no visible green PVP

fragment representation.
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Figure 4.2: 2D TOF-SIMS ion images of (A) SiO2 (pre-calcination), (B) bare SiO2

(post-calcination), (C) Ag-SiOz2, (D) 1-SiO2 and (E) 1@Ag-SiO2 NFs.
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This is therefore confirmation that the bare SiO2 NFs are purely inorganic as was
observed with FT-IR. Efficient modification of the NFs with the Ag NPs is observed as
shown in Figure 4.2 C which is predominantly red with green and blue specs attributed
to mass allocations of Si (red m/z 27.99), Ag (green m/z 106.82) and SiO (blue m/z
44.03). Modification of the SiO2 NFs with the Pcs was achieved as shown in Figure
4.2 D where mass allocations of the Pc fragment (red m/z 91.01), SiO (green m/z
44.03) and Zn (blue m/z 65.95) were observed for the 1-SiO2 NFs which is shown as
an example. Modification of the NFs with the Pc and Ag NPs to yield the 1@Ag-SiO2
NFs was also proven as shown in Figure 4.2 E with mass allocations of Ag (red m/z
106.87), SiO (green m/z 43.98), and Pc fragment (blue m/z 108.86). The dominant
violet colour on the acquired image is a result of red and blue mixing. This is therefore
an indication that complex 1 and the Ag NPs coexist and thus occupy the same areas
on the NFs. This is not surprising due to the affinity that Ag has for nitrogen and sulfur
which are both present on the Pc. Similar results were obtained for 2-SiO2, 3-SiOz,

1@Ag-SiO2 and 2@Ag-SiO2 NFs (not shown).

The morphologies and topographies of the bare and modified NFs were determined
using SEM as shown in Figure 4.3 (using bare SiO2, Ag-SiO2 NFs and 1@Ag-SiO2
NFs as examples). The images show that the bare NFs are flattened, narrow, coiled
and have cylindrical shape. No significant change was observed upon modification of
the NFs with the Pc due to the small size and low concentrations used for modification
hence the images are not shown. The images of the Ag-SiO2 and the conjugate NFs
(using 1@Ag-SiO2 as an example) however show the presence of NPs which are
dispersed throughout their surfaces (shown a few with arrows in Figure 4.3) due to
the successful in situ reduction of the silver acetate in forming the NPs. Similar images

were obtained for 2@Ag-SiO2 and 3@Ag-SiO2 NFs (not shown).
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Figure 4.3: SEM images of (A) bare SiOz, (B) Ag-SiO2 and (C) 1@Ag-SiO2 NFs.

Studies of the optical properties of the bare and functionalized SiO2 NFs were
analysed using solid state UV-vis spectra as shown in Figure 4.4 (using NFs modified
with complex 1 as examples). The bare SiO2 NFs show absorption in the UV region,
consistent with results observed before for SiO2 catalysts [195]. The UV-vis spectra
of the 1-SiO2, Ag-SiO2 and 1@Ag-SiO2 NFs show that this peak is maintained even
after modification. In addition, the spectra of the 1-SiO2 and 1@Ag-SiO2 NFs bands at
~ 600-750 nm which are attributed to the Q bands of the Pc. In solid state, the Pc Q
band is broadened and split due to aggregation [196]. The NFs with Ag NPs (Ag-SiO2
and 1@Ag-SiO2 NFs) also show bands at ~ 515-560 nm attributed to the SPR band
of Ag NPs [197]. The observed red shift of the SPR band relative to those observed
for similar NPs that were analysed in solution (Table 3.2) is possibly due to the

electronic coupling that occurs when the NPs are aggregated in solid state.
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Figure 4.4: Solid state UV-vis spectra of i. bare SiOz, ii. Ag-SiOz, iii. 1-SiO2 and iii.

1@Ag-SiO2 NFs.

The band gap energies of the bare and modified SiO2 NFs were calculated using

Tauc’s equation (4.1) as explained before [198,199].
(ahv) V" = k(hv-Eg) 4.1

where a is the absorption coefficient, h is Planck’s constant, v is the photon’s
frequency, Eq is the band gap and k is a proportionality constant. The value of n is the
exponent is an indication of the nature of the electronic transition that occurs in the

SiO2 NFs [199]. In this case direct allowed transitions were studied so n="/2 [198].

The intercept of the linear fit of the Tauc plot as shown in Figure 4.5 (using NFs
modified with complex 1 as examples) gives Eg. The estimated Eg values for the bare
and modified NFs are listed in Table 4.1. The results show that the estimated Eq for
the bare SiO2 NFs is ~ 3.92 eV (316 nm), similar to values obtained before for

amorphous SiO2 nanowires [200]. The general trend is that upon modification, the Eq
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of the SiO2 NFs is lowered due to the strong interaction between the Pc and/ or NPs

with and SiO2. Similar Tauc plots were obtained for 2-SiOz, 3-SiO2, 2@Ag-SiO2 and

3@Ag-SiO2 NFs (not shown) and the obtained results are listed in Table 4.1.
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Figure 4.5: Tauc plots for the determination of the Eq of (A) bare SiOz2, (B) Ag-SiOz,

(C) 1-SiO2 and (D) 1@Ag-SiO2 NFs.
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Phase identification of the bare and modified NFs was conducted using XRD as shown
in Figure 4.6 (using NFs modified with complex 1 as examples). The diffraction pattern
of the bare SiO2 NFs has a broad peak at ~ 20 = 22° (Figure 4.6 A) which proves that

the NFs are amorphous as reported before [28].
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Figure 4.6: XRD patterns of (A) bare SiOz, (B) Ag-SiOz2, (C) 1-SiO2 and (D) 1@Ag-

SiO2 NFs.

The amorphous peak is maintained in the Ag-SiO2 NFs with additional peaks of the
crystalline faced-centred cubic structure of metallic silver (Figure 4.6 B). These results

therefore prove efficient modification of the surface of the NFs with Ag NPs. Due to
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the amorphous nature that Pcs tend to exist in as explained before, no phase changes
were observed when the NFs were modified with complex 1 (Figure 4.6 C). The
diffraction pattern of the 1@Ag-SiO2 NFs shows the peaks associated with the Ag NPs
are maintained and there’s a prominent amorphous peak that is observed due to the
presence of both the SiO2 and Pc (Figure 4.6 D). Similar results were observed with

the NFs modified with complexes 2 and 3.

Table 4.1: The optical and physical properties of the bare and modified SiO2 NFs.

Nanofibers Band gap Surface Area Pore Volume
(eV) m2g-! cmig!
Bare SiO2 3.92 (316 nm) 301.6 0.1154
Ag-SiO2 2.83 (438 nm) 382.4 0.1140
1-SiO2 2.48 (500 nm) 365.5 0.0356
1@Ag-SiO2 2.53 (486 nm) 719.0 0.0049
2-SiO2 2.40 (505 nm) 425.5 0.0420
2@Ag-SiO2 2.50 (490 nm) 725.0 0.0052
3-SiO2 2.45 (501 nm) 395.5 0.0039
3@Ag-SiO2 2.59 (484 nm) 780.0 0.0050

The pore sizes and surface areas of the bare and modified SiO2 NFs were determined
using BET and the obtained results are listed in Table 4.1. Modification of the SiO2
NFs results in an increase in the surface area and decrease in the pore volume. Since

rough surfaces have been reported to possess larger surface areas than smooth ones
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[201], the observed increase in surface area could possibly suggest that modification

of the SiO2 NFs with the Pcs and NPs causes increased roughness of their surfaces.
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Figure 4.7: BET isotherms of (A) bare SiOz2, (B) Ag-SiOz, (C) 1-SiO2 and (D) 1@Ag-

SiO2 NFs.
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The decrease in the pore volumes of the modified NFs can be attributed to the Pc

molecules and Ag NPs being entrapped and filling the pores of the NFs.

The BET isotherms of the bare and modified SiO2 NFs are shown in Figure 4.7 (using

NFs modified with complex 1 as examples).

The results show that all the NFs show type IV BET isotherms with a hysteresis loop
consisting of adsorption and desorption branches. This is an indication of the
existence of mesopores on the NFs. The type IV isotherms are also an indication of
an indefinite multilayer formation after completion of the monolayer followed by a

capillary condensation step associated with the hysteresis loop [202,203].

4.2 Semiconductor NFs

The Hem NFs were fabricated and modified with Pc complexes 4-6 while the ZnO and
TiO2 NFs were modified with complex 6 without NPs. The second batch of TiO2 NFs

were modified with complex 7 as well as in situ synthesised Pd and Co NPs.

4.2.1 Hem NFs

Just as with the SiO2 NFs, formation of the inorganic Hem NFs through complete
calcination and thus removal of PVP was confirmed using FT-IR spectroscopy as
shown in Figure 4.8 A. The Hem NFs show a single peak at 560 cm™' correlating to
the Fe-O stretch. The absence of polymer peaks is an indication of complete polymer

removal resulting in purely inorganic Hem NFs.
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Figure 4.8: FT-IR spectra of bare (A) Hem, (B) ZnO and (C) TiO2 NFs.

The elemental compositions of the bare and modified NFs were confirmed using EDX
as shown in Figure 4.9 (using NFs modified with complex 6 as an example). As
expected the bare Hem NFs only show Fe and O peaks (Figure 4.9 A) while the 6-
Hem NFs have additional C, N and Zn peaks due to the presence of the Pc (Figure

4.9 B). Similar results were observed with the NFs modified with complexes 4 and 5

(not shown).

111



Figure 4.9: EDX spectra of (A) bare Hem, (B) 6-Hem, (C) bare ZnO, (D) 6-Zn0O, (E)

bare TiO2 and (F) 6-TiO2 NFs.
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The morphologies of the Hem NFs were studied using SEM as shown in Figure 4.10
A. The Hem NFs are coiled, elongated and cylindrical with smooth surfaces. Due to
the small sizes of the Pcs and low concentrations used, no significant changes were
observed for the morphologies of the NFs upon modification with complexes 4-6 hence

their images are not shown.

Figure 4.10: SEM image of the bare (A) Hem, (B) ZnO and (C) TiO2 NFs.

The optical properties of the bare and Pc modified NFs were studied using solid state
UV-vis spectroscopy as shown in Figure 4.11 (using NFs modified with complex 6 as
an example). The spectrum of the Hem NFs shows peaks at ~ 350, 480-550 and 650
nm, similar to those observed before for hematite NPs [204]. The absorption band at
~350 nm results from the ligand to metal charge transfer (LMCT) which is a direct
transition of O>—Fe3*. The bands at ~480-550 nm have been assigned to the double
excitation processes [205]. The double excitation processes which give rise to the
strong absorption band at ~550 nm are responsible for the red colour of Hem [204].

The band at ~650 nm is due to various ligand field transitions [206]. In addition, to the
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Hem bands, the spectrum of the 6-Hem NFs shows a peak at ~650-720 nm attributed

to the Pc Q band which is broadened due to aggregation in the solid state [196].

The Eg of the bare and modified NFs was determined using Tauc’s equation (4.1) as
explained before for the SiO2 NFs. Since the obtained Tauc’s plots are similar to those
observed for the SiO2 NFs, they are not shown but the calculated band gap energies
are listed in Table 4.2. For direct allowed transitions, the estimated Eg for the Hem
NFs is 2.20 eV which is close to that observed before for other hematite materials
[207,208]. Just as with the SiO2 NFs, a reduction in the Eg of the Hem NFs was

observed upon modification with the Pc complexes.
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Figure 4.11: Solid state UV-vis spectrum of i. Hem NFs and ii. 6-Hem NFs.

The XRD patterns of the bare and modified NFs are shown in Figure 4.12 (using NFs
modified with complex 6 as an example). The diffraction pattern of the Hem NFs show
highly crystallinity with peaks at 26 values of 24.74°, 33.59°, 36.11°, 41.34°, 50.02°,
54.53°, 58.13°, 62.83 ° and 64.46 ° corresponding to the (012), (104), (110), (113),

(024), (116), (122), (214) and (300) rhombohedral (hexagonal) planes of hematite
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[209,210]. The crystalline diffraction peaks are maintained in the modified NFs but
there is an additional peak due to the presence of the amorphous Pc. The results
therefore show that the 6-Hem NFs have adopted properties from both the bare Hem
NFs and complex 6. Similar diffraction patterns were observed for 4-Hem and 5-Hem

NFs.
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Figure 4.12: XRD patterns of (A) Hem and (B) 6-Hem NFs.

Analyses of the BET isotherms of the bare and modified Hem NFs gave type IV BET
isotherms as observed for the SiO2 NFs hence they are not shown but the obtained
surface area and porosity data is listed in Table 4.2. The results show a slight increase
in surface area and decrease in porosity upon modification with the Pcs as observed

for the modified SiO2 NFs.
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Table 4.2: The optical and physical properties of the semiconductor NFs

Nanofibers Band gap | Surface Area | Pore Volume | NP loading
(eV) m?g"! (ecmg")

Bare Hem 2.20 18.25 0.185 -
4-Hem 1.92 29.36 0.142 -
5-Hem 1.90 28.45 0.095 -
6-Hem 1.87 22.65 0.0050 -

Bare ZnO 3.28 11.36 0.240 -
6-ZnO 3.00 10.45 0.080 -

Bare TiO2 3.19 13.40 0.190 -
6-TiO2 2.90 12.70 0.110 -

Bare TiO2-500 3.21 12.66 0.167 -
Bare TiO2-750 3.05 3.31 0.0013 -
Bare TiO2-950 3.01 - -

7@TiO2-500 2.87 10.60 0.082 -
7@TiO2-750 2.75 1.12 0.003 -
7@TiO2-950 2.70 - - -
Pd@TiO2-500 2.90 60.96 0.069 3.26
Pd@TiO2-750 2.95 49.50 0.002 1.37
Pd@TiO2-950 2.80 - - 1.31
Co@TiO2-500 3.18 27.60 0.180 2.50
Co@TiO2-750 3.00 13.21 0.013 2.50
Co@Ti02-950 2.96 - - 2.50
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4.2.2 ZnO NFs

The ZnO NFs were characterised with FT-IR spectroscopy to confirm complete
removal of the PVP from the NFs post calcination. As shown in Figure 4.8 B, the
spectrum shows a single peak at 368 cm ! corresponding to the vibration of hexagonal

ZnO [211], thereby proving the NFs are purely inorganic.

The elemental compositions of the bare and Pc modified NFs were confirmed using
EDX as shown in Figures 4.9 C and D. As expected the bare ZnO NFs only show Zn
and O peaks while the 6-ZnO NFs have an additional C peak due to the presence of

the Pc.

Analysis of the surface topography of the NFs was conducted using SEM. As shown
in Figure 4.10 B. The NFs are branched and connected with uneven and smooth
surfaces. Just as with other reported NFs, no changes in the morphologies of the NFs
were observed upon modification with the Pc due to the small concentrations used

hence the image is not shown.

The solid state UV-vis spectra of the bare and Pc functionalised NFs are shown in
Figure 4.13. The spectrum of the bare ZnO NFs only exhibit absorption in the UV
region, while the 6-ZnO NFs exhibit additional absorption bands at 550-750 nm due

to the presence of the Pc.

The Eg of the bare and modified NFs were determined using Tauc’s equation (4.1) and
the obtained results are listed in Table 4.2.The estimated Eg for the ZnO NFs is be
3.28 eV, similar to values reported before for ZnO catalysts [179]. Just as with the
other NFs, the interaction of the Pc lowered its Eg wherein the 6-ZnO NFs were found

to have a Eg of 3.00 eV.
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Figure 4.13: Solid state UV-vis spectra of i. bare ZnO and ii. 6-ZnO NFs.

Phase identification of the NFs was conducted using XRD as shown in Figure 4.14.
The ZnO NFs show diffraction peaks at 20 values of 31.72°, 34.46°, 36.94°, 47.86°,
56.78°, 63.76°, 68.96° and 69.70°, corresponding to the (100), (002), (101), (102),
(110), (103), (112) and (201) planes of hexagonal wurzite of crystalline ZnO [212].
This means that there is a close packing of oxygen and zinc atoms in tetrahedral sites,
which gives rise to the typical crystal habit of ZnO [179]. Upon modification with

complex 6, there is an additional amorphous peak at due to the presence of the Pc.

Analyses of the BET isotherms of the bare and modified ZnO NFs gave type IV
isotherms as observed for the SiO2 NFs hence they are not shown but the obtained
surface area and porosity data is listed in Table 4.2. Interestingly, the results show a
slight decrease in surface area and porosity upon modification with the Pcs. This can
therefore suggest that the roughness of the NFs is reduced in the presence of the Pc
as rough surfaces have been reported to possess larger surface areas than smooth

ones [201].
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Figure 4.14: XRD patterns of (A) bare ZnO and (B) 6-ZnO NFs.
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4.2.3 TiO2 NFs

The FT-IR spectrum of the TiO2 NFs is shown in Figure 4.8 C. No polymer peaks are
observed, instead the TiO2 NFs show peaks at 475 and 730 cm™" attributed to the O—
Ti—O bonding thereby proving the TiO2 NFs are purely inorganic [213]. The peak at

3390 cm™ can be attributed to the OH stretch of surface water.

The elemental compositions of the bare and Pc modified NFs were confirmed using
EDX as shown in Figure 4.9. As expected the bare TiO2 NFs only show Ti and O
peaks (Figure 4.9 E) while the 6-TiO2 NFs have additional C and Zn peaks (Figure

4.9 F) due to the presence of the Pc.

The morphologies of the bare and Pc modified TiO2 NFs were analysed using SEM as
shown in Figure 4.10 C. The NFs are cylindrical with smooth surfaces and broken
edges. Just as with other reported NFs, no changes in the morphologies of the NFs
were observed upon modification with the Pc due to its small sizes hence the image

is not shown.

The spectra of the bare TiO2 NFs only exhibit absorption in the UV region, while the
6-TiO2 NFs exhibit additional absorption bands at 550—750 nm due to the presence of
the Pc (Figure 4.15). The Eg of the bare and modified NFs were determined using
Tauc’s equation (4.1) and the obtained results are listed in Table 4.2. The estimated
Eg for the bare TiO2 NFs is be 3.19 eV, similar to values reported before for anatase

TiO2 catalysts [214].
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Figure 4.15: Solid state UV-vis spectra of i. bare TiO2 and ii. 6-TiO2 NFs.

The anatase nature of the TiO2 NFs was confirmed using XRD as shown in Figure
4.16. The bare TiO2 NFs show diffraction peaks at 26 values of 25.39°, 37.93°, 48.26
°,54.13°, 55.28°, 62.88°, 69.21°, 70.50° and 75.30° corresponding to the (101),
(004), (200), (105), (211), (204), (116), (220) and (215) tetragonal planes of anatase
TiO2 as reported before [215]. In addition, an amorphous peak was observed for the

6-TiO2 NFs due to the presence of the Pc.
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Figure 4.16: XRD patterns of (A) TiO2-500 and (B) 6-TiO2 NFs.

Analyses of the BET isotherms of the bare and modified TiO2 NFs also gave type IV
isotherms as observed for the SiO2 NFs hence they are not shown but the obtained
surface area and porosity data is listed in Table 4.2. Just as with the ZnO NFs, the
TiO2 NFs show a slight decrease in surface area and porosity upon modification with

the complex 6.

Characterisation of the second batch of TiO2 NFs which were calcined at different
temperatures (500,750 and 950 °C) and modified with complex 7 as well as Pd and

Co NPs are discussed next.
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Just as discussed before with the FT-IR spectra of the first batch of TiO2 NFs, complete
removal of the PVP was observed for the second batch too to obtain purely inorganic
TiO2 NFs (spectrum not shown).

The crystalline phases of the TiO2 NFs calcined at different temperatures were
analysed using XRD as shown in Figure 4.17. The peak positions of the TiO2-750
and TiO2-950 NFs are the same, suggesting that they have the same phase while
those of TiO2-500 are different. The TiO2-500 NFs planes are characteristic of the
tetragonal anatase phase as observed before [215]. For TiO2-750 and TiO2-950 on
the other hand, the main peaks were observed at 26 values of 27.90, 36.63, 41.83,
54.63 and 57.03° corresponding to the (110), (101), (111), (211) and (220) planes of

tetragonal rutile phase as reported before [216].
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Figure 4.17: XRD patterns of (A) TiO2-500, (B) TiO2-750 and (C) TiO2-950 NFs where

R = rutile and A = anatase.
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Since the NFs calcined at 750 °C have been reported to give a mixture of anatase and
rutile phases [217], confirmation of the data obtained from XRD was then conducted
using Raman spectroscopy as shown in Figure 4.18 as it is sensitive enough to
distinguish between the different TiO2 phases. The TiO2-500 NFs were found to have
active vibrations located at 144 cm™" (Eg), 396 cm™" (B1g), 518 cm™' (A1g) and 637 cm™
(Eg) while for TiO2-750 and TiO2-950, vibrations at 134 cm™" (B1g), 236 cm™' (broad
band), 442 cm™ (Eg), and 605 cm™' (A1g) were observed, corresponding to those
reported before [218]. The results prove that each of the calcined NFs are pure phase

where TiO2-500 is purely anatase while TiO2-750 and TiO2-950 are purely rutile.
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Figure 4.18: Raman spectra of (A) TiO2-500, (B) TiO2-750 and (C) TiO2-950.
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The UV-vis spectra of the modified NFs are shown in Figure 4.19 (using the NFs
calcined at 500 °C as examples). The spectra of the bare TiO2 NFs show a broad peak
in the UV region (<400) which was maintained even post-modification. Surprisingly,
the NFs decorated with the Pd NPs exhibit slight red shift and broadening in the
spectral band which is not observed for the NFs decorated with the Co NPs. The
7@TiO2-500 NFs have an additional peak in the visible region due to the Pc Q band.
The obtained spectra are an indication of efficient fabrication and modification of the
NFs. Similar spectra were obtained for TiO2-750 and TiO2-950 as well as their

decorated counterparts (not shown).
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Figure 4.19: (A) Solid state UV-vis spectra of (i) TiO2-500, (ii) 7@TiO2-500 (iii)

PAd@TiO2-500 and (iv) Co@TiO2-500 NFs.

Using Taucs equation as explained before, the Eq of the bare and modified TiO2 NFs
were determined and listed in Table 4.2. Important to note is that increased calcination

temperature resulted in slightly reduced direct band gap energies. This is not
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surprising as anatase TiO2 materials have been reported to have larger band gaps
than rutile [219]. Modification of the NFs with the Pc and NPs has also resulted in

reduced Eg.

Confirmation of efficient photoreduction of Pd(ll) and Co(ll) to form the NPs on the
surface of each of the bare NFs was conducted with XPS as shown in Figure 4.20
(showing Pd@TiO2-500 and Co@TiO2-500 as examples). A Pd 3d core level
spectrum consisting of two components i.e. Pd 3ds2 and Pd 3ds2 (separated by
approximately 5.4 eV) was obtained as observed before [220]. The Pd 3d spectrum of
Pd@TiO2-500 was deconvoluted to four peaks at 336.9 (Pd°), 337.7 (Pd?*), 342.3
(Pd®) and 343.9 eV (Pd?*). The Pd® peaks are of higher intensity than those of Pd?*
which could be an indication that although there are still traces of Pd 2* in the NFs but
the NPs in the form of Pd® are in abundance. For the Co NPs, the Co 2p core level
spectrum was performed by using two spin-orbit split components i.e. Co 2ps32 and
Co 2p12 (separated by 15.5 eV) as observed before [221]. The Co 2p spectrum of Co-
TiO2-500 was deconvoluted to two peaks at 778.1 (Co®) and 793.6 eV (CoP). This

serves as proof of complete reduction of Co?* to Co? as no Co?* peaks were observed.
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Figure 4.20: Deconvoluted XPS spectra of (A) Pd@TiO2-500 NFs highlighting the Pd

3d photoemission and (B) Co@TiO2-500 NFs highlighting the Co 2p photoemission.
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SEM was conducted for analyses of the topography of the calcined NFs before and
after deposition of the NPs and the obtained images are shown in Figure 4.21. The
images reveal that some of the calcined NFs are porous which is a good attribute as
it has been reported that porous nanostructured materials are more efficient

semiconductor photocatalyts [127].

Figure 4.21: SEM images of (i) TiO2-500, (i) Pd@TiO2-500, (iii) Co@TiO2-500, (iv)
Ti02-750, (v) Pd@TiO2-750 (vi) Co@TiO2-750, (vii) TiO2-950 (viii) PA@Ti02-950 and

(ix) Co@Ti02-950 NFs.
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This is because porous materials generally have better mass transport of reactants
and radiation, large specific surface area and abundant active sites for the reactions
[222]. Even though the TiO2-750 and TiO2-950 NFs have both been proven to be rutile
(XRD and Raman spectra), their SEM images show that they have different
morphologies. The TiO2-750 NFs are more cylindrical and porous while TiO2-950 has
a more distorted surface with grain like structures which are sintered. The distortion of
the NFs with increased calcination temperature is possibly due to the breakage of the
Ti—O bonds in the anatase structure, permitting the rearrangement of Ti—O to form the
rutile phase. Thus phase transformation can lead to the disruption of the lattice of TiO2
[223]. There are no notable differences in the images of NFs decorated with complex
7 because of the small concentrations that are used hence theirimages are not shown.
The surfaces of the NFs modified with the Pd and Co NPs appear rough thereby

confirming successful formation of the NPs.

The surface area and porosity data that was obtained upon analysis of the NFs is
listed in Table 4.2. No BET surface area/porosity data was obtained upon analysis
of the bare and decorated TiO2-950 NFs, this is probably due to their brittle nature
and distorted structure. Analyses of the bare TiO2-500 and TiO2-750 NFs shows
that increased heating temperature caused a decrease in the surface area and
pore volume of the NFs. Decoration of the bare NFs with the NPs resulted in an

increased surface area with the anatase NFs being larger than the rutile NFs.

Analyses of the loading of the NPs on each of the calcined TiO2 NFs was conducted
using ICP-OES and the obtained results are shown in Table 4.2. It is important to note
that the loadings of the Pd NPs on the three NFs (Pd@TiO2-500, Pd@TiO2-750 and
Pd@TiO2-950) are different, but are the same for the Co NPs. In order for the NPs to
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form, Pd?* is reduced to Pd°, a process that is catalysed by the NFs. The Pd@TiO2-
500 NFs have a greater Pd loading (~3.26 wt %), presumably as a result of a higher
photoreduction efficiency, while the Pd@TiO2-750 and Pd@TiO2-950 NFs have
comparable loadings (~1.3 wt %). This is not surprising as the pore volume of the
Pd@TiO2-500 NFs is larger (0.069 cm?®/g) than that of the Pd@TiO2-750 NFs (0.002
cm?3/g) and porosity has been reported to increase the activity of a catalyst [127]. In
addition, anatase phase TiO2 has been reported to possess better photocatalytic
activity than rutile [219]. In the case of the Co NPs, the photoreduction of Co?* to Co?
occurs but this is driven by the use of a photoinitiator hence the same loading was
obtained. In the case of the Pc decorated fibers, no activity of the fibers is used, they

are dyed in the same manner hence the loading is also the same.

4.3 Closing Remarks

The fabrication and modification of SiO2, Hem, ZnO and TiO2 NFs has been achieved
and their physical as well as optical properties have been reported. The
photophysicochemical properties of the bare and modified NFs together with those of

the Pcs and NPs in solution are discussed in the next chapter.
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Chapter 5

This chapter gives details on the photophysical and photochemical properties of the
Pcs reported herein. It also discusses how these parameters are influenced in the

presence of NPs and NFs in different solvents.
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5.1 Fluorescence studies

5.1.1 Spectra

The absorption, emission and excitation spectra of the Pcs and Pc-NP conjugates
were analysed and that of complex 3 is shown Figure 5.1 as an example. The
emission spectrum is a mirror image of the excitation and absorption spectra, as is
normally expected for monomeric planar 1r-conjugated dyes. The Q band absorption
maxima is close to that of the excitation, thereby showing that the absorbing molecule
is the same as the emitting molecule. Small Stokes shifts of 11-13 nm were obtained
for the Pcs and their respective conjugates. This is typical for Pcs as it confirms that
the nuclear configurations of the ground and excited states are similar due to the

rigidity of the structure.
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Figure 5.1: Absorption, emission and excitation spectra of complex 3 in DMSO at an

excitation wavelength of 620 nm.
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The slight differences between the absorbance and excitation spectra can be
attributed to the use of different equipment to generate the data. Similar fluorescence
behaviour was observed for the rest of the Pc complexes as well as their respective

conjugates.

5.1.2 Quantum yields (®r) and lifetimes (1F)

Using the comparative method, the fluorescence quantum yields (®r) of all the Pcs
and their respective conjugates were calculated using Equation 1.1 and listed in
Table 5.1. For studies conducted in DMSO, unsubstituted ZnPc (®r = 0.20 [224]) was
used as the standard. Due to the aggregation in 2% DMSO (in PBS), low ®r values of
<0.01 were obtained for the Pcs and their conjugates, thus they are not shown nor

discussed.

The fluorescence lifetime values (tr) of the Pc complexes as well as their respective
conjugates were measured in DMSO using TCSPC (time correlated single photon
counting) method and the obtained results are listed in Table 5.1. The extrapolated
fluorescence decay curve from the TCSPC for complex 3 is shown in Figure 5.2 as
an example with its accompanying residual graph. It is a representative of the decay

curves obtained for the rest of the Pcs and their conjugates.

With the exception of some conjugates (5-Ag, 5-Fe304 and 5-Fe3sOs@Ag), the Pc
complexes and the rest of the conjugates show mono-exponential fluorescence decay.
The 5-Ag, 5-Fe3O4 and 5-Fe3O4@Ag conjugates showed bi-exponential decays and
the lifetimes with the greatest percentage occupancy are reported on Table 5.1. This
type of decay may occur for Pcs due to the formation of aggregates which are non-

fluorescent, but which can quench the monomer [225]. Different orientations of the Pc

133



on the NPs could also be a contributing factor in observing two lifetimes [226)].

Complex 5 has less substituents and thus minimal steric hindrance unlike the more

bulky complexes 4 and 6.
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Figure 5.2: Fluorescence decay curve of complex 3 in DMSO.

As shown in Table 5.1, the cationic complexes 2 and 3 have slightly lower ®r values

than the neutral complex 1, showing that quaternization does not improve

fluorescence. Complexes 4-6 are all asymmetrical and have isophthalic acid moieties.

Asymmetry introduces distortions on the Pc macrocycle which in turn affect their

photophysical properties [114].

The results show that complex 5 which is

monosubstituted has the highest ®r relative to the tetrasubstituted complexes 4 and
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6. A similar behaviour has been observed before for similarly substituted Pcs

[227,228].

In addition, Table 5.1 shows that all the conjugates have lower ®r relative to the Pcs
alone. This is because the NPs impose a heavy atom effect on the Pc, which
encourages intersystem crossing to the triplet state thereby suppressing the relaxation

of the excited photosensitisers to the ground state through fluorescence. As expected,

the reduction in the ®r due to the presence of the NPs results in shortened 7F.

The fluorescence properties of complex 7 are also listed on Table 5.1 but because its
substituents do not permit it to be conjugated to any NPs or to be compared to any

other Pc, the properties are just listed and not discussed.

5.2 Triplet Quantum yields (®1) and triplet lifetimes (t7)

The triplet quantum vyield is an indication of the fraction of molecules that undergo
intersystem crossing to the excited triplet state. The triplet quantum yield is inversely
proportional to the fluorescence quantum yield hence when the former is large, it
suggests a high intersystem crossing efficiency of the Pc. A high triplet quantum yield

is attractive as it influences the singlet oxygen generation.
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Table 5.1: Fluorescence and triplet state parameters of the Pcs and their respective

conjugates in DMSO.

Complex Loading (O] TF dr TT
NP:Pc (ns) (1s)
Complex 1 - 0.1102 2.532 0.832 3512
1-Ag 1.7 0.080 1.44 0.90 358
Complex 2 - 0.077 2.01 0.73 260
2-Ag 1:5 0.039 1.82 0.80 241
Complex 3 - 0.100 2.04 0.85 360
3-Ag 1:3 0.074 1.75 0.87 348
Complex 4 - 0.095 3.68 0.58 287
4-Ag 1:2 0.048 3.46 0.71 203
4-Fe30q4 1:2 0.055 3.50 0.78 176
4-Fes0s@Ag 1:4 0.073 3.52 0.62 181
Complex 5 - 0.190 2.95 0.75 305
5-Ag 1:3 0.110 1.60 0.78 227
5-Fes0s4 1:2 0.150 1.79 0.80 220
5-FesOs@Ag 1:5 0.110 1.25 0.88 185
Complex 6 - 0.140 7.60 0.82 129
6-Ag 1:3 0.100 3.05 0.85 122
6-Fes04 1:2 0.080 4.85 0.88 118
6-FesOs@Ag 1:5 >0.01 3.87 0.85 125
Complex 7 - 0.067° 9.07b 0.71b 69.0°

aValues extrapolated from [118], "Studies conducted in toluene:

136



Using laser flash photolysis, the triplet state parameters (¥, t1) were determined and
quantified. For studies conducted in DMSO, unsubstituted ZnPc (®1 = 0.65 [229]) was

used as the standard and Equation 1.2 was employed in the calculations.

A representation of the mono-exponential triplet decay curve of the Pcs and their
conjugates is shown in Figure 5.3 (using complex 3 as an example). Fitting the decay
curve at the absorption maxima gave the ftriplet lifetimes and the obtained values

together with the triplet quantum yields are listed in Table 5.1.
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Figure 5.3: Triplet absorption decay curve of complex 3 in DMSO.

The general observation is that all the Pc complexes have high @t due to the presence
of the heavy Zn central metal. In most cases, conjugation of the Pcs to the different
NPs resulted in increased @t and a decrease in the 17 values. This is due to the heavy

atom effect, which enhances intersystem crossing and thus triplet state population.
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Comparison of complexes 1-3 shows that the hexadecacationic complex 3 has the
highest &t followed by the neutral complex 1 and then the octacationic complex 2.
Showing there is no particular trend in the ®t that is followed by the Pcs based on the

number of charges that they possess.

Complexes 4-6 have @t values of 0.58, 0.75 and 0.82, respectively. No particular trend
was observed for these values. The triplet state parameters of complex 7 are also just
listed in Table 5.1 and not discussed. This is due to the Pc not having the appropriate

substituents for its conjugation to NPs.

5.3 Singlet oxygen quantum yields (®x)

Using the comparative and absolute methods, the singlet oxygen quantum yields were
determined for the Pcs (and their conjugates) in solution and when supported on NFs,

respectively.
5.3.1 Comparative method

One of the characteristics of a good photosensitiser is its ability to generate high singlet
oxygen [230]. This is because singlet oxygen is the main active species in
photosensitiser mediated photocatalytic oxidation and microbial photoinactivation
[12,13]. Its production is highly dependent on the triplet state population and
effectiveness of energy transfer process between the excited triplet state Pc and

molecular oxygen [231].

The comparative method was implemented in the quantification of the singlet oxygen
generated by the Pc complexes and their conjugates using Equation 1.5. For studies

conducted in DMSO, unsubstituted ZnPc (P = 0.67 [232]) was used as the standard
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and for studies conducted in aqueous media (2% DMSOQO), AIPcSmix (®a =0.42 [233])

was used as the standard.

By spectroscopically monitoring the degradation of DPBF and ADMA (singlet oxygen
quenchers in organic solvents and aqueous media, respectively), quantification of the
®awas achieved. As shown in Figure 5.4 A (using studies conducted with complex 3
as an example), there was an observed DPBF degradation at ~417 nm while the Q
band of the Pc remained unchanged. This demonstrates the photostablity of the Pc.

Similar results were obtained for the rest of the Pcs and their conjugates.

The degradation of ADMA in 2% DMSO solution is shown in Figure 5.4 B (using
complex 3 as an example). The spectrum shows degradation of the ADMA bands and
a broadened, split Q band for the Pc due to its aggregation in aqueous media. Similar

spectra were observed for other Pcs and their respective conjugates (not shown).

The calculated ®x values for all the reported Pcs and their respective conjugates are
listed in Table 5.2. The results show that conjugation of the Pcs to the NPs results in

increased ®adue to the heavy atom effect imposed by the latter.

Comparison of the singlet oxygen generation efficiencies of complexes 1-3 in DMSO
shows that complexes 1 and 2 have lower ®a values, possibly due to the inhibition of
the intramolecular charge transfer (ICT) effect due to their amino groups [124]. Even
though 3-Ag has the highest ®a of 0.68 relative to 2-Ag and 1-Ag, the greatest
enhancement in the ®s was however observed for 1-Ag which is not surprising as it
has the highest loading of Pcs (Table 3.2) on the NPs which could possibly cause

stronger energy transfer processes.
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Figure 5.4: Ground state UV-vis spectrum demonstrating the photodegradation of (A)
DPBF (in DMSO) where inset = plot showing the relationship between absorbance of

quencher and time and (B) ADMA (in 2% DMSO) in the presence of complex 3.

Comparison of the ®a values of complexes 4-6 shows that the asymmetrical
tetrasubstituted complex 6 has the highest @4 of 0.57 relative to complexes 4 and 5

with ®a values of 0.29 and 0.42, respectively. Although all three Pcs have the greatest
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loading on the FesO4@Ag NPs, these NPs induce the lowest enhancement of the ®a
of the Pcs relative to the Cys-Ag and NH2-Fe3O4 NPs. This could possibly be attributed
to the large Cys-FesOs@Ag NPs shielding the Pc from energy transfer processes

through the screening effect [231].

Complex 7 does not have the required substituents for conjugation to NPs hence its

Qais just listed in Table 5.2 and not discussed.

There is an observed reduction of the ®a values in aqueous media relative to DMSO
alone due to oxygen having a higher solubility in many organic solvents compared to
water [234]. Water molecules also induce a quenching effect on singlet oxygen
generation [224]. In addition, aggregation of Pcs tends to reduce their photoactivity
[235]. This is because aggregation can cause conversion of the electronic energy to

vibrational energy thereby reducing the excited state population [236].

Quantification of the ®a of complex 7 in aqueous media was not possible due to its
degradation in the 2% DMSO solvent mixture attributed to instability and hence

degradation of the Pc.

141



Table 5.2: The singlet oxygen quantum yields of the Pc and their respective

conjugates in different solvents.

Complex Loading DMSO 2% DMSO
NP:Pc
Complex 1 - 0.302 0.12
1-Ag 1.7 0.65 0.28
Complex 2 - 0.44 0.25
2-Ag 1:5 0.55 0.32
Complex 3 - 0.58 0.36
3-Ag 1:3 0.68 0.40
Complex 4 - 0.29 0.08
4-Ag 1:2 0.44 0.15
4-Fe30q4 1:2 0.50 0.11
4-Fe3s04s@Ag 1:4 0.40 0.18
Complex 5 - 0.42 0.11
5-Ag 1:3 0.65 0.16
5-Fes0s4 1:4 0.60 0.22
5-FesO4s@Ag 1:5 0.55 0.18
Complex 6 - 0.57 0.16
6-Ag 1:3 0.75 0.22
6-Fes04 1:3 0.79 0.25
6-FesO4@Ag 1:5 0.62 0.28
Complex 7 - 0.39° -

aValues extrapolated from [118], *Studies conducted in toluene.
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5.3.2 Absolute method

The photochemical properties of Pc-functionalised NFs have been reported to be
maintained within the solid polymeric matrix [237]. In this work, the singlet oxygen
generating abilities of Pc functionalised polymer-free NFs were evaluated and reported

for the first time.

Due to lack of standards, the absolute method [238] (Equations 1.8 and 1.9) was
implemented for ®a quantifications of the NFs wherein ADMA (singlet oxygen
quencher) was degraded in unbuffered aqueous media. The obtained degradation

spectra are shown in Figure 5.5 (using 1-SiO2 NFs as an example).

The calculated ®a values for the modified NFs are listed in Table 5.3. The low ®a
values for the NFs relative to when in solution are due to enhanced charge transfer

interactions in water which retard singlet oxygen formation efficiency [239].

In addition, the used absorbance values when quantifying the ®4 values of the NFs
are those of the Pcs in the NFs and the measured light intensity is that of the light
reaching the spectrophotometer cells which may be scattered, hence the ®a values of

the Pcs in the NFs are estimates.

The obtained results show that the trends observed in solution are sustained in the

NFs i.e. the NFs with both NPs and Pcs have greater ®a than the NFs with Pcs only.

Although singlet oxygen is not a necessity for hydrogen generation which is what the
NFs modified with complex 7 were used for, it was still quantified so as to evaluate
and compare the photoactivities of the different TiO2 NFs. Interestingly the 7@TiO-
500 NFs have a higher @4 relative to 7@TiO-750 and 7@TiO-950 NFs, possibly due

to the Pc and anatase TiO2 having a greater synergy relative to the rutile. Based on
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the ability of the synthesised Pcs, conjugates and NFs to generate singlet oxygen,

they were then applied for photocatalytic applications as discussed in the upcoming

chapters.

Absorbance

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

Figure 5.5: Photodegradation of ADMA in the presence of 1-SiO2 NFs. Insert = picture

of the NFs in the ADMA solution.
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Table 5.3: The singlet oxygen quantum yields of the Pcs and their respective

conjugates supported on different NFs.

Nanofibers 0
1-SiO2 0.08
1@Ag-SiO2 0.12
2-SiO2 0.18
2@Ag-SiO2 0.22
3-SiO2 0.15
3@Ag-SiO2 0.25
4-Hem 0.28
5-Hem 0.25
6-Hem 0.26
6-ZnO 0.16
6-TiO2 0.22
7-TiO-500 0.25
7-TiO-750 0.12
7-TiO-950 0.09
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5.4 Closing Remarks

The photophysicochemical properties of the Pcs and their conjugates were
successfully determined and so were those of the NFs modified with Pcs. Conjugation
of the Pcs to the NPs resulted in suppressed fluorescence and enhanced singlet
oxygen generation. Aggregation of the Pcs and their conjugates when supported on
NFs and when dissolved in water resulted in them having lower singlet oxygen
quantum yields in aqueous solutions relative to organic solvents. The ability of the
reported Pcs to generate the highly active singlet oxygen makes them viable

candidates for photocatalysis as discussed in the upcoming chapters
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Chapter 6

This chapter gives details on the use of Pcs, NPs and their respective conjugates as
antimicrobial agents. It also explores the antimicrobial properties of bare as well as

modified SiO2 and Hem NFs.

147



6.1 Antimicrobial activity of Pcs and Pc-NP conjugates in solution

Due to the ability of the Pc complexes and their respective conjugates to generate
singlet oxygen, all their antimicrobial activities were evaluated with the exception of
complex 7. A comparative study on the antimicrobial efficiencies of complexes 1-3
(and their respective conjugates with OLM-Ag NPs) against S. aureus, E. coli and C.

albicans was conducted as depicted in Figure 6.1 (using 3-Ag as an example).

The antimicrobial activity of the solvent mixture alone (2% DMSO, control) was also
evaluated and found to have no effect on the cells. An optimum concentration of 5 yM
was determined for complexes 1-3 against S. aureus as well as C. albicans while

10 uM was applied for E. coli.

Figure 6.1: lllustration of the antimicrobial activity of Pc-NP conjugates against S.

aureus, E. coli and C. albicans.
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Negligible dark toxicity was observed for complexes 1-3 at elongated exposure times
for all the microorganisms (Figure 6.2, using studies conducted on S. aureus as an
example). Increased dark toxicity was however observed for their respective
conjugates. This can be attributed to the presence of the Ag NPs which disrupt the
integrity of the bacterial cell wall, an act that is not necessarily light-driven but can be

light-enhanced [240]. A similar trend was observed for the other microorganisms (not

shown).
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Figure 6.2: Dark toxicity studies of complexes 1-3 (5 uM) as well as their respective

conjugates (1-Ag, 2-Ag and 3-Ag) against S. aureus.

The photo-toxicity studies of the Pcs and their conjugates were conducted as depicted
in Figure 6.3 (using studies conducted with complex 3 and 3-Ag as examples). The
bar graphs depict the survival percentage (viable colonies) of the microorganisms

post-treatment with light and the Pcs/conjugates.

149



W 3@S. aureus 3@E. coli 3@C. albicans

A
100 - =
1
S I
0 B
2
c 60 -
o
o
o 40 I
pt i
rel I
8
> 20 -
= I
0 n T T T ; T 1
0 20 40 60 80
Time (min)
W 3-Ag@S. aureus 3-Ag@E. coli 3-Ag@C. albicans B
100 - =
SR .
(73]
2 T
c 60 -
L)
(o]
(8)
) 40 - .
§ I
S 20 - I
I
0 T T T T T T 1
0 20 40 60 80
Time (min)

Figure 6.3: Graphs showing the percentage reduction of viable colonies of S. aureus,

E. coliand C. albicans using (A) 3 and (B) 3-Ag.

The graphs show a gradual decrease in the percentage of viable microorganisms at

elongated irradiation times with S. aureus being the quickest to be depleted. This is
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expected due to the easily penetrable cell wall of the gram-positive bacteria. The
results also show that the conjugation of the Pcs to the Ag NPs enhances their
antimicrobial efficiencies. This can be attributed to enhanced singlet oxygen
generation. In addition, the conjugation of Pcs to NPs can improve the retention and
permeability effect [241]. Similar results were observed for complexes 1 and 2 as well

as their respective conjugates (Figures not shown).

The survival curves of E. coli (shown as an example) treated with the different Pcs and
their respective conjugates are shown in Figure 6.4. The plots depict the reduction of
the microorganism CFU’s using a logarithmic scale. The greatest reduction was
observed when complex 3 and its conjugate were applied against E. coli unlike the
complex 1 which demonstrated little to no activity. A similar trend was observed for S.

aureus and C. albicans (Figures not shown).
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Figure 6.4: Survival curves of E. coli using the Pc complexes and their respective

conjugates in the presence of light.
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Quantification of viable bacteria in this work was conducted with log reductions using

equation (6.1):

log reduction = log1o (A) — log1o (B) (6.1)

where A is the number of viable bacteria pre-treatment and B is the number of viable

bacteria post-treatment.

The calculated log reductions for complexes 1-3 as well as their conjugates are listed

in Table 6.1.

The results show that all Pcs and conjugates have the highest log values for S. aureus.
This is expected as it is gram-positive and can thus can easily take up photosensitisers
and undergo photoinactivation. This is due to it only having a capsule and
peptidoglycan layer unlike gram-negative bacteria with thicker cell walls [242], hence
lower log values were obtained for E. coli. Complexes 1 and 2 have particularly low
log values against E. coli, this can be attributed to them having amino groups. Amino
containing Pcs have been reported to show poor PACT activity against E. coli [150].
Even though E. coli has a low permeability, its log values are higher than those of C.
albicans. This is not surprising as it has been reported that some bacteria including E.

coli tend to have an affinity for sulfur containing compounds [243,244].

The obtained log values are in agreement with the ®a values wherein the Pc with the
highest ®a was found to possess the highest activity against all the microorganisms.
This trend was observed in their respective conjugates too. The higher activity of
complex 3 relative to complexes 1 and 2 could also be attributed to it having more
positively charged groups which help in orientating the Pc towards destabilizing cell

function and cell organization of the microbial cell [245].
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Table 6.1: Values of log reductions based on the photo-treatment of the

microoorganisms using complexes 1-6 and their respective conjugates

(O log reduction
Sample (2% Loading S. aureus | E. coli C.
DMSO) NP:Pc albicans
Complex 1 0.12 - 3.60 0.80 0.29
1-Ag 0.28 1.7 4.20 1.95 1.01
Complex 2 0.25 - 6.70 3.91 2.50
2-Ag 0.32 1:5 8.10 4.55 3.35
Complex 3 0.36 - 7.38 6.86 5.20
3-Ag 0.40 1:3 8.70 7.35 6.80
Complex 4 0.08 - 1.35 - -
4-Ag 0.15 1:2 4.15 - -
4-FesOq 0.11 1:2 4.00 - -
4-Fes0s@Ag 0.18 1:4 6.81 - -
Complex 5 0.11 - 2.05 - -
5-Ag 0.16 1:3 4.85 - -
5-Fes0s4 0.22 1:2 4.50 - -
5-FesOs@Ag 0.18 1:5 7.15 - -
Complex 6 0.16 - 1.55 - -
6-Ag 0.22 1:3 4.35 - -
6-Fes04 0.25 1:2 4.25 - -
6-FesO4s@Ag 0.28 1:5 6.85 - -
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In addition, the cationic charges can play an important role in targeting both the
extracellular and intracellular components where the photocytotoxic activity occurs
[241]. Lastly, the varying extent of aggregation of each of the complexes in the 2%
DMSO solution could also be a contributing factor in the activities of the Pc complexes
as the highly aggregated form of photosensitisers is quite large and may cause
difficulty with penetration into the microbial membrane and wall, resulting in the

reduction of its phototoxicity [246].

Since the neutral complex 1 is not effective in the treatment of E. coli and C. albicans
due to their less permeable cell walls, the neutral complexes 4-6 and their respective
conjugates were therefore only applied for the photoinactivation of S. aureus. Just as
with complexes 1-3, PACT studies were performed in 2% DMSO as complexes 4-6
are is not soluble in water alone. The optimisations of the concentrations of the Pcs
for PACT activity against S. aureus was conducted. A concentration of 5uM of

complexes 4-6 was applied in all the solutions including the conjugates.

Just as with complexes 1-3 (and their conjugates), both dark and light studies were
conducted for complexes 4-6 (and their conjugates) so as to elucidate whether their
activities are light triggered or not. Only the conjugates of Cys-Ag and Cys-Fe3sOs@Ag
possessed slight activity in the dark due to antimicrobial activity of Ag as explained
before. Phototoxicity studies at different time intervals were however found to show
activity for all the catalysts. The photoactivities of the catalysts are demonstrated in
Figure 6.5 (using 4-FesO4@Ag as an example) wherein significant reduction in

bacterial colonies is observed post-irradiation relative to pre-irradiation.
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Figure 6.5: Image of the bacterial culture (A) before irradiation and (B) after 60 min

irradiation during PACT studies using 4-Fe3O4@Ag.

Comparison of the log values of the Pcs and their conjugates shows that as expected,
there is an increase in activity upon conjugation of the Pcs to each of the NPs (Table
6.1). This is due to increased singlet oxygen generation due to the heavy atom effect
of the NPs on the Pc. In addition the synergistic interaction of the Pcs to the NPs
involves photoactivity from both constituents and in this case Fe3O4 and Ag NPs are
both known catalysts against bacteria [247,248]. For all three Pcs, the conjugates of
the FesO4@Ag NPs give the best activities. This could be due to the greater loading
of Pcs on these NPs and hence higher singlet oxygen generation relative to the other
NPs. In addition conjugates of the FesO4@Ag NPs are a concoction of three catalysts

i.e. a Pc, FesOs4and Ag NPs, hence their great activity.

Comparison of the activities of complexes 4-6 shows that the monosubstituted
complex 5 has better activity than the asymmetrical tetrasubstituted complexes 4 and
6 as observed before [249]. This is regardless of complex 6 having a slightly higher
@4 than complexes 4 and 5, thereby proving that other factors including the extent of

aggregation and nature of substituents can influence the PACT activity of Pcs.
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6.2 Antimicrobial activity of Pc/NP modified electrospun NFs

The antimicrobial efficiencies of the Pcs when supported on NFs were evaluated. This
is because antimicrobial studies conducted in solution are only efficient on low
microbial concentrations, the Pcs/conjugates have low surface areas and they cannot
be effectively retrieved post application (with the exception of the magnetic

conjugates).

A comparative study on the antimicrobial efficiencies of complexes 1-3 when
supported on SiO2 NFs was conducted against S. aureus, E. coli and C. albicans. The
effect of the presence of Ag NPs on their activities is also reported. The applied NFs
were cut to dimensions of 1.3 cm x 1.3 cm. In addition, comparison of the antibacterial
activities of the bare and Pc (complexes 4-6) modified Hem NFs with no incorporated
NPs are reported based on their activities against S. aureus. Due to their lower yields

upon fabrication, the applied NFs were cast to dimensions of 0.8 cm x 0.8 cm.

6.2.1 Antimicrobial activity on SiO2 NFs

The antibacterial activities of the bare and modified SiO2 NFs with light irradiation and
in the dark are shown in Figures 6.6 and 6.7, respectively (using bare SiO2, Ag-SiOz,
1-SiO2 and 1@Ag-SiO2 NFs against S. aureus as examples). A summary of the zones
of inhibition i.e. the extent of antimicrobial activities around each of the SiO2 NFs is
listed in Tables 6.2-6.4 for NFs modified with complexes 1-3, respectively. The images
show that the bare SiO2 NFs do not exhibit any antimicrobial activity for both light and
dark toxicity studies. This is judged by the S. aureus colony growing over and around
the NFs. Upon irradiation however, all the modified NFs (Ag-SiO2, 1-SiO2 and 1@Ag-
SiO2 NFs) demonstrated antibacterial properties as a zone of bacterial inhibition was

observed around each of the NFs (Figure 6.6). This is because as the NFs are placed
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onto the plates, the generated Ag* ions and various ROS (including singlet oxygen)
diffuse out thereby preventing the growth of bacteria close to the NFs. As shown
on Table 6.2 and from the images in Figure 6.6, the conjugates of the Pc and Ag NPs
on the SiO2 NFs have the highest zone of inhibition in the light and thus possess the
greatest activity against the microorganisms. The lower zones of inhibition of the Ag-
SiOz2 and 1-SiO2 NFs is indication of the efficiency of the synergistic interaction
between the Ag NPs and Pc on the 1@Ag-SiO2 NFs. Similar results were observed
for the SiO2 NFs modified with complexes 2 and 3. As shown in Figure 6.7, the agar
plates that were kept in the dark for the modified NFs show that the 1-SiO2 NFs do not
show any antimicrobial activity in the absence of light as bacterial growth was
observed on and around the NFs. The Ag-SiO2 and 1@Ag-SiO2 NFs did however
demonstrate dark toxicity against the S. aureus, similarly to when the Ag containing
NPs were applied for PACT in solution. Comparison of light and dark toxicity studies
of these NFs shows that they are more active in the presence of light. This is not
surprising because as mentioned before, Ag NPs tend to display light-enhanced
antimicrobial activity [240]. In addition, the stabilisation the NPs on the surface of the
SiO2 NFs may enhance the release and toxicity of the highly reactive Ag* ion in
response to irradiation as observed before for substrate and surfactant stabilised Ag

NPs [240,250].

As shown in Table 6.2, the NFs modified with complex 1 are not active against E. coli
and C. albicans due to their less permeable cell walls as observed before for studies
conducted in solution. This shows that the trends of activity observed in solution are
the same when the catalysts are supported on NFs. The cationic complexes 2 and 3
show more or less the same behaviour. This shows that the number of charges do not

necessarily affect the antimicrobial activities of the Pcs when they are supported on
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SiO2 NFs. Pictorial representations of the different activities of complexes 1-3 against

the more resistant E. coli are shown in Figure 6.8 as an example.

Figure 6.6: Images of agar plates showing the antimicrobial effect of: (A) Bare SiO2
NFs (B) Ag-SiO2 NFs, (C) 1-SiO2 NFs and (D) 1@Ag-SiO2 NFs on S. aureus after 30

min of irradiation.
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Figure 6.7: Images of agar plates showing the antimicrobial effect of: (A) Bare SiO2
NFs, (B) Ag-SiO2 NFs, (C) 1-SiO2 NFs and (D) 1@Ag-SiO2 NFs on S. aureus after 30

min of being kept in the dark.

The obtained results in Tables 6.2-6.4 also show that regardless of the
microorganism, the Pc-Ag NPs supported on the SiO2 NFs give better results than the
Pcs alone or the Ag NPs alone. Unlike 1-SiO2 which only has antimicrobial activity
against S. aureus, 2-SiO2 and 3-SiO2 are active against all the microorganisms with
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the best activity being against the easily penetrable S. aureus, followed by the more

complex E. coli and C. albicans.

Figure 6.8: Images of agar plates showing the antimicrobial effect of: (A) Bare SiO2

(B) 1-SiOz2, (C) 2-SiO2 and (D) 3-SiO2 NFs on E. coli after 30 min of irradiation.

Since the 1-SiO2 NFs alone do not possess any activity against E. coliand C. albicans,
the activity of the 1@Ag-SiO2 NFs against these microbes can be attributed to the
presence of the Ag NPs which have been reported be active against both of them

[251,252].
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Table 6.2: Antibacterial efficiencies of the bare and complex 1

modified SiO2 NFs

Microorganisms Nanofibers Zone of Zone of
inhibition inhibition
(Light) mm (Dark) mm
Bare SiO2 NFs - -
Ag-SiO2 NFs 9.50 6.50
S. aureus 1-SiO2 NFs 7.00 -
1@Ag-SiO2 NFs 17.0 6.00
Bare SiO2 NFs - -
Ag-SiO2 NFs 7.50 6.50
E. coli 1-SiO2 NFs - -
1@Ag-SiO2 NFs 8.50 8.00
Bare SiO2 NFs - -
Ag-SiO2 NFs 7.00 6.00
C. albicans 1-SiO2 NFs - -
1@Ag-SiO2 NFs 8.50 8.00
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Table 6.3: Antimicrobial efficiencies of the bare and complex 2 modified SiO2 NFs

Microorganisms Nanofibers Zone of Zone of
inhibition inhibition
(Light) mm (Dark) mm
Bare SiO2 NFs - -
Ag-SiO2 NFs 9.50 6.50
S. aureus 2-SiO2 NFs 12.0 -
2@Ag-SiO2 NFs 19.5 8.00
Bare SiO2 NFs - -
Ag-SiO2 NFs 7.50 6.50
E. coli 2-SiO2 NFs 6.00 -
2@Ag-SiO2 NFs 9.00 7.50
Bare SiO2 NFs - -
Ag-SiO2 NFs 7.00 6.00
C. albicans 2-SiO2 NFs 7.50 -
2@Ag-SiO2 NFs 9.50 7.00
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Table 6.4: Antimicrobial efficiencies of the bare and complex 3 modified SiO2 NFs

Microorganisms Nanofibers Zone of Zone of
inhibition inhibition
(Light) mm (Dark) mm
Bare SiO2 NFs - -
Ag-SiO2 NFs 9.50 6.50
S. aureus 3-SiO2 NFs 11.0 -
3@Ag-SiO2 NFs 20.0 8.00
Bare SiO2 NFs - -
Ag-SiO2 NFs 7.50 6.50
E. coli 3-SiO2 NFs 6.00 -
3@Ag-SiO2 NFs 9.00 7.00
Bare SiO2 NFs - -
Ag-SiO2 NFs 7.00 6.00
C. albicans 3-SiO2 NFs 7.50 -
3@Ag-SiO2 NFs 9.00 7.50

Unlike in studies conducted in solution, the obtained results show that increased
charges on the Pcs have no consistent effect on the photoinactivation efficiencies of

the NFs as the 2-SiO2 and 3-SiO2 NFs have similar activities.
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6.2.2 Antimicrobial activity on Hem NFs

The antimicrobial properties of the bare and Pc modified Hem NFs were evaluated
against S. aureus with light irradiation as shown in Figure 6.9 (using the bare Hem
and 4-Hem NFs as examples). A summary of the zones of inhibition is listed in Table
6.5. The bare and modified Hem NFs do not exhibit any dark toxicity hence no results
are reported. Upon irradiation however, the bare and modified NFs (4-Hem, 5-Hem
and 6-Hem demonstrated antibacterial properties as a zone of bacterial inhibition was

observed around each of the NFs.

Figure 6.9: Images of agar plates showing the antimicrobial effect of: (A) Bare Hem

NFs and (B) 4-Hem NFs on S. aureus after 30 min of irradiation.

The obtained results show that although the Hem NFs demonstrate antibacterial
activities, it is enhanced in the presence of the Pcs. Comparison of the degree of
enhancement between the Pcs shows that they all have more or less the same extent
of enhancement with complex 5 being slightly better. Interesting to note is that unlike
the SiO2 NFs, the Bare Hem also possess significant dark toxicity which is not

enhanced in the presence of any of the Pcs.
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Table 6.5: Antibacterial efficiencies of the bare and the Hem NFs modified with

complexes 4-6

Microorganisms Nanofibers Zone of Zone of
inhibition inhibition
(Light) mm (Dark) mm
Bare Hem NFs 6.50 6.00
4-Hem NFs 8.00 6.00
S. aureus 5-Hem NFs 8.50 6.20
6-Hem NFs 8.00 6.10

6.3 Mechanism of PACT activity

From the obtained results, it is evident that the trend observed for the antimicrobial
activities of the Pc and NP based catalysts is the same in solution and when supported
on NFs. The mechanism of the antimicrobial activity of the reported catalysts is
demonstrated in Scheme 6.1. The excitation of a Pc with visible light to its excited
singlet state causes intersystem crossing to its forbidden excited triplet state. In the
presence of molecular oxygen, electron and energy transfer processes occur leading
to the formation of ROS (Type | mechanism) and singlet oxygen (Type Il mechanism),
respectively. The generated ROS (and singlet oxygen) can be lethal to
microorganisms [253]. The antimicrobial activity of the Ag NPs in particular in solution
and when supported on SiO2 NFs is attributed to their ability to trigger membrane
leakage and cell death or other physiological disturbances by Ag+ ions generation

[240].
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Scheme 6.1: Mechanism of microbial photoinactivation of Pcs/ Pc-NP conjugates in
solution and when supported on NFs. ISC = intersystem crossing, ROS = reactive

oXxygen species.

The antimicrobial activity of the Pc-NP conjugates in solution and when supported on
SiO2 NFs is as a result of the synergistic interaction between the Pc and NPs resulting
in combination therapy against the microorganisms using properties adopted from
both the Pc and NPs. The enhanced antimicrobial efficiency of the conjugates can
therefore be attributed to the heavy atom effect that the NPs impose on the Pc. This
results in enhanced triplet state population and thus ROS (including singlet oxygen)
production leading to enhanced antimicrobial efficiencies. In addition, the modified
NFs are able to kill microbes on contact by a disruptive action on their cell membranes

[254].
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Additional mechanisms for the antibacterial activities of hematite nanocatalysts involve
damaging the cell membranes via disturbance in metal/metal ion homeostasis, protein
and enzyme dysfunction, genotoxicity and photokilling [255,256]. Another explanation
is depicted in Scheme 6.2 and highlights the formation of electron—hole pairs upon
activation of the Hem NFs with light irradiation. The generated positive holes are direct
oxidants and essential for the creation of reactive hydroxyl radicals from water. The
electrons on the other hand reduce dissolved oxygen molecules into superoxide anion
radicals. The generated radicals during this process can react with organic substances
inside bacterial cells which cause DNA rupture of bacterial cell and inactivation of

enzymes leading to bacterial death [204].

Scheme 6.2: Mechanism of antimicrobial activity of the Hem NFs.
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6.4 Closing Remarks

The antimicrobial properties of Pcs and Pc-NP conjugates in solution and when
supported on electrospun NFs have been proven. The synergistic interaction of Pcs
and NPs results in enhanced activity relative to the Pcs alone in solution and when
supported on NFs. Unlike the bare SiO2 NFs, the Hem NFs possess slight antibacterial
activity which is enhanced in the presence of the Pcs. Modification of the electrospun
NFs with Pcs and NPs therefore alters their photophysicochemical and thus

antimicrobial properties.
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Chapter 7

This chapter gives details on the photodegradation efficiencies of bare as well as Pc
modified Hem, TiO2 and ZnO NFs. Comparative studies and kinetics calculations are

described.

169



7.1 Photodegradation of Methyl Orange (MO)

Chapter 6 demonstrated that Hem NFs possessed antibacterial activity even when
unmodified. This chapter therefore explores the versatility of the Hem NFs by reporting
on their photodegradation efficiencies against MO and compares them to those of
other semiconductor NFs i.e. ZnO and TiO2. The conducted studies also report on the
effect that modification of Hem NFs with a monosubstitued (complex 5) vs a
tetrasubstitued Pc (complex 6) has on their photocatalytic activity. For comparison, the
photodegradation efficiencies of the ZnO and TiO2 NFs when modified with complex
6 are also reported as an example. Spectral changes that occurred upon exposure of

MO to the NFs are shown in Figure. 7.1 (using 6-TiO2 NFs as an example).
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Figure 7.1: UV/Vis spectral changes in the photodegradation of 1.44 x 10> M MO using
6-TiO2 NFs at pH 2.5 with 5 minute irradiation intervals. Insert = Spectrum of degradation
product(s) of 1.44 x 105 molL-" MO after 60 min of irradiation in the presence of 6-TiO2

NFs.
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The observed spectral changes prove that indeed the pollutant does not just adsorb
on the surface of the NFs but is degraded instead. There is an observed decrease in
the intensity of the absorption peaks at 506 nm which is attributed to the azo bond.
This explains the observed fading in the colour of the MO solution with increased
irradiation time. The azo bond determines the colour of the dyes and is very reactive,
usually undergoing oxidation hence leading to fading of the dye colour [157]. The
spectrum also shows an increase the peaks below 330 nm which have been attributed
to the presence of benzene rings [257]. This therefore suggests that the benzene
rings remain intact and are not degraded during the photodegradation of MO. This is
verified in the spectrum of the final degradation product(s) which is shown in Figure
7.1 (insert) and reveals that the product(s) only absorbs light in the UV-region of the

spectrum.

The photodegrdation of MO using Pc based catalysts has been reported to yield
poly(catechol) and 2-amino-5(3-hydroxy-4-oxo-cyclohexa-2,5-dienylideneamino)-
benzene sulphonic acid as degradation products [258]. No spectral changes were
observed when studies were conducted in the absence of irradiation and oxygen (i.e.
nitrogen purged solutions). This is an indication that light and molecular oxygen are
prerequisites for the photodegradation process. Similar spectral changes were

observed in the degradation of MO using the other NFs (not shown).

The photocatalytic degradation of MO was conducted on five different concentrations:
1.44 x 10°, 2.80 x 10%, 3.70 x 105, 4.45 x 10° and 6.6 x 10° molL™". A selection of
kinetics plots for the degradation of MO are shown in Figure 7.2 (using studies

conducted with 6-TiO2 NFs as examples).
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Figure 7.2: Pseudo first order kinetics plot for the degradation of i. 1.44 x 107, ii. 3.70 x

10 and iii 4.45 x 10°mol L' MO using 6-TiO2 NFs at pH 2.5.

The plots are well fitted by a mono-exponential curve, suggesting that degradation
using the NFs follows pseudo first order kinetics as observed before in the degradation

of MO with semiconductor based catalysts [259,260].

The tabulated results (Tables 7.1-7.3) show that the kinetic rate constant (kobs)
decreases with increase in the concentration while the half-lives (t12) and rates of
degradation increased. This basically means that for the same illumination time, the
relative amount of MO decomposed is less for the more concentrated solutions due to

the elongated t12 [261].

Due to the easy retrievability of the NFs post application, they were rinsed with water
followed by ethanol, dried in a high vacuum fumehood overnight and then reused. The
reused NFs showed a slight reduction in the photodegradation efficiencies of the NFs,
possibly be due to the adsorption of species on the photocatalyst surface resulting in

the blocking of some active sites [261].
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As shown in Tables 7.1-7.3, comparison of the degradation efficiencies of the bare
NFs shows that the Hem NFs have better activity than ZnO and TiO2 NFs as they have
greater rates of degradation. This can be attributed to the bare TiO2 and ZnO NFs
having band gap energies of 3.19 and 3.28 eV, respectively showing their limited
range of light absorption relative to the Hem with a band gap energy of 2.20 eV. In
addition, the surface area of the Hem NFs (18.25 m2g™") is higher than that of the TiO2
(13.40 m?g™") and ZnO (11.36 m?g"') NFs (Table 4.2) and it has been reported that
increased catalyst surface area can enhance its photocatalytic activity [194]. The poor
activity of the ZnO NFs relative to the other NFs can be attributed to the dissolution

and photodissolution of ZnO under acidic conditions [262,263].

Comparison of the degradation efficiencies of the bare relative to the Pc modified NFs
on the other hand depicts that the modified NFs are better photocatalysts than the
bare ones. This is because the modified NFs are able to generate singlet oxygen as
shown in Table 5.3. Furthermore the modified NFs have two light absorbers and have
band gap energies that extend into the visible region. Comparison of the effect of the
type of used Pc (i.e. monosubstituted (5) and tetrasubstituted (6)) for the modification
of the NFs was conducted by supporting complexes 5 and 6 on Hem NFs. The results
show that the 6-Hem NFs have slightly better activity than the 5-Hem NFs (Table 7.1).
Since the singlet oxygen quantum yields of the NFs are more or less the same (Table
5.3), the better enhancement of complex 6 on the activity of the Hem NFs can be
attributed to the nature of its substituents. The induced directionality through the “push”
(electron donating) and “pull” (electron withdrawing) functional groups on the Pc ring
could make for better interaction between the Pc and Hem NFs as reported before
[264]. Complex 6 contains three tert-butyl and two carboxylic acid groups that act as

“‘push” and “pull” groups, respectively while complex 5 only has carboxylic acid groups.
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Table 7.1: Kinetic data for the degradation of MO using the bare Hem, 5-Hem and 6-

Hem NFs
Kobs Rate t12
(107 mol L' min) (min)
[MO] (min'1)
x 105
(molL™")
£ S £
] ] ]
L £ £ L £ £ L S £
) o o o o o ) ) ]
© L L o - L o L L
o 1) © o 1) © o 1) ©
1.44 0.013 0.015 0.016 1.87 2.16 2.33 | 53.31 | 46.20 | 42.78
(0.010) | (0.014) | (0.015) | (1.44) | (2.06) | (2.22) | (69.30) | (48.46) | (45.00)
2.80 0.0083 | 0.0095 | 0.010 2.32 2.66 283 | 84.51 | 72.95 | 68.61
(0.0068) | (0.0093) | (0.010) | (1.90) | (2.60) | (2.80) | (101.9) | (74.52) | (69.30)
3.70 0.0065 | 0.0075 | 0.0078 | 2.41 2.78 289 | 106.6 | 92.40 | 88.85
(0.0052) | (0.0064) | (0.0070) | (1.92) | (2.37) | (2.59) | (133.2) | (108.3) | (99.00)
4.45 0.0058 | 0.0067 | 0.0074 | 2.58 2.98 3.29 | 1195 | 1034 | 93.65
(0.0045) | (0.0057) | (0.0063) | (2.00) | (2.54) | (2.80) | (154.0) | (121.6) | (110.0)
6.60 0.0039 | 0.0045 | 0.0050 | 2.57 2.97 3.30 | 177.7 | 154.0 | 138.6
(0.0030) | (0.0034) | (0.0037) | (1.98) | (2.24) | (2.44) | (231.0) | (203.8) | (187.3)

Values in brackets are the results obtained for the reused catalysts.
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Table 7.2: Kinetic data for the degradation of MO using bare ZnO and 6-ZnO NFs

[MO] Rate ti2 (min)
105 (min) (107 mol L' min)
(mol L) Bare ZnO 6-Zn0O Bare ZnO 6-Zn0O Bare ZnO 6-Zn0O
1.44 0.0089 0.016 1.28 2.30 77.87 43.31
(0.0083) (0.015) (1.20) (2.16) (83.49) (46.20)
2.80 0.0056 0.0099 1.57 2.77 123.8 70.00
(0.0052) (0.0094) (1.46) (2.63) (133.3) (73.72)
3.70 0.0047 0.0080 1.74 2.96 147.4 86.63
(0.0045) (0.0076) (1.67) (2.81) (154.0) (91.18)
4.45 0.0041 0.0070 1.82 3.12 169.0 99.00
(0.0037) (0.0067) (1.65) (2.98) (187.3) (103.4)
6.60 0.0028 0.0050 1.85 3.30 247.5 138.6
(0.0027) (0.0048) (1.78) (3.17) (256.7) (144.4)

Values in brackets are the results obtained for the reused catalysts.
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Table 7.3: Kinetic data for the degradation of MO using bare TiO2 and 6-TiO2 NFs

[MO] kobs Rate ti2  (min)
105 (min) (107 mol L' min)
(mol L) Bare TiO; 6-TiO: Bare TiO- 6-TiO2 Bare TiO- 6-TiO2
1.44 0.0099 0.019 1.43 2.73 70.00 36.47
(0.0090) | (0.018) (1.30) (2.59) (77.00) | (38.50)
2.80 0.0069 0.012 1.93 3.36 100.4 57.75
(0.0063) | (0.011) (1.76) (3.08) (110.0) | (63.00)
3.70 0.0054 0.0092 2.00 3.40 128.3 75.32
(0.0051) | (0.0087) (1.89) (3.22) (135.9) | (79.66)
4.45 0.0046 0.0080 2.05 3.65 157.5 86.63
(0.0041) | (0.0073) (1.82) (3.25) (169.0) 1 94 93)
6.60 0.0032 0.0057 2.11 3.76 216.6 121.6
(0.0029) | (0.0051) (1.91) (3.37) (239.0) | (135.9)

Values in brackets are the results obtained for the reused catalysts.
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Table 7.4: Summary of the rates of degradation of MO using the semiconductor NFs

[MO] Rate of degradation

(107" molL-'min")

Bare Hem | 6-Hem Bare ZnO | 6-Zn0O Bare TiO2 | 6-TiO2

1.44 1.87 2.33 1.28 2.30 1.43 2.73

(1.44) (2.22) (1.20) (2.16) (1.30) (2.59)

2.80 2.32 2.83 1.57 2.77 1.93 3.36

(1.90) (2.80) (1.46) (2.63) (1.76) (3.08)

3.70 2.41 2.89 1.74 2.96 2.00 3.40

(1.92) (2.59) (1.67) (2.81) (1.89) (3.22)

4.45 2.58 3.29 1.82 3.12 2.05 3.65

(2.00) (2.80) (1.65) (2.98) (1.82) (3.25)

6.60 2.57 3.30 1.85 3.30 2.1 3.76

(1.98) (2.44) (1.78) (3.17) (1.91) (3.37)

Values in brackets are the results obtained for the reused catalysts.

All the semiconductor NFs modified with complex 6 (6-Hem NFs, 6-ZnO and 6-TiOz2)
were compared to evaluate the extent of enhancement of the photocatalytic activities
of the bare NFs upon modification and the rates of degradation are summarised in
Table 7.4. The results show that the 6-TiO2 NFs have the greatest overall activity. The
6-TiO2 NFs also show the greatest enhancement of activity relative to their bare
counterparts while the 6-Hem and 6-ZnO NFs show comparable photodegradation

efficiencies.
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The relationship between the concentration and rate of degradation of organic
pollutants in heterogenous photocatalytic reactions such as those reported herein can
be expressed using the Langmuir-Hinshelwood model. The model has been
successfully employed to describe kinetics of solid-liquid reactions in the degradation
of various pollutants using semiconductor based catalysts [44,259]. This model
basically suggests that during the photocatalytic process, the reactants adsorb on the
surface of catalyst in the first step followed by reactions between adsorbed reactants
[265]. This basically entails the oxidation of the dye through attacks by the various

reactive oxygen species (ROS) (including singlet oxygen) from the photocatalysts.

The Langmuir—Hinshelwood kinetic model [266], Equation 7.1:

1 1 1 1
0 KKaco Tk (7.1)
where ro is the initial photocatalytic degradation rate (mol L™' min™"), Co is the initial

concentration of MO (mol L"), k is the apparent reaction rate constant (mol L™* min~T)

and Ka is the adsorption coefficient (mol' L) [266].

Plots of the reciprocal of the initial rate of degradation against the reciprocal of the
concentration of MO for all the photocatalysts were found to be linear with non-zero
intercepts as shown in Figure 7.3 (using the fresh and reused 6-TiO2 NFs as

examples).
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Figure 7.3: Plots of the reciprocal of the initial rate of degradation against the
reciprocal of the concentration of MO using i. the fresh 6-TiO2 NFs and ii. reused 6-

TiO2 NFs.

This is confirmation that the degradation of MO using semiconductor NFs under the
reported conditions obeys the Langmuir-Hinshelwood kinetics model. The apparent
rate constants (k) and adsorption coefficient (Ka) were obtained from the y-intercepts
and slopes of the lines, respectively. As shown in Table 7.5, high Ka values are
obtained for the nanocatalysts, possibly due to the = — r interaction between the Pc

and MO.

The results show that the Hem based NFs have the highest Ka values relative to the
TiO2 and ZnO based NFs. This is an indication that the adsorption of MO favours the
Hem based NFs, possibly due to their larger surface areas as explained before with

BET and shown in Table 4.2.
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Table 7.5: Langmuir-Hinshelwood kinetics for the bare and modified Hem, TiO2 and

ZnO NFs
Catalyst k (107) Ka (10%) R?2
molL-'min-"1 mol-'L
Bare Hem NFs 2.97 (2.25) 4.37 (4.20) 0.986 (0.991)
5-Hem NFs 3.44 (3.15) 4.36 (4.07) 0.995 (0.985)
6-Hem NFs 2.63 (2.55) 5.99 (6.02) 0.995 (0.980)
Bare ZnO NFs 2.18 (2.06) 4.08 (4.05) 0.986 (0.980)
6-ZnO NFs 3.71 (3.59) 4.30 (4.18) 0.994 (0.994)
Bare TiOz NFs 2.57 (2.34) 3.86 (3.85) 0.967 (0.941)
6-TiO2 NFs 4.22 (3.72) 4.49 (4.83) 0.984 (0.993)

Values in brackets are the results obtained for the reused catalysts.

7.2 Mechanism of photodegradation

The general mechanism of degradation of MO using the reported NFs is similar and

shown in Scheme 7.1 (using the 6-TiO2 NFs as an example).

When the bare TiO2 NFs are exposed to UV irradiation, electrons are transferred from
the valence band (leaving holes behind) to the conduction band, thereby forming
electron—hole pairs. The generated electrons and holes can reduce and oxidize the
reactants which are adsorbed by the semiconductors, respectively [267]. The

photogenerated holes facilitate the formation of hydroxyl radicals by the oxidation of
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OH- and H20 molecules which are absorbed on the surfaces of the semiconductor.
These photo-produced hydroxyl radicals in turn oxidize and degrade organic materials

such as MO [268].

Modification of the NFs with a Pc however yields a system wherein the semiconductor
primarily acts as an electron transfer agent and the Pc acts as a photosensitizer [269].
As shown in Scheme 7.1, degradation of MO using a halogen lamp with 6-TiO2 NFs
is initiated by the excitation of the complex 6 thereby generating electrons and
photogenerated holes in the LUMO and HOMO of the Pc, respectively. The electrons
in the LUMO are then injected into the conduction band of TiOz (path 1). The electrons
in the conduction band of TiO2 react with molecular oxygen to generate reactive
superoxide anion radicals (path 2). The holes in the valence band of TiO2 react with
the adsorbed water molecules on the surface of the photocatalyst to generate hydroxyl
radicals (path 3). Simultaneously, the radical cation of the Pc that is formed during its
excitation, reacts with water that is present on the surface of the photocatalysts to
generate strongly oxidizing hydroxyl radicals (path 4) [266,269]. In another process,
the photosensitizer in its singlet excited state undergoes intersystem crossing to the
forbidden triplet excited state (path 5). Subsequent reactions result in the formation of
ROS (path 6) and singlet oxygen (path 7) through electron and energy transfer
processes, respectively [270]. The generated ROS, singlet oxygen and hydroxyl
radicals from the interaction of the catalysts are strong oxidizing agents that can

decompose organic pollutants [271].
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Scheme 7.1: Mechanism of degradation of Methyl Orange using 6-TiO2 NFs. ISC =
Intersystem crossing, LUMO = Lowest Unoccupied Molecular Orbital, HOMO =

Highest Unoccupied Molecular Orbital and ROS = Reactive Oxygen Species.

7.3 Closing Remarks

The semiconductor NFs possess photocatalytic activity against MO with the bare Hem
NFs being the best followed by the TiO2 NFs and then the ZnO NFs. Modification of
the Hem NFs with Pcs resulted in enhanced activity, even more so when the
asymmetrical tetrasubstituted complex 6 was used rather than the aymmetrical
monosubstituted complex 5. Modification of all of the semiconductor NFs with complex
6 showed that the 6-TiO2 NFs showed the best degradation efficiency while the 6-Hem

and 6-ZnO NFs showed comparable activity.
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Chapter 8

This chapter gives details on the hydrogen generation studies that were conducted

using the bare and modified TiO2 NFs.
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8.1 Photo-induced hydrogen generation

Due to the high activity, good yield and attractive physical properties of the TiO2 NFs,
they were modified and applied in the sacrificial electron donor (SED) assisted
hydrogen generation using 1% methanol as the SED. The photocatalytic activity of the
commercially available P25-TiO2 NFs was also evaluated and discussed. Bare TiO2
NFs calcined at different temperatures (500, 750 and 950 °C) were used as well as
NFs modified with complex 7, Pd and Co NPs. As shown in Figure 8.1 (showing TiO2-
500 and Pd@TiO2-500 as examples), the utilised TiO2 have a macroscopic thin-paper-
like appearance which remains intact even post modification. This enormously
facilitates their separation and/or future potential in flow system applications hence

their attractiveness for hydrogen generation from polluted water.

TiO2-500 Pd@TiO2-500

Figure 8.1: Macroscopic appearance of bare TiO2 NFs and Pd@TiO2-500 showing

their paper-thin appearance and the change in color post-synthetic Pd decoration.
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As mentioned before, the studies were conducted using UV and visible light and the
photocatalytic properties of the bare and modified NFs were compared under both

light sources.

The results obtained for the Hz generation experiments are depicted in Figure 8.2.
The H2 generation from the bare NFs showed that the pure anatase NFs (TiO2-500
NFs) have better photoactivity compared to rutile counterparts (TiO2-750 and TiO2-
950 NFs), as previously observed [223]. The high activity of anatase relative to rutile
has been ascribed to the former having slower charge recombination kinetics than the
latter [272,273]. The P25-TiO2 (comprised by >70% anatase and small amounts of
rutile and amorphous phase [274,275]) showed poorer activity than the TiO2-500 NFs,
but better activity than the TiO2-750 and TiO2-950. None of the bare NFs showed any
activity upon exposure to visible light, which was expected as TiO2 does not absorb

visible light [276].

Under UV irradiation excitation, the NFs with the Pd NPs showed a 35-fold increase
in activity relative to the bare ones while the Co NPs showed an enhancement of ~5-
fold. This correlates to what has been observed before where Pd NPs were found to
be good at enhancing SED assisted Hz generation while Co NPs only enhance true

water splitting (in the absence of a SED) [168].

Decoration of the NFs with complex 7 showed a decrease in Hz2 generation using UV
excitation. Thus, although a zinc Pc has been reported to be effective in H2 generation
[127], the obtained results showed lower Hz2 generation for catalysts decorated with

complex 7 relative to the bare TiO2 NFs under UV irradiation.
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Figure 8.2: H2 generation rates with (A) bare NFs, (B) NFs decorated with Pd NPs,
(C) NFs decorated with Co NPs and (D) NFs decorated with complex 7. Tests were
conducted using an irradiance of 16 W m~2 at 368 nm (blue) and 630 nm (red) in the

presence of 1% methanol. ND: not detected.

However, under visible light irradiation the Pc-decorated NFs with the best
reproducible H2 generation ability is the anatase 7@TiO2-500. There are some

indications that Pd@TiO2-500 may also generate some Hz, but the results were not
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reproducible to claim that this material is a reliable Hz2 source with visible light (note

error bars in Figure 8.2B).

From results reported here, it is clear that regeneratable electrospun TiO2 NFs are
good catalysts for metal reduction (as shown in the in situ synthesis of Co and Pd NPs)
as well as H2 generation in the presence of organic compounds, a characteristic that

is attractive for water purification strategies in flow systems.

8.2 Mechanism of sacrificial electron donor (SED) assisted hydrogen generation

Based on the obtained results, a possible mechanism of Hz evolution using the

decorated NFs is proposed and shown in Scheme 8.1.

Under UV irradiation excitation, the photogenerated electrons in the TiO2 conduction
band are trapped by the Pd or Co, thereby delaying the electron-hole recombination
process and thus favouring Hz production Scheme 8.1A. In the case of the NFs
decorated with a complex 7, the Pc has a dual role wherein it acts as a photosensitiser
and donates electrons to TiO2 following the absorption of visible light and leaving
behind photogenerated vacancies in the HOMO. Thus the excited dye and possibly
Pd NPs inject electrons into the conduction band of the TiO2 thus enabling hydrogen
formation. Methanol acts as a SED thus forming formaldehyde as part of the same
process. The *CH20H radical can donate an electron to the conduction band and
contribute to the Hz2 generation. Given the exceptional electrophilic properties of the
TiO2 hole [277], the assumption is that many molecules that are present in water
streams as contaminants can be degraded while simultaneously generating H2 as

shown when methanol acts as a surrogate contaminant in this work.
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Scheme 8.1: Mechanism of photoactivity of the decorated TiOz2 fibers under (A) UVA
and (B) visible irradiation in the presence of methanol as a SED. CB = Conduction

band, VB = Valence band, MNP = metal nanoparticle i.e. Co/ Pd NPs.

8.3Closing Remarks

Modified TiO2 NFs proved to be efficient photocatalysts in SED assisted hydrogen
generation with the anatase (TiO2-500) NFs being even better than the commercially
available P25-TiO2. The good activity and retrievable nature of the fabricated
photocatalysts post-application makes them ideal candidates for real-life flow systems

where water decontamination is achieved simultaneously with hydrogen generation.
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Chapter 9

This chapter summarizes the results obtained in the characterisation and application
of the nanomaterials reported in thesis. It also gives recommendations on future work

that could be conducted to enhance the reported studies.
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9.1 Conclusions

The conjugation of complexes 1-3 to OLM-Ag NPs resulted in enhanced singlet
oxygen generation and thus antimicrobial activity. The cationic complexes 2 and 3
show better activity than the neutral complex 1 in solution and when anchored onto

SiO2 NFs with the hexadecacationic complex 3 being the best.

The conjugation of complexes 4-6 to different NPs (Cys-Ag, NH2-Fe3sO4 and Cys-
FesO4@Ag NPs) showed that the bimetallic Cys-FesO4@Ag NPs best enhanced the
singlet oxygen quantum vyields and thus antibacterial properties of the Pcs. Anchoring
these Pcs onto Hem NFs also resulted in enhanced antibacterial activities relative to
the bare NFs. For pollutant versatility, the bare and Pc modified NFs were also

effectively applied in the photodegradation of MO.

Comparison of the effect of the type of asymmetrical Pc (i.e. monosubstituted (5) and
tetrasubstituted (6)) used for the modification of the NFs was conducted by supporting
complexes 5 and 6 on Hem NFs wherein the 6-Hem NFs showed slightly better activity

than the 5-Hem NFs.

Comparison of the bare semiconductor NFs showed that the bare Hem NFs exhibited
better photocatalytic ability against MO relative to TiO2 and ZnO NFs. Studying the
effect of complex 6 on each of the semiconductor NFs however showed that there was
a greater enhancement of activity for the TiO2 NFs relative to the Hem NFs and ZnO

NFs thus the 6-TiO2 NFs have the best activity.

Fabrication and characterisation of the bare and modified anatase and rutile TiO2 NFs
showed that the NFs have different optical and physical properties. The anatase TiO2
NFs showed better photocatalytic activity than the rutile NFs or the commercially

available P25-TiO2 even more so when modified with Pd NPs.
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9.2 Future work

Due to the good antibacterial properties of the reported Pc-NP conjugates, they could
be evaluated for more complex antigens like prominent viruses. The reported physical
properties and antimicrobial activities of the reported NFs also makes them good
candidates for other real life applications including wound dressing, protective clothing
and tissue engineering. In addition, with the current pandemic, antibacterial (and
possibly anti-viral) masks could be fabricated and evaluated with the use of Pc and

NP modified NFs.

In addition to exploring different types of NPs and their effect on the photoacativities
of Pcs and NFs, varying their shapes, sizes and capping agents would make for an

interesting study.

Enhancing the photoactivities of the NFs using various other types of photosensitisers
including porphyrins and chlorins could also be explored when they are supported on

these nanomaterials.

Based on the promising activities of the NF based heterogenous catalysts reported
herein, future work could entail applying them for other water related problems such
as the photoreduction of heavy metals and desulfurization of crude oils. The obtained
results would be an indication of the specificity of the NFs on the type of pollutant and

the mechanisms behind it.

Various other polymer free NFs including alumina and cyclodextrin NFs could be
fabricated and employed for the different water purification applications so as to

determine the best NFs for the each of the different applications.
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