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Abstract

This thesis investigates the synthesie of metallophthalocyanines for potential use as
photosensitizers in two applications: photodynamic antimicrobial chemotherapy and
the photodegradation of organic pollutants. To achieve this, phthalocyanines with
morpholine (substituted at alpha and beta position, to imine), ethyl and propyl
pyrrolidine Schiff bases, asymmetrical mercaptobenzothiazole and morpholine
substituents were synthesized for the first time. All nitrogen containing
phthalocyanines were methylated to form cationic derivatives. Asymmetrical
mercaptobenzothiazole were covalently linked to spherical and pyramidal zinc oxide
nanoparticles, while the asymmetrical morpholine were conjugated to polyacrylonitrile
(PAN) nanofibers, chitosan modified PAN and glass wool, while carboxylic acid
containing phthalocyanines were also linked to glass wool. Various characterization
techniques, including electronic spectroscopy, mass spectroscopy, nuclear magnetic
resonance (NMR), Fourier-transform infrared (FT-IR), elemental analysis, X-ray
photoelectron spectroscopy (XPS), transmission electron microscopy (TEM),
scanning electron microscope (SEM), and time-resolved fluorescence measurements

were employed to characterize all the phthalocyanine composites.

The research aimed to establish general trends in fluorescence quantum yields, triplet
and singlet oxygen generation, photodegradation rates, and fluorescence and triplet
state lifetimes of the complexes. Notably, the presence of zinc oxide nanoparticles
increased the triplet quantum yield of phthalocyanines, however, the singlet oxygen

quantum yield decreased.

The study also examined the photodynamic inactivation of various planktonic cells and

biofilms using all photosensitizers. The photodynamic antimicrobial chemotherapy
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activities were dose-dependent, and all cationic photosensitizers were highly effective
in completely inactivating the microbes in both forms, as opposed to non-charged
photosensitizers. For the supports, the chitosan modified PAN showed high efficacy

due to improved hydrophilicity.

Furthermore, the research was conducted on the photodegradation of 4-chlorophenal,
methyl orange and methylene blue using Pc-anchored PAN and glass wool supports.
The immobilized photosensitizers demonstrated a strong capacity for generating
singlet oxygen in aqueous media, with the cationic Pc-PAN removing methylene blue
more efficiently due to its adsorption and photodegradation abilities. All supports were
recoverable, showing potential application for future use in the removal of microbes

and organic pollutants.
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Preamble

This thesis presents the syntheses and photophysiocochemical properties of neutral
and cationic metallophthalocyanines (MPcs). The effects of substituents and
symmetry will be investigated. The asymmetrical photocatalysts will be covalently
linked to zinc oxide nanospheres (ZnONSps), and nanopyramids (ZnONPys),
polyacrylonitrile (PAN) and glass wool (GW) to enhance photophysical properties and
the recoverability of the materials. The PAN polymer was further coupled with
chitosan, to increase the hydrophilicity of the polymer. The prepared photocatalysts
are applied for the photo-elimination of gram-positive, and gram-negative bacteria as
well as fungi in their planktonic and biofilm forms. This study also investigates the
removal of 4-chlorophenol (4-CP), methyl orange (MO) and methylene blue (MB) from

water through photo-transformation or photodegradation.
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Introduction

1. Introduction

Water pollution can be defined as the contamination of various water resources such
as lakes, rivers, and groundwater by liquid and solid wastes. This challenge leads to
the inaccessibility of clean and safe water. The major sources of water pollution are
caused by domestic sewage, industries, population growth and plastic waste [1-4].
The presence of water pollutants such as insecticides, heavy metals, dyes, and micro-
organisms could lead to adverse effects such as toxicity, carcinogenesis, and
infections [5-8]. It is reported that unsafe water sickens about 14 000 people daily, and
3.1 % of people have succumbed to poor-quality water worldwide [9,10]. These
pollutants may be removed via different remediation techniques such as reverse
osmosis, filtration, ion exchange, distillation, electrolysis, biosand, precipitation,
adsorption and electrodialysis [11-14]. These conventional treatment techniques may
not be suitable for removing or converting all types of pollutants to less toxic
compounds [15]. Moreover, the abilty to remove multiple contaminants
simultaneously is essential to improve removal efficiency, one of the methods to
achieve this is through photosensitization. In this work, micro-organisms and organic
pollutants are removed via photodynamic antimicrobial chemotherapy (PACT) and

photocatalysis using phthalocyanines.

1.1 Phthalocyanines

Phthalocyanines (Pcs) are classified as second-generation photosensitizers (PS)
containing a planar conjugated Tr-electron aromatic system with four isoindole units
interconnected by aza nitrogens, Figure 1.1 [16, 17]. In the past few decades, these
heterocyclic compounds have been extensively studied in different fields including
semiconducting materials, photocatalysis, liquid crystals, laser printing systems,

chemical and electronic sensors, optical disks, dyes, photovoltaic, photoconductivity,
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catalysis, solar cells, photodynamic therapy, and photodynamic antimicrobial
chemotherapy [18-28]. Pcs are desirable complexes due to their ease of preparation
on a large scale, affordability, and chemical and thermal stability. Unsubstituted Pcs
are known to have low solubility in common organic solvents. Several modifications
can be made in the macrocycle by inserting different metal atoms, these are known as
metallophthalocyanines (MPcs) or by incorporating different functional groups on the
non-peripheral (a), peripheral (B) positions and by adding axial ligands for some
metals. At the same time, metal-free Pc exists with two hydrogen atoms in the centre

(H2Pc), as shown in Figure 1.1.

Different metal
atoms and their

Non-peripheral
(_ popsitilgns ﬁ axial ligands
a 24 2

H
\ positions

Figure 1.1: General structure of metal-free phthalocyanine (H2Pc) and MPc with

possible substitution at non-peripheral (a) and peripheral (B) positions.
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1.1.1 Synthesis of symmetrical and asymmetrical Pcs

The synthesis of Pcs is based on the cyclotetramerization of easily accessible
precursors such as phthalonitriles, phthalic acids, or phthalic anhydrides in the
absence (for Hz2Pcs) or presence of metal salts (for MPcs) and a basic catalyst. Non-
peripherally (a) and peripherally (B) substituted symmetrical MPcs can be prepared in
a single step using a mono-substituted 3-nitrophthalonitrile and/or 4-nitrophthalonitrile
as precursors. Tetrasubstituted a- and [(-substituted MPcs consist of four

constitutional isomers: Cs, Cav, Can, and D2zn, respectively [29].

Asymmetrical (low symmetry) Pcs have been reported to improve photophysical
properties by introducing the distortion of the phthalocyanine macrocycle leading into
changes in the electronic states [30, 31]. Moreover, the asymmetrical Pcs enables
specific conjugation or coordination to desired molecules, making such Pcs more
favoured than symmetrical Pcs [31, 32]. Asymmetrical Pcs can be synthesized via
statistical mixed condensation method, polymeric-support synthetic route and the sub-
phthalocyanine approach [33-35]. In this work, statistical mixed condensation method
was employed due to simplicity. The method involves reacting two differently
substituted phthalonitrile producing three identical and unidentical isoindole sub-units
(AsB). The two phthalonitriles may be combined to a molar ratios of 3:1 up to 9:1 (A:B)
depending upon the reactivity of the substituents [36]. Theoretically, this synthetic
route results in six possible products; A4, AsB, two A2B2, AB3 and B4 as shown in

Scheme 1.1, which can be isolated via column chromatography.
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Scheme 1.1: Six possible phthalocyanine from the statistical mixed condensation

synthetic route.

1.1.2 Electronic absorption spectra

The ground-state electronic absorption spectra of phthalocyanines consists of two
distinct absorption regions; the B-band located in the near ultraviolet (300-400 nm)
and the Q-band in the visible region (>650 nm, depending on metal and substituent)
Figure 1.2. Several factors can influence the changes in the UV/vis absorption

spectrum. These include changes in central metal, substituents attached, symmetry,
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the position of the substituent (alpha versus beta), solvent, charge and ring expansion

[37-42].
a
) o Q,
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Figure 1.2: Typical electronic absorption spectrum of a) Hz2Pc [37] in chloroform and

b) MPc in DMSO [41].
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The absorption spectrum of Pcs can be explained using Gouterman’s four orbital
model [43]. The HzPcs consist of split Q-bands in the visible range (Figure 1.2a), Q1
and Q2 arising from the m-1* transition between the aitu of the highest occupied
molecular orbital (HOMO) to b2g and bsg of the lowest unoccupied molecular orbital
(LUMO) as shown in the insert in Figure 1.2. The split Q-band is observed due to the
low symmetry (D2n) of H2Pcs. However, for MPcs, a single intense band (Figure 1.2b)
is observed as a result of their Dan symmetry which arises from the transition from the
atu of the HOMO to eg of the LUMO. The B-band emerge from the overlapping of B+
and B2 bands originating from 1-11* transitions from HOMO azu and b2u to the LUMO

eg for MPcs (Figure 1.2, insert) [44-47].

1.1.3 Phthalocyanine complexes synthesised in this work

The structures and names of Pcs used in this work are given in Table 1.1. Herein, the
synthesis of symmetrical and asymmetrical zinc or indium metalated Pcs is presented.
The metals used in this thesis were selected based on the fact that they are
diamagnetic, which promotes intersystem crossing from the excited singlet state to the
triplet state [48-50]. This process is essential in producing cytotoxic singlet oxygen and
other reactive oxygen species [50]. Complexes 1-7 are novel compounds reported for

the first time in this study while complexes 8-10 have been reported before [51, 52].
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Table 1.1: Phthalocyanines reported in this thesis.

Application/
Complex name and number R supporting
material(s)
1-Hz2 — 1(4),8(11),15(18),22(25)-Tetrakis-
(morpholino) phthalocyanine (new)
1-Zn —1(4),8(11),15(18),22(25)-Tetrakis-
(morpholino) phthalocyaninato zinc(ll) —\
R (new) §—N o)
NN R 1-In — 1(4),8(11),15(18),22(25)-Tetrakis-
\ (morpholino) phthalocyaninato indium(lIl) PACT —
: N—l\'{l—N chloride (new) Planktonic/ N
3 L anktonic/ None
N AN N
. 1-ZnQ-1(4),8(11),15(18),22(25)-Tetrakis- % \/\
(N-methylmorpholino) phthalocyaninato —N® O
CH; 04\—/

zinc(Il) (new)

1-InQ-1(4),8(11),15(18),22(25)-Tetrakis-
(N-methylmorpholino) phthalocyaninato
indium(lll) chloride (new)
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Table 1.1 continued:

Application/
Complex name and number R supporting
material(s)
2-Hz2 — 2(3),9(10),16(17),23(24)-Tetrakis-
(morpholino) phthalocyanine (new)
2-Zn - 2(3),9(10),16(17),23(24)-Tetrakis-
R (morpholino) phthalocyaninato zinc(Il) (new) §_N/ \0
—/
2-In - 2(3),9(10),16(17),23(24)-Tetrakis-
N N/ N (morpholino) phthalocyaninato indium(lIl)
=\ ® | chloride (new) PACT -
R ~ N—I\:II—N
) Planktonic/ None
N
N BN N
8 2-ZnQ - 2(3),9(10),16(17),23(24)-Tetrakis-(N-
T methylmorpholino) phthalocyaninato zinc(ll) g_\N’@ %
(new) CH350,

2-InQ - 2(3),9(10),16(17),23(24)-Tetrakis-(N-
methylmorpholino) phthalocyaninato
indium(lll) chloride (new)
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Table 1.1 continued:
Application/
Complex name and number R supporting
material(s)
3-Zn -2(3),9(10),16(17),23(24)-Tetrakis-(4-
phenoxy(((2-(morpholino)ethyl)imino) //\
methyl))phthalocyaninato zinc(ll) (new) N e L
L
R 3-In — 2(3),9(10),16(17),23(24)-Tetrakis-(4- o
phenoxy(((2-(morpholino)ethyl)imino) methyl))
phthalocyaninato indium(lll) chloride
v P (new)
R - N—I\EII—N .
e 3-ZnQ — 2(3),9(10),16(17),23(24)-Tetrakis-(4- Planktonic/ None
phenoxy(((2-(N- I\
methylmorpholino)ethyl)imino) SNe b
N/

methyl))phthalocyaninato zinc(ll) (new)

3-InQ - 2(3),9(10),16(17),23(24)-Tetrakis-(4-
phenoxy/(((2-(N-
methylmorpholino)ethyl)imino)
methyl))phthalocyaninato indium(lll) chloride
(new)
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Table 1.1 continued:

Application/
Complex name and number R supporting
material(s)
4-Zn - 2(3),9(10),16(17),23(24)-Tetrakis-(4-
phenoxy(((2-(pyrrolidin-1-yl)ethyl)imino) ~ D
methyl))phthalocyaninato zinc(Il) (new) /©/\N/\/
R "é\o

4-In —2(3),9(10),16(17),23(24)-Tetrakis-(4-
phenoxy(((2-(pyrrolidin-1-yl)ethyl)imino)

P methyl))phthalocyaninato indium(lll) chloride

PACT -

: E N ?; : r | (new)
- H
R - N—I\:II—N

i /

NN 4-ZnQ - 2(3),9(10),16(17),23(24)-Tetrakis-(4-
8 phenoxy(((2-(N-methylpyrrolin-1- Jo
ylhethyl)imino) methyl))phthalocyaninato [~
R zinc(ll) (new) ;\o,©/\

4-InQ - 2(3),9(10),16(17),23(24)-Tetrakis-(4-
phenoxy(((2-(N-methypyrrolin-1-yl)ethyl)imino)
methyl))phthalocyaninato indium(lll) chloride
(new)

Planktonic/ None
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Table 1.1 continued:

Application/
Complex name and number R supporting
material(s)
5-Zn — 2(3),9(10),16(17),23(24)-Tetrakis-(4-
phenoxy(((3-(pyrrolidin-1-yl)propyl)imino)
methyl)) phthalocyaninato zinc(Il) (new) y mNMD
N,
R 5-In — 2(3),9(10),16(17),23(24)-Tetrakis-(4- °
phenoxy(((3-(pyrrolidin-1-yl)propyl)imino)
methyl)) phthalocyaninato indium(lIl)
NENZ N chloride (new)
R N—~M—N
) Planktonic/ None
NN 5-ZnQ — 2(3),9(10),16(17),23(24)-Tetrakis-
(4-phenoxy(((3-(N-methylpyrrolin-1- ~ |
8 yl)propyl)imino) methyl))phthalocyaninato /@ANM”\@
R zinc(ll) (new) é"\o

5-InQ - 2(3),9(10),16(17),23(24)-Tetrakis-
(4-phenoxy(((3-(N-methypyrrolin-1-
yhpropyl)imino) methyl))phthalocyaninato
indium(lll) chloride (new)
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Table 1.1 continued:

Application/
Complex name and number R1 R2 supporting
material(s)
6-Zn — 2-(4-carboxyphenoxy)-
9(10),16(17),23(24)- PACT -
tris(benzo[d]thiazol-2-ylthio) e Planktonic and
phthalocyaninato zinc(ll) (new) \ “"(O biofilm/

6-In — 2-(4-carboxyphenoxy)-
9(10),16(17),23(24)-

~ 12

—@—COOH

(6-Zn—ZnONSps,
6-Zn—-ZnONPYys, 6-

tris(benzo[d]thiazol-2-ylthio) In-ZnONSps, 6-
phthalocyaninato indium(lll) chloride In-ZnONPYys)
(new)

6-ZnQ — 2-(4-carboxyphenoxy)-

9(10),16(17),23(24)- PACT -

tris(benzo[d]thiazol-2-
ylthio)phthalocyaninato zinc(ll) (new)

6-InQ — 2-(4-carboxyphenoxy)-
9(10),16(17),23(24)-
tris(benzo[d]thiazol-2-
ylthio)phthalocyaninato indium(lIl)
chloride (new)

5y

Planktonic and
biofilm/ (6-ZnQ-
ZnONSps, 6-ZnQ
—-ZnONPys, 6-InQ
—-ZnONSps, 6-InQ

—-ZnONPYys)

13| Page



Introduction

Table 1.1 continued:

Application/
Complex name and number R1 R2 supporting
material(s)
PACT -
Planktonic and
7-Zn — 2-(4-carboxyphenoxy)- .
9(10),16(17),.23(24)- Photodegradation
tris(morpholino)phthalocyaninato E_N/ % ""( —4-CP, MO and
zinc(Il) (new) w_/ ° COOH | MB/(7-Zn -PAN, 7-
In -PAN, 7-Zn -
7-In — 2-(4-carboxyphenoxy)- PAN-CS, 7-In -
T1 9(10),16(17),23(24)- PAN-CS 7-Zn -
7"\ tris(morpholino)phthalocyaninato GW. and 7-In -
= indium(lll) chloride (new) ’
N= 7 N GW)
Mo R,
R—/ - N—I\EII—N
ety 7-ZnQ — 2-(4-carboxyph ) PACT -
\ o N -ZnQ — 2-(4-carboxyphenoxy)- :
) 9(10),16(17),23(24)-tris(N- P: ":"'d(m"'c da':.d
\_/ methylmorpholino)phthalocyaninato otodegradation
| zinc(ll) methyl sulfate (new) —4-CP, MO and
Ri \/\ o~ MB/(7-ZnQ -PAN,
7-InQ — 2-(4-carboxyphenoxy)- g_N\@ / 0—@—‘?00“ 7-InQ -PAN, 7-
9(10),16(17),23(24)-tris(N- CH3S0, ZnQ -PAN-CS, 7-
methylmorpholino)phthalocyaninato InQ -PAN-CS 7-
;r;célijr;(lll) chloride methyl sulfate ZnQ -GW, and 7-
InQ -GW)
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Table 1.1 continued:

Application/
Complex name and number R1 R2 supporting
material(s)
8-Zn — 2(3)-mono-(4-
carboxyphenoxy) phthalocyaninato H r“'\'o COOH
zinc(ll) [51]
R4
728\ PACT -
9-Zn — 2(3),9(10),16(17),23(24)- oF o0 Planktonic
NENP N : \ \ and photo-
A\ r, | 1etrakis-(4-carboxyphenoxy) 0 COOH 0 COOH -
Rl T N—ti—n phthalocyaninato zinc(ll) [51] degradation —
I ) MO/8-Zn-GW, 9-
e Zn-GW, 10-Zn-
= GW
» 10-Zn — 2(3),9(10),16(17),23(24)- P FOoH p SOOH
.L Tetrakis-((5-phenoxy)-isophthalic % S
acid) phthalocyaninato zinc(Il)
[52] COOH COOH

Q — quaternized, PACT — photodynamic antimicrobial chemotherapy, NSp — nanosphere, NPy — nanopyramid, GW - glass wool, MO —

methyl orange, PAN - polyacrylonitrile, CS — chitosan, 4-CP — 4-chlorophenol, MB — methylene blue.
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Phthalocyanines containing morpholine (complexes 1-3 and 7), pyrrolidine
(complexes 4, 5), and mercaptobenzothiazole (complex 6) substituents were
employed due to their antibacterial and antifungal properties of these substituents [53-
58]. These complexes also contain nitrogen atoms which enable quaternization to form
cationic Pcs. Complexes 1,2 were substituted in either the peripheral or non-peripheral
position. Their properties and antimicrobial activities are compared in this thesis. The
pyrrolidine and morpholine moiety were attached to imine groups to form Schiff base
Pcs (complexes 3, 4, and 5), in order to enhance the antimicrobial activities and
improve the photophysical properties of the Pc complexes [59, 60]. Furthermore,
carboxylic acid-containing complexes (complexes 6-10) were used for specific

conjugation to supports such as zinc oxide nanoparticles, polymers, and glass wool.

1.2 Photodynamic antimicrobial chemotherapy (PACT)

Photodynamic antimicrobial chemotherapy (PACT) is an antimicrobial treatment
modality based on using light of a specific wavelength in combination with a
photosensitizer, leading to a phototoxic reaction that induces micro-organism
destruction, known as the photodynamic effect [28]. PACT is expected to eradicate
micro-organisms through the photosensitized production of toxic reactive oxygen
species (ROS) including singlet oxygen in the presence of molecular oxygen [61], as
shown in Figure 1.3. This method is adapted from photodynamic therapy (PDT), a
form of cancer therapy, but recently has been proposed as an antimicrobial therapy.
This approach is preferred for selectively terminating micro-organisms over
mammalian cells [62], protein-inactivation [63], and irreversible cell membrane

damage preventing resistance against PACT [64, 65].
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Figure 1.3: a) The Jablonski diagram illustrating the photochemical process of
photosensitizers (PS) upon activation and b) typical ROS generation in PACT.
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In PACT, the molecules absorb light to the first excited state (S1) and can further
undergo a spin conversion through intersystem crossing (ISC) from S1 to long-lived
triplet state (T1) where they either emit photons through phosphorescence or can
undertake other chemical reactions known as either type | or type Il pathways. In type
I, ROS such hydroxyl radical ("OH), hydrogen peroxide (H20:2), and superoxide anion
(O2™) radicals are generated through electron transfer from the PS in the triplet state
to 302. In the type Il reaction, the activated PS transfers energy to the 302 forming 'Ox.
Both pathways can occur simultaneously and are responsible for the inactivation of
multiple pathogens, with the most dominant pathway being largely dependent on the

photosensitizer (PS) used [66, 67].

An ideal photosensitizer (PS) should exhibit high photochemical reactivity, which is
essential in producing ROS. The PS should have a high absorption coefficient, be
photostable, have thermal- and chemical-stability. The PS should be able to produce
high triplet quantum yields and long triplet lifetime to allow for efficient energy transfer
to ground-state oxygen [66, 68]. Various photosensitizers have been used to generate
02, some shown in Figure 1.4. These PSs can be classified into two categories,
porphyrinoids and nonporphyriniods. Porphyrinoids are aromatic tetrapyrrole
macrocycles derived from natural pigments such as chlorophyll. They can be
subdivided into first, second and third generations based on the evolution of the
photosensitizer. Porphyrinoids include porphyrin, chlorin, phthalocyanine,
bacteriochlorin, porphycene, texaphyrins, and sapphyrins [69, 70]. The
nonporphyriniods refer to aromatic dyes that can generate singlet oxygen, including
methylene blue, rose bengal, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY),

eosin blue and erythrosine B [70, 71].
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Figure 1.4: Chemical structures of common photosensitizers.
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Preventing resistance is very crucial in microbial treatment. Over the years, micro-
organisms have developed resistance to traditional antibiotics due to misuse and
overuse. The World Health Organization (WHO) has listed the following as high-
priority pathogens in urgent need of drug development [72]: Methicillin-resistant
Staphylococcus aureus (MRSA), a Staphylococcus aureus (S. aureus) strain that
possesses the methicillin resistance gene mecA which has a low affinity for B-lactams
[73, 74] and vancomycin-resistant Enterococcus faecium (VREF) with VanA and VanB
glycopeptide resistance operons present [75] amongst other prevalent micro-

organisms.

In this thesis, the PACT activity of all phthalocyanine complexes (in the presence and
absence of supporting materials) was assessed using gram-positive bacteria: S.
aureus, MRSA, and VREF, gram-negative bacteria: Escherichia coli (E. coli),
Klebsiella pneumoniae (K. pneumoniae), and Salmonella enterica subspecies enterica
serovar Choleraesuis (S. choleraesuis) and fungi: Candida albicans (C. albicans) in
their planktonic forms. These micro-organisms were chosen based on their
physiological and morphological differences. Gram-positive bacteria consist of a
moderately permeable outer membrane with a thick peptidoglycan covering the
plasma membrane. Both the gram-negative bacteria and fungi have much more
complex cell wall structures with more permeability barriers, such as two membranes
for gram-negative bacteria and beta-glucans and chitin protecting the cell membrane
for fungi. The structures of the cell wall of gram-positive bacteria, gram-negative
bacteria and fungi are shown in Figure 1.5, adapted from [76, 77]. The ability to
permeate the cell wall is one of the most critical requirements of a PS, and this is to

allow the production of 'Oz inside the cell.
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Figure 1.5: Structures of the cell walls of gram-negative bacteria, gram-positive
bacteria and fungus as adapted from [76, 77]. LPS - lipopolysaccharides, UDP-Glc -

uridine  diphosphate-N-glucose, = UDP-GIcNAc - uridine  diphosphate-N-

acetylglucosamine
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Another form of treatment resistance is the formation of biofilms which is prevalent on
the surface of medical devices such as catheters, artificial heart valves, and other
biomaterials leading to the development of chronic infection [78, 79]. Biofilms are more
resistant than planktonic cells as they possess an exopolysaccharide matrix and
undergo changes in their gene expression. Hence, the studies on the removal of

biofilms using PACT are few.

Table 1.2 [80-89] summarizes the micro-organisms that have been photo-eradicated
using Pcs alone and when conjugated to nanoparticles or supports. Cationic Pcs have
shown good efficiency against gram-positive and gram-negative bacteria due to
improved permeability [80, 82-83, 85]. In this thesis, the evaluation of the PACT activity
of neutral and cationic Pcs in various states, including planktonic, homogenous, and
mixed biofilm forms is undertaken. Herein, the effect of the position of the substituent,
the increase in the hydrocarbon length, and introduction of the imine group on PACT
is investigated. Pcs can be incorporated into nanoparticles to enhance PACT activity
[83, 84, 86]. Complexes 6 were conjugated to spherical and pyramidal zinc oxide
nanoparticles as Table 1.1 shows; it is the first time that Pcs are conjugated to
pyramidal zinc oxide nanoparticles and applied for PACT studies. For practical use,
Pcs can be embedded in supporting materials such as polymers [81, 87-89]. In this
thesis, Pcs (7, 8) were anchored on polyacrylonitrile-chitosan polymer and glass wool,
and this is the first the PAN-CS polymer is being reported. As indicated in Table 1.2,
there is no prior record of PACT studies conducted using Pc-glass wool conjugates;

therefore, these studies will be presented for the first time in this thesis.
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Table 1.2: Phthalocyanines previously reported for PACT.

Central metal and R groups Microorganism(s)/Support Ref.
M =In(lIICI, [80]
R= E. coli/None
.2(0
\_ I&B—CHg
B _ /)
R 250,
g 1(4)-tetrakis-(3-methylpyridyloxy)phthalocyaninato indium(lll) chloride
NN .
Q-
NS h\ {l
8 M = Si(IV)20H, E. coli (planktonic and biofilm cultures)/ 1]
} R= Poly(vinyl alcohol) film
L — .‘71/0
\_ N®—CH3
2 />.-
2(3),9(10),16(17),23(24)-Tetrakis-(N-methylpyridyloxy)phthalocyaninato silicon(lV) dihydroxy
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Table 1.2 continued:

Central metal and R groups Microorganism(s)/ Ref.
Support
M = Zn(ll), S. aureus/None
R= [82]

O

2(3),9(10),16(17),23(24)-Tetrakis-(((2-aminoethylamino)methyl)phenoxy)phthalocyaninoto zinc
(I1)

M = In(lI1)CI, S. aureus and E. coli
g R= o/ (planktonic and biofilm  [83]
= N/ \ < o o /_r{r cultures)/ Detonated
R o NN ° _ nanodiamonds
R/
N AN N
8 2(3),9(10),16(17),23(24)-Tetrakis-(E)-4-(4-(3-(N-methyl-pyridin-4-
R yhacryloyl)phenoxy)phthalocyaninato indium(lil)
M = Al(III)CI, S. mutans [84]
R=H (biofilm)/Chitosan
nanoparticles

Chloroaluminum(lll) phthalocyanine
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Table 1.2 continued:

Central metal and R groups Microorganism(s)/ Ref.
Support
M = Zn(ll),
R1=
AV .
,_
" AYa R2=H MRSA/None 83]
) r
ON—
R, /\
7 o . . .
— tri-cationic monosubstituted zinc(ll) phthalocyanine
NE N . M = Zn(Il), Rz =
T \—i— 1 R1= S. aureus/Silver and iron
R, — N——n o 86
83 ;j@/ FOOH %—@—é oxide nanoparticles [88]
N NN P
(o]
COOH

2(3)-Mono-isophthalic acid-9(10),16(17),23 (24)-tri (tert-butylphenoxy)phthalocyaninato zinc(ll)

M = Pb(ll), R, = [87]

R1= i
P 1 < _@@ E. coli/ Polystyrene
\ —\e® O\ /T
e

nanofibers
2,9,16,23-Tetrakis[4-(N-ethylpyridyloxy)]-phthalocyaninato lead(ll)
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Table 1.2 continued:

Central metal and R groups Microorganism(s)/ Ref.
Support
M = Zn(Il),
Ri = Rz = S. aureus/Titanium  [gg]

dioxide nanoparticles

E%Q—COOH J"(O <:> <

Zinc (I) 9,10,16,17,23,24-hexa(4 -tert-butylphenoxy)- 2-[2°-(4""-carboxyphenyl)ethynyl]
phthalocyaninato (2-)- N29, N30, N31,N32

M = Zn(ll),
R1= E. coli and

—\® 89
—\@® §—<\:/>N_—CH3 Acinetobacter baylyi 159]
-

(A. baylyi)/Paper
Tetrakis(N-methylpyridinium-4-yl)phthalocyaninato zinc(ll)
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1.3 Nanoparticles

Nanoparticles (NPs) are defined as small particles with a size in the range of 1-100
nm [90]. Particles in this nano range show significantly different properties than in their
bulky form [91]. The properties of nanoparticles can change based on dimensions,
morphology, and composition [92]. Due to their differing properties, nanoparticles have
gained interest in different research areas such as bioimaging, biomedicine,
cosmetics, coating, pollution remediation, drug delivery and photodynamic therapies
[93-99]. Nanoparticles possess a large surface area to volume ratio, and the ease of
surface modification allows for the immobilization of the particles to other molecules.
In this study, spherical and pyramidical zinc oxide nanoparticles (ZnONPs) capped
with 3-aminopropyl)triethoxysilane (APTES) were covalently linked to asymmetrical
MPcs (complexes 6) to enhance the PACT activity against planktonic and biofilm

cultures.

Zinc oxide nanoparticles are metal oxide nanoparticles with interesting characteristics,
including lack of toxicity, biocompatibility, and antimicrobial activity [100]. The
antimicrobial activity of ZnONPs is size-correlated, and dependant on the biological
system they interact with as they induce intracellular uptake [92]. ZnONPs are non-
specific and have been reported to have various antimicrobial mechanisms. ZnONPs
can generate harmful ROS through a series of oxidation-reduction reactions caused
either photochemically or through surface defects of the nanoparticle [101]. Another
antimicrobial mechanism is through the release of Zn?* ions by the ZnONPs. The free-
flowing Zn?* ions may decrease the amino acids metabolism and disturb the enzymatic
system of the microbe and therefore result in higher antimicrobial activity [102]. Lastly,
the ZnONPs can exhibit toxicity by interacting with the cell wall resulting in the

microbe’s integrity loss [103]. This interaction increases membrane permeability

27 |Page



Introduction

allowing for the accumulation of ZnONPs in the micro-organism cell membrane.
ZnONPs can cause changes in the environment close to the microbe. Herein, the
ZnONPs will be investigated using two differently shaped ZnONPSs; zinc oxide
nanospheres (ZnONSps) and zinc oxide nanopyramids (ZnONPys). ZnONSps were
selected due to their high surface area-to-volume ratio and are known to enhance
antimicrobial activity against circular micro-organisms [104]. ZnONPys has yet to be
extensively explored; however, non-spherical silver NPs have shown improved
antimicrobial activity [105, 106]; hence ZnONPys are studied in this work. The
combination of ZnONPs and MPcs is expected to improve the PACT activity against
both planktonic and biofilm culture due to the synergetic effect of the two antimicrobial

agents.

1.4 Support

Phthalocyanines and nanoparticles are promising photocatalysts on their own.
However, for water treatment applications, they need to be recoverable. Hence,
introducing them to supports such as nanofibers, polymer membranes, gels, and glass
wool will improve their recoverability, thus introducing recyclability [107-116].
Photocatalysts are immobilized onto the support via mixing, self-assembly and
covalent linkage [109-114]. In this study, Pcs are covalently linked to polyacrylonitrile

nanofibers and glass wool to avoid possible photocatalyst leaching during application.
1.4.1 Nanofibers

Polymer nanofibers (NF) are solid fibers with a small diameter, a high surface area to
volume ratio, high porosity with minimal pore size and flexibility in surface
functionalities. These properties make NF ideal candidates for many applications such

as tissue engineering, drug delivery, filters, water treatment and wound dressing [117-
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121]. Various methods, such as drawing, template synthesis, self-assembly, phase
separation and electrospinning, have been used to prepare nanofibers [122-126].
Electrospinning is preferred due to the production of ultrafine, uniform nanofibers. The
electrospinning process is cost-effective and does not require expensive purification

methods [127].

Rayleigh invented electrospinning in 1879 [128]. In the 1930s, the experimental set-
up and apparatus used were presented and patented by Formalas [129, 130]. The
formation of nanofibers relies on three components; a high-voltage power supply, a
needle attached to a syringe and a collector [131]. In an electrospinning process, a
high voltage is applied to a polymer solution to create a strong electric field between
the needle and the collector. This results in a conically shaped droplet caused by the
surface charge created on a polymer fluid [132]. The conical droplet, known as the
Taylor cone [127], is ejected due to the electrostatic force exceeding the surface

tension of the polymer, as shown in Figure 1.6.

Phthalocyanines have been embedded and covalently linked to electrospun
nanofibers [87, 107, 111, 112]. In this study, polyacrylonitrile (PAN) polymer is applied
due to its mechanical strength and chemical stability [133, 134]. However, PAN is
hydrophobic and tends to be fouled by micro-organisms, decreasing the efficiency of
the polymer support over time [135]. To overcome this, the PAN polymer was
chemically modified with chitosan (CS). Chitosan is a natural polymer with
antimicrobial activity [136, 137]. Chitosan alone is challenging to electrospin due to
poor solubility in common organic solvents or the formation of highly viscous solutions

[127, 138].
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Figure 1.6: Electrospinning set-up [127, 128].

The PAN and PAN-CS nanofibers will be linked to neutral and cationic Pcs. Linking
cationic Pcs to the polymers alters the surface of the polymers from hydrophobic to
hydrophilic. This will be the first time that PAN is linked with CS and Pc. The PACT
activity of these composites was evaluated. Furthermore, the neutral and cationic Pc-

PAN composites were also applied for photodegradation studies of pollutants.

1.4.2 Glass wool (GW)

Glass wool, also known as glass fibers, has wide applications such as thermal and
sound insulators, filtration mats and adsorbent beds [139-141]. This material is known
to be inexpensive, widely available, inert, and robust towards numerous chemicals and

is stable in different pH levels [110, 139]. GW has been used to immobilize antibodies

30| Page



Introduction

and culture biofilms [142, 143]. However, the material has not been previously used
as supports in antimicrobial studies. The composite was modified with APTES to allow
a covalent linkage with Pcs, and this is the first time Pcs are linked to GW. This study
compares GWs’ efficiency to NFs as photocatalysts in PACT and photodegradation

applications.

1.5 Photo-oxidation of environmental pollutants

As stated above environmental pollution is a growing problem due to increased
industrial activities. Organic pollutants being deposited into the environment,
especially bodies of water, is one of the leading causes of environmental issues [144].
It has been reported that about 20% of synthetic dyes such as methyl orange,
methylene blue, and many other dyes are discharged to water bodies without
treatment and further exacerbating the environmental pollution issue [145]. Methyl
orange (MO) is an anionic azo dye, and methylene blue (MB) is a cationic thiazine
dye. Both dyes are toxic, carcinogenic, and non-biodegradable [146, 147]. Apart from
dyestuff, chlorophenols are one of the organic pollutants listed as a priority due to their
toxicity and low biodegradability. 4-Chlorophenol (4-CP) is primarily used as a

pesticide, and it is regarded as mutagenic [148].

Wastewater treatment technologies are divided into physical (adsorption [149],
sedimentation [150], membrane separation [151]), biological (aerobic [152] and
anaerobic [153] processes), chemical (oxidation [154], electrolysis [155], and
advanced oxidation process [156]) methods. However, the physical methods have
difficulties removing organic pollutants [157], and the biological methods have high
operation costs and long pre-preparation cycles [158]. In contrast, chemical methods

can wholly and efficiently degrade organic pollutants [159].
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Amongst chemical methods, advanced oxidation processes (AOPs) are one of the
popular techniques as they only use oxygen and generate non-toxic by-products [149].
Photocatalysis is one of the AOPs for organic pollutant degradation. In this study, MO,
MB, and 4-CP are photodegraded or photo-transformed using laser or sunlight. The
photochemical transformation of 4-CP, MB, and MO using symmetrical and
asymmetrical phthalocyanine embedded in fibers has been reported [107, 160-164].
This work reports for the first time on the use of asymmetrical cationic phthalocyanine
covalently linked to electrospun nanofibers and glass wool for the degradation of 4-

CP, MO and MB. The PACT activity of the supports was also examined and compared.
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1.6 Summary of aims of thesis

The aims of this thesis include:

1. Synthesize and characterize symmetrical, asymmetrical, alpha, beta, charged
and neutral zinc and indium phthalocyanines.

2. Synthesize and characterize differently shaped zinc oxide nanoparticles

3. Fabricate and characterize polyacrylonitrile nanofibers and covalently link the
polymer to chitosan.

4. Modify glass wool with 3-aminopropyltriethoxysilane.

5. Covalently link phthalocyanines with nanoparticles, polymers, and glass wool.

6. Study the photophysical and photochemical properties of the phthalocyanines
alone or when anchored on support in organic and/or agueous media.

7. Investigate the PACT activity of the prepared photocatalyst against planktonic
and biofilm cultures.

8. Assess the photocatalytic degradation or transformation of pollutants; 4-
chlorophenol, methyl orange and methylene blue using neutral and cationic Pc-

PAN and Pc-GW composites.
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2. Experimental

2.1 Materials

2.1.1 General reagents and solvents

Dimethylsulfoxide (DMSO), dimethylformamide (DMF), dichloromethane (DCM),
tetrahydrofuran (THF), deuterium oxide, chloroform, methanol, diethyl ether, ethanol,
and ethyl acetate were purchased from Merck, while deuterated chloroform and
acetonitrile were purchased from Associated Chemical Enterprises. Deuterated
dimethyl sulfoxide (DMSO-ds), dithranol, triton-X and a-cyano-4-hydroxycinnamic acid
were purchased from Sigma Aldrich. Ultra-pure water from a Milli-Q Water system
(Millipore Corp, Bedford, MA, USA) or in ultra-pure Type |l water obtained from Elga

PURELAB chorus 2 (RO/ DI) system. All solvents were dried using molecular sieves.

2.1.2 Reagents for phthalonitrile precursors, phthalocyanine syntheses

Zinc (1) acetate (Zn(OAc)z2), indium (lIl) chloride, 1,8-diazabicycloundec-7-ene (DBU),
1-pentanol, methyl iodide, sodium carbonate, morpholine, 4-(2-
aminoethyl)morpholine, 4-nitrophthalonitrile, 3-nitrophthalonitrile, 1-(2-
aminoethyl)pyrrolidine, and 1-(3-aminopropyl)pyrrolidine were purchased from Sigma
Aldrich, while dimethyl sulphate was bought from Riedel-de Haen. The tetrakis[4-
formylphenoxy]phthalocyaninato zinc(Il) (A) [165] and tetrakis[4-
formylphenoxy]phthalocyaninato indium(lll) (B) chloride [166] were prepared
according to literature. The synthesis of phthalonitriles, 4-(benzo[d]thiazol-2-
ylthio)phthalonitrile (i) [167] and 4-(3,4-dicyanophenoxy)benzoic acid (ii) [168] were

completed as reported in the literature.
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2.1.3 Reagents for zinc oxide nanoparticles, polymer nanofibers and glass
wool syntheses, modification, and conjugation

3-Aminopropyltriethoxysilane (APTES), polyacrylonitrile (PAN, MW = 150 000 Da),
chitosan (MW =50 000 - 190 000 Da), non-treated glass wool Aldrich catalog #: 20384,
N,N’-dicyclohexylcarbodiimide (DCC), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC), hydrazine, N-hydroxysuccinimide (NHS) were procured from Sigma. The
synthesis of ZnONSps [169], ZnONPys, and [170] PAN-COOH [171] were as reported

before.

2.1.4 Chemicals and reagents for photophysicochemical studies

1,3-Diphenylisobenzofuran (DPBF), anthracene-9,10-bis-methylmalonate (ADMA),
methylpiperidone (TEMP), 5,5-dimethyl-1-pyrroline-N-oxide (DMPOQO), sodium azide,
zinc (lI) phthalocyanine (ZnPc) were purchased from Sigma Aldrich.CIAIPcSmix
(containing a mixture of differently sulfonated Pc) was synthesized as reported in
literature [172] and used as a standard for singlet oxygen determinations in aqueous

media.

2.1.5 Reagents for bacterial and photodegradation studies

Phosphate-buffered saline (PBS) solution pH 7.4 was prepared using appropriate
amounts of Na2HPO4 and NaOH in ultra-pure water. Nutrient agar, ampicillin, and agar
bacteriological BBL Muller Hinton broth were purchased from Merck, E. coli (ATCC
25922), K. pneumoniae (ATCC 13883) were obtained from Microbiologic. S.
aureus (ATCC 25923), MRSA (ATCC 700699), S. choleraesuis (ATCC 10708), VREF
(ATCC 51299) and C. albican (ATCC 24433) were from Davies Diagnostics. Crystal
violet, methicillin, sodium dodecyl! sulfate (SDS), 4-chlorophenol (4-CP), methylene
blue (MB), methyl orange (MO), and tryptic soy broth were purchased from Sigma
Aldrich.
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2.2 Equipment

Vi.

Vii.

viii.

Electronic absorption spectra of solutions were recorded on a Shimadzu UV-
2550 spectrophotometer using 3 cm quartz cell cuvette.

Solid-state UV-Vis was performed in Perkin Elmer Lambda 950 UV-Vis NIR
spectrophotometer using the holmium reference to convert reflectance
measurements to equivalent absorption spectra.

Infrared (IR) spectra were recorded on a Bruker Alpha IR (100 FT-IR)
spectrophotometer.

Elemental analyses were carried out on a Vario EL Ill MicroCube CHNS
Analyzer.

Mass spectra data were collected with a Bruker AutoFLEX Ill Smartbeam
TOF/TOF Mass spectrometer and with Bruker microTOF Il mass spectrometer.
The spectra were acquired using dithranol and a-cyano-4-hydroxycinnamic
acid as the MALDI matrix.

"H nuclear magnetic resonance spectra recorded on a Bruker AMX 600 MHz
and 400 MHz NMR spectrometers.

Fluorescence emission and excitation spectra were recorded on a Varian
Eclipse spectrofluorimeter.

Fluorescence decay lifetimes were measured using a time-correlated single
photon counting (TCSPC) setup (FluoTime 300, Picoquant GmbH). 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).

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), Figure 2.1. The signal from a PMT
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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 absorbance of solutions of the Pcs and the ZnPc standard
were ~1.5 at Q band. The solution was introduced into a 1 cm path length UV-
visible spectrophotometric cell and de-aerated using argon for 15 min. The
maximum triplet absorption detection wavelength was obtained from the

transient curve. Triplet state lifetimes were determined by exponential fitting of

~

the kinetic curves using ORIGIN® 8 Professional software.

-

v

/
Spectromgter _________________ -/, Laser
control unit Y

. Lens Lens
Digital Monochro I I Xenon
oscilloscope mator 1 0 0 | lamp
r Iris l Iris
Computer Photomultiplier
Sample

Figure 2.1: Schematic diagram of the laser flash photolysis set-up.

Photo-irradiations for singlet oxygen quantum vyield determination,
photostability and antimicrobial studies were performed using a General
Electric Quartz lamp (300 W), 600 nm glass (Schott) and water filters were used
to filter off ultra-violet and far infrared radiations (and in the absence of the filters

for white light studies). Light intensities measured with a POWER MAX 5100
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Xi.

(Molelectron detector incorporated) power meter or Modulight ML7710—
680/690-RHO laser system was employed, Figure 2.2. The system was
equipped with a cylindrical output channel, aiming beams, foot/hand pedal
switch, a calibration module, fiber sensors (subminiature version A) connectors,

and safety interlocks.

Laser

Foot/hand

Sample holder pedal switch

Figure 2.2: Experimental set-up of the Modulight ML7710-680/690-RHO laser

system.

The electron paramagnetic resonance (EPR) spectroscopy measurements
were carried out using the Bruker EMX Plus EPR spectrometer, specifications:
model number: EMP-9.5/12B/P. set at 0.632 mW for the microwave power,
frequency 9.714 GHz, resolution 2048 points, at a center field of 3500 G and

200 G for the sweep width and time constant of 5.12.
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Xii.

Xiii.

Xiv.

XV.

XVi.

XVii.

XViii.

XiX.

XX.

XXi.

Sizes and morphologies of the nanoparticles and conjugates were determined
by Transmission electron microscopy (TEM) using a Zeiss Libra 120 TEM
operating at 80 kV.

X-ray powder diffraction (XRD) patterns were recorded using a Cu K radiation
(1.5405 °A, nickel filter) on a Bruker D8 Discover equipped with a proportional
counter and the X-ray diffraction data were processed using the Eva (evaluation
curve fitting) software.

Zeta potential were determined using a Malvern Zetasizer Nanoseries, Nano-
ZS90.

Scanning electron microscope (SEM) micrograms were obtained using a JOEL
JSM 840 scanning electron microscope.

Energy-dispersive X-ray spectrometer (EDX, INCA PENTA FET coupled with
VAGA TESCAM operated at 20 kV) was used for elemental composition.
Time-of-flight-secondary ion mass spectrometer (ToF-SIMS) data were
recorded with an ION TOF GmbH TOF SIMS 5-100 run in a micro-raster mode.
Thermal decomposition profiles of all compounds were recorded using Perkin
Elmer TGA 8000 Thermogravimetric Analyzer, purged with nitrogen.
Micrometrics ASAP 2020 Surface Area and Porosity Analyzer was employed
for nitrogen adsorption/desorption isotherm.

X-ray Photoelectron Spectroscopy (XPS) analysis was done using an AXIS
Ultra DLD, with Al (monochromatic) anode equipped with a charge neutralizer,
supplied by Kratos Analytical.

The optical densities of microbial culture were determined using the

LEDETECT 96 from LABXIM PRODUCTS.
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xxii. PRO VSM-3 Labplus Vortex mixer and HERMLE Z233M-2 centrifuge from
LASIEC were used to mix the microbial solution.

xxiii. ~ Scan 500 Automatic Colony Counter (Healthcare Technologies) was used for
colony counting.

xxiv.  The fluorescence intensity for the uptake studies were measured using
CLARIOstar plus microplate reader from BMG Labtech.

xxv. A thermostatic oven was used to harvest the microbial cells.

xxvi.  The pH values were measured using Metrohm Swiss 827 pH meter.

2.3 Syntheses

2.3.1 Syntheses of phthalonitriles
Three phthalonitriles (3- or 4-morpholinophthalonitrile and 2-((3,4-dicyanophenyl)thio)-
N-methylbenzothiazolium iodide) are reported for the first time and their synthetics

details are provided in this section.

Synthesis of 3-Morpholinophthalonitrile (iii) or 4-Morpholinophthalonitrile (iv) —
Scheme 3.1

3-Nitrophthalonitrile or 4-nitrophthalonitrile (1.97 g, 10 mmol) and morpholine (3.9 g,
45 mmol) were dissolved in dry DMF (25 mL) and reacted with anhydrous Na2COs
(3.12 g, 30 mmol). The mixture was stirred at 100 °C, for 18 h under inert conditions,
using an oil bath to maintain the temperature. The products were precipitated using
water, and the vyellow precipitates formed were filtered under vacuum and
recrystallized with methanol. The crude products were purified further by column
chromatography using alumina and eluting with ethyl acetate. Both compounds are
soluble in most organic compounds (DMF, DMSO, methanol, ethyl acetate, DCM,

chloroform and THF).
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3-Morpholinophthalonitrile (iii) - Yield: 22.78 % (0.56 g). FTIR (Attenuated Total
Reflectance, ATR), v/icm™': 2967 (C-H), 2907 (CH2), 2869 (CH2), 2218 (C=N), 1597,
1512 (C=C),1255, 1179, 1099 (C-O), 1038, 957, 866, 809, 723 (C-C). Elemental
analysis: calc (%) for C12H11N3O: C, 67.59 %; H, 5.20 %; N, 19.71 %, Found: C 67.68
%; H, 4.61 %; N, 19.74 %; '"H NMR (600 MHz, CDCl3): d (ppm) 7.49 (d, J = 8.6 Hz,
1H), 7.14 (d, J = 7.6 Hz, 1H), 7.07-7.03 (m, 1H), 3.79 (d, J = 3.6 Hz, 4H, CH2), 3.26
(d, J=3.3Hz, 4H, CH2). MS (MALDI-TOF): m/z cald =213.09, found =214.10

[M+1H]".

4-Morpholinophthalonitrile (iv) - Yield: 48.56 % (1.18 g). FTIR (ATR), v/cm': 3109
(C-H), 2909 (CH2), 2864 (CH2), 2221 (C=N), 1592, 1507 (C=C),1257, 1179, 1110 (C-
0), 1037, 951, 863, 817, 718 (C-C). Elemental analysis: calc (%) for C12H11N3O: C,
67.59 %; H, 5.20 %; N, 19.71 %, Found: C 67.61 %; H, 4.98 %; N, 19.75 %; '"H NMR
(600 MHz, CDCls): & (ppm) 7.60 (d, J = 8.0 Hz,1H), 7.15 (d, J = 8.1 Hz, 1H), 7.05-7.02
(m, 1H), 3.88 (d, J=3.4 Hz, 4H, CH2), 3.35 (d, J = 3.4Hz, 4H, CH2). MS (MALDI-

TOF): m/z cald =213.09, found =214.11 [M+1H]".

Synthesis of 2-((3,4-dicyanophenyl)thio)-N-methylbenzothiazolium iodide (v) —
Scheme 3.1

A mixture of 4-(benzo[d]thiazol-2-ylthio)phthalonitrile (i, 1.0 g, 3.4 mmol) and methyl
iodide (0.7 g, 5.1 mmol) in DMF (10 mL) was heated to reflux with stirring at 120 °C
for 5 h. This was followed by precipitation using hexane, filtering under reduced
pressure and recrystalization with methanol. The faint yellow precipitate was air dried.
Yield: 59.5 % (0.88 g), FTIR (ATR) v/cm™: 2950, 2944 (Ar-H), 2231 (C=N), 1585
(C=N), 1426 (Ar C=C), 1281 (CH3), 1233 (C-S), 1050 (Ar C-H), 785 (C-S). Elemental
Analysis: calc (%) for C16H10N3S2*: C, 62.31 %; H, 3.27 %; N, 13.63 %; S, 20.79 %;
found: C, 62.01 %; H, 3.09 %; N = 13.89 %; S = 21.22 %. '"H NMR (DMSO-ds, 400
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NMR & (ppm) 8.40 (d, J = 8.2 Hz, 2H, Ar-H), 8.20 (d, J = 8.5 Hz, 1H, Ar-H), 7.85 (t, 8.5

Hz, 2H, Ar-H), 7.74 (t, 8.2 Hz, 2H, Ar-H), 4.12 (s, 3H, CH3).

2.3.2 Syntheses of phthalocyanines

The preparation of seven new phthalocyanines is detailed below.

2.3.2.1 Synthesis of morpholino phthalocyanines (1 and 2) - Scheme 3.2

For 1-H2 and 2-Hz2; 3-morpholinophthalonitrile (iii) and 4-morpholinophthalonitrile (iv)
(0.20 g, 0.94 mmol) were each mixed with 5 mL of 1- pentanol and DBU (0.25 mL),
followed by stirring for 20 min at 360 °C. The products were precipitated with dilute
HCI. The green products were filtered and further washed with water, methanol, and
acetonitrile. The products were further purified by column chromatography with silica
gel and eluting with chloroform. Both complexes (1-Hz and 2-Hz2) are soluble in CHCls,

THF, DCM, DMF and partially in DMSO.

The metalated derivatives, 1-Zn, 1-In, 2-Zn, and 2-In were prepared as follows;
compounds iii or iv (0.30 g, 1.4 mmol) and 0.35 mmol of metal salt (0.097 g Zn(OAc)2
and 0.12 g InCl3) were mixed in 3 mL of dry 1-pentanol and 0.1 mL DBU. The mixtures
were stirred for 8 h at 138 °C. The products were precipitated with 1:1 methanol: H20,
filtered and washed with acetonitrile. The products were further purified by column
chromatography with silica gel and eluting with chloroform. All the complexes were

soluble in CHCIs, THF, DCM, DMF and DMSO.

Quaternization of 1-Zn, 1-In, 2-Zn, and 2-In to form 1-ZnQ, 1-InQ, 2-ZnQ, and 2-InQ
was as follows; Complexes 1-Zn, 2-Zn (0.010 g, 0.011 mmol) or 1-ln and 2-In (0.010
g, 0.0099 mmol) and 5.05 mmol of dimethyl sulphate were mixed in 3 mL of dry DMF,

followed by stirring for 4 h at 155 °C. The products were precipitated with acetone,
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filtered, and washed with chloroform and diethyl ether. All the complexes were soluble

in H20, DMF and DMSO.

1(4),8(11),15(18),22(25)-Tetrakis-(morpholino)phthalocyanine (1-Hz) - Yield: 7.0 %
(0.013 g). UV-vis (dimethylformamide, DMF): Amax (nm) (log €) 323 (4.33), 644 (4.18),
682 (4.27), 745 (4.70), 775 (4.73). FTIR (ATR), v/icm™': 3282 (N-H), 3018 (C-H), 2949
(CHz), 2811 (CH2), 1564 (N-H), 1485 (C=C),1309, 1222, 1107 (C-0O), 1022, 963, 864,
799, 736 (C-C). Elemental analysis: calc (%) for C4sH4sN1204: C, 67.43 %; H, 5.42 %,;
N, 19.66 %; Found: C, 66.94 %; H, 5.08 %; N, 19.51 %; '"H NMR (600 MHz, CDCls3): &
(ppm) 8.98 (s, 2H, NH), 7.78 (s, 4H, Ar-H) 7.26 (dd, J = 8.5, 1.2 Hz, 8H, Ar-H), 4.20
(d, J=5.7 Hz, 16H, CH2), 3.48 (d, J = 5.6 Hz, 16H, CH2). MS (MALDI-TOF): m/z cald

=854.38, found =855.12 [M+1HJ*.

2(3),9(10),16(17),23(24)-Tetrakis-(morpholino)phthalocyanine (2-Hz) - Yield: 12.0
% (0.023 g). UV—vis (dimethylformamide, DMF): Amax (nm) (log €) 346 (4.42), 634
(4.38), 658 (4.41), 709 (4.58), 739 (4.62). FTIR ( ATR), v/cm™': 3280 (N-H), 3104 (C-
H), 2899 (CH2), 2804 (CH2), 1557 (N-H), 1473 (C=C),1311, 1199, 1102 (C-0O), 1032,
947, 804, 781, 731 (C-C). Elemental analysis: calc (%) for C4sH4eN1204: C, 67.43 %;
H, 5.42 %; N, 19.66 %; Found: C, 67.34 %; H, 5.09 %; N, 18.26 %; "H NMR (600 MHz,
CDCls): 8 (ppm) 9.02 (s, 2H, NH), 8.24 (s, 4H, Ar-H), 7.70 (dd, J = 8.9, 1.1 Hz, 8H, Ar-
H), 3.79 (d, J=4.7 Hz 16H, CH2), 3.26 (d, J=5.0 Hz 16H, CH2). MS (MALDI-

TOF): m/z cald =854.38, found =855.99 [M+2H]".

1(4),8(11),15(18),22(25)-Tetrakis-(morpholino)phthalocyaninoto zinc(ll) (1-Zn) -
Yield: 23.0 % (0.05 g). UV-vis (dimethyl sulfoxide, DMSO): Amax (nm) (log €) 340
(4.53),682 (4.21), 747 (4.96). FTIR (ATR), v/cm': 3189 (CH), 2910 (CH2), 2837 (CH>),

1601 (C=C),1309, 1220, 1094 (C-O), 1019, 946, 879, 810, 734 (C-C). Elemental
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analysis: calc (%) for CasH44N1204Zn: C, 62.78 %; H, 4.83 %; N, 18.30 %; Found: C,
63.34 %; H, 4.09 %; N, 18.26 %; "H NMR (600 MHz, CDCI3): & (ppm) 7.60 (s, 4H, Ar-
H), 7.06-6.93 (m, 8H, Ar-H), 3.83 (d, J = 6.2 Hz, 16H, CH2), 3.36 (d, J = 5.9 Hz, 16H,

CHz). MS (MALDI-TOF): m/z cald =916.29, found =916.26 [M]*.

1(4),8(11),15(18),22(25)-Tetrakis-(morpholino)phthalocyaninoto indium(lll)
chloride (1-In) - Yield: 19.8 % (0.043 g). UV—-vis (DMSO): Amax (nm) (log €) 366 (4.08),
396 (3.94), 765 (4.71). FTIR (ATR), v/cm™': 3011 (C-H), 2948 (CHz2), 2849 (CH), 1493
(C=C),1330, 1225, 1104 (C-0O), 1058, 985, 892, 777, 734 (C-C). Elemental analysis:
calc (%) for C4sH44ClINN1204: C, 57.47 %; H, 4.42%; N, 16.75 %; Found: C, 56.83 %;
H, 4.18 %; N, 16.32 %; '"H NMR (600 MHz, CDCls3): & (ppm) 8.92 (s, 4H, Ar-H), 8.25-
7.20 (m, 8H, Ar-H), 4.00 (d, J = 5.7 Hz, 16H, CH2), 3.22 (d, J = 5.6 Hz, 16H, CH2). MS

(MALDI-TOF): m/z cald =1002.23, found =1002.49 [M]*.

2(3),9(10),16(17),23(24)-Tetrakis-(morpholino)phthalocyaninoto zinc(ll) (2-Zn) -
Yield: 42.8 % (0.093 g). UV—-vis (dimethyl sulfoxide, DMSO): Amax (hm) (log €) 364
(4.13), 644 (3.94), 717 (4.78). FTIR (ATR), v/cm™: 3175 (CH), 2906 (CH), 2824
(CHz2), 1608 (C=C),1298, 1214, 1102 (C-O), 1020, 952, 869, 808, 729 (C-C).
Elemental analysis: calc (%) for C4sH44N1204Zn: C, 62.78 %; H, 4.83 %; N, 18.30 %;
Found: C 62.94 %; H, 4.078 %; N, 18.81 %; "H NMR (600 MHz, CDClI3): & (ppm) 7.71
(s, 4H, Ar-H), 6.92-6.72 (m, 8H, Ar-H), 3.76 (d, J=5.3 Hz, 16H, CHz), 1.85 (d,

J=15.0 Hz, 16H, CH2). MS (MALDI-TOF): m/z cald =916.29, found =916.26 [M]*.

2(3),9(10),16(17),23(24)-Tetrakis-(morpholino)phthalocyaninoto indium(ll)
chloride (2-In) - Yield: 40.0 % (0.087 g). UV—vis (DMSO): Amax (nm) (log €) 363 (3.98),
665 (3.75), 736 (4.68). FTIR (ATR), v/cm™': 3023 (C-H), 2909 (CH2), 2823 (CHz2), 1510

(C=C),1396, 1198, 1108 (C-O), 1078, 962, 871, 762, 727 (C-C). Elemental analysis:
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calc (%) for CasH44ClInN1204: C, 57.47 %; H, 4.42 %; N, 16.75 %; Found: C, 57.27 %;
H, 4.34 %; N, 16.02 %; '"H NMR (600 MHz, CDCI3): & (ppm) 7.75 (s, 4H, Ar-H), 7.62-
7.58 (m, 8H, Ar-H), 4.25 (d, J = 5.7 Hz, 16H, CH2), 3.90 (d, J = 5.3 Hz,16H, CH2). MS

(MALDI-TOF): m/z cald =1002.23, found =1002.89 [M]*.

1(4),8(11),15(18),22(25)-Tetrakis-(N-methylmorpholino)phthalocyaninoto zinc(ll)
(1-ZnQ) - Yield: 34.0 % (0.003 g). UV—vis (DMSO): Amax (nm) (log €) 352 (4.84), 614
(4.53), 678 (5.20). FTIR (ATR), v/cm™: 3042 (CH), 2923 (CH), 1608 (C=C),1329,
1173, 1100 (C-O), 1041, 912, 850, 746 (C-C). Elemental analysis: calc (%) for
Cs2H56N12020S4Zn: C, 45.83 %; H, 4.14 %; N, 12.33 %; S, 9.41 %; Found: C, 43.14
%; H, 4.52 %; N, 11.55 %; 9.72 %; 'H NMR (600 MHz, D20): d (ppm) 9.83 (s, 4H, Ar-
H), 9.35-8.41 (m, 8H, Ar-H), 4.58-4.50 (m, 16H, CH2), 4.28 (d, J = 6.2 Hz 16H, CH>),

2.18 (s, 12H, CHa).

1(4),8(11),15(18),22(25)-Tetrakis-(N-methylmorpholino)phthalocyaninoto

indium(lll) (1-InQ) - Yield: 27.0 % (0.003 g). UV—vis (DMSO): Amax (nm) (log €) 353
(4.51), 621 (4.17), 689 (4.90). FTIR (ATR), v/cm™: 3042 (CH), 2923 (CH2), 1608
(C=C),1329, 1173, 1100 (C-0), 913, 861, 745 (C-C). Elemental analysis: calc (%) for
Cs2H56ClINN12020S4: C, 43.15 %; H, 3.90 %; N, 11.61 %; S, 8.86 %; Found: C, 44.03
%; H, 4.02 %; N, 11.89 %; S, 9.06 %; "H NMR (600 MHz, D20): & (ppm) 9.95 (s, 4H,
Ar-H), 9.61-9.35 (m, 4H, Ar-H), 8.74-8.51 (m, 4H, Ar-H), 4.73-4.58 (m, 16H, CH2), 4.29

(d, J = 5.4 Hz 16H, CH2), 3.64 (s, 12H, CHa).

2(3),9(10),16(17),23(24)-Tetrakis-(N-methylmorpholino)phthalocyaninoto zinc(ll)
(2-ZnQ) - Yield: 52.0 % (0.005 g). UV—-vis (DMSO): Amax (nm) (log €) 343 (4.98), 610
(4.64), 673 (5.33). FTIR (ATR), v/cm™: 3038 (CH), 2919 (CH2), 1598 (C=C),1317,

1181, 1201 (C-O), 1001, 888, 832, 768 (C-C). Elemental analysis: calc (%) for
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Cs2Hs6N12020S4Zn: C, 45.83 %; H, 4.14 %; N, 12.33 %: S, 9.41 %; Found: C, 44.78
%: H, 4.07 %: N, 11.92 %: S, 9.35 %; 'H NMR (600 MHz, D20): & (ppm) 9.89 (s, 4H,
Ar-H), 8.51-8.07 (m, 8H, Ar-H), 4.34-4.27 (m, 16H, CHz), 4.05 (d, J = 4.0 Hz 16H,

CHa), 3.88 (s, 12H, CHa).

2(3),9(10),16(17),23(24)-Tetrakis-(N-methylmorpholino)phthalocyaninoto

indium(lll) chloride (2-InQ) - Yield: 27.0 % (0.003 g). UV-vis (DMSO): Amax (nm) (log
€) 356 (4.72), 616 (4.46), 684 (5.11). FTIR (ATR), v/icm™: 3039 (CH), 2927 (CH2),
1617 (C=C),1334, 1197, 1008 (C-0O), 938, 817, 739 (C-C). Elemental analysis: calc
(%) for Cs2H56CIINN12020S4: C, 43.15 %; H, 3.90 %; N, 11.61 %; S, 8.86 %; Found: C,
43.65 %; H, 4.11 %; N, 11.73 %; S, 9.07 %; '"H NMR (600 MHz, D20): & (ppm) 9.63
(s, 4H, Ar-H), ), 9.45-9.27 (m, 4H, Ar-H), 9.03-8.78 (m, 4H, Ar-H), 4.52-4.41 (m, 16H,

CHz), 4.33 (d, J = 5.5 Hz 16H, CHz), 3.22 (s, 12H, CHa).

2.3.2.2 Synthesis of Schiff base morpholino phthalocyanines (3) — Scheme 3.3

The general procedure for the synthesis of neutral Schiff base morpholino
phthalocyanines (3-Zn and 3-In) is as follows: tetrakis[4-
formylphenoxy]phthalocyaninato zinc(ll) (A) [165] (0.2 g, 0.189 mmol) or tetrakis[4-
formylphenoxy]phthalocyaninato indium(lIl) (B) [166] (0.2 g, 0.175 mmol) were added
separately to dry tetrahydrofuran (THF, 20 mL). The precursor (4-(2-
aminoethyl)morpholine, 4.4 eq) was added to the mixture, followed by stirring under
reflux for 24 h. Thereafter, the mixtures were precipitated with ethanol, and the green

products were washed with methanol and ethanol.
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Quaternization of 3-Zn and 3-In to from 3-ZnQ and 3-InQ was as follows: Complex 3-
Zn (0.060 g; 0.040 mmol) and 3-In (0.038 mmol) were separately mixed with methyl
iodide (10 eq.) in dry dimethyl formamide (DMF, 5 mL). The mixtures were stirred in
the dark for 4 h at 120 °C under inert conditions. The reaction mixtures were cooled to
room temperature and precipitated with acetone and washed with diethyl ether. The
solid products were separated by centrifugation and further washed with

dichloromethane, and acetone and then air dried.

2(3),9(10),16(17),23(24)-Tetrakis(4-phenoxy(((2-

(morpholino)ethyl)imino)methyl)) phthalocyaninato zinc (ll) (3-Zn) - Yield: 31.6 %
(0.09 g). UV—vis (DMSO): Amax (nm) (log €) 360 (4.08), 623 (3.86), 692 (4.74). FTIR
(ATR), v/cm: 3058 (C-H), 2991, 2896 (Aliph. C-H), 1650 (C=N), 1600 (C=C), 1448,
1368 (C-N), 1269 (Asym. C-0O), 1164 (C-N), 1092 (C-O-C), 1049 (Sym. C-O), 862
(C=C). Elemental analysis: calc (%) for Cs4HsoN160sZn: C 66.95 %; H 5.35 %; N 14.87
%, Found: C 66.09 %; H 4.62 %; N 14.27 %; "H NMR (600 MHz, DMSO-ds): & (ppm)
9.38 (s, 2H, -CH=N), 9.32 (s, 2H, -CH=N), 9.17 (d, J = 7.4 Hz, 8H, Ar-H), 9.12 - 9.04
(m, 4H, Ar-H), 8.80 — 8.67 (m, 4H, Ar-H), 8.17 (d, J = 9.3 Hz, 6H, Ar-H), ), 7.79 — 7.67
(m, 6H, Ar-H), 3.99 — 3.92 (m, 16H, Aliph-H) 3.66 -3.59 (m, 16H, morpholine ring-H),
1.48 - 1.32 (m, 16H, morpholine ring-H). MS (MALDI-TOF): m/z cald =1504.56, found

=1505.07 [M]*.

2(3),9(10),16(17),23(24)-Tetrakis(4-phenoxy(((2-

(morpholino)ethyl)imino)methyl))phthalocyaninato indium (lll) chloride (3-In) -
Yield: 46.7 % (0.13 g). UV—vis (DMSQ): Amax (nm) (log €) 356 (4.10), 635 (3.66), 698
(4.69). FTIR (ATR), v/icm™ 3069 (C-H), 2919, 2853 (Aliph. C-H), 1652 (C=N), 1598
(C=C), 1460, 1395 (C-N), 1227 (Asym. C-0O), 1132 (C-N), 1078 (C-O-C), 1030 (Sym.
C-0), 821 (C=C).Elemental analysis: calcd (%) for CsaHsoClInN16Os: C 63.38 %; H
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5.07 %; N 14.08 %, Found: C 62.60 %; H 5.34 %; N 13.65 %; 'H NMR (600 MHz,
DMSO-ds): & (ppm) 8.09 (s, 1H, -CH=N), 8.00 (s, 3H, -CH=N), 7.77 (dd, J=8.2, 6.1
Hz, 8H, Ar-H), 7.65 — 7.59 (m, 6H, Ar-H), 7.29 (dd, J = 8.7, 2.4 Hz, 4H, Ar-H), 7.17 —
7.11 (m, 6H, Ar-H), 6.78 (d, J = 8.4 Hz, 4H, Ar-H), 3.83 — 3.22 (m, 16H, Aliph-H), 3.38
- 3.22 (m, 16H, morpholine ring-H), 3.11 (d, J = 4.8 Hz, 16H, morpholine ring-H).MS

(MALDI-TOF): m/z cald =1590.51, found =1555.29 [M-CI]".

2(3),9(10),16(17),23(24)-Tetrakis(4-phenoxy(((2-(N-methylmorpholino)ethyl)-

imino)methyl))phthalocyaninato zinc (ll) (3-ZnQ) - Yield: 76.3% (0.063 g). UV-vis
(DMSO): Amax (nm) (log €) 361 (4.82), 612 (4.48), 680 (5.20). FTIR (ATR), v/cm™" 3042
(C-H), 2991, 2907 (Aliph. C-H), 1664 (C=N), 1604 (C=C), 1442, 1372 (C-N), 1232
(Asym. C-0O), 1102 (C-N), 1090 (C-O-C), 1052 (Sym. C-O), 881 (C=C). Elemental
analysis: calcd (%) for CssHo214N160sZn: C 50.94 %; H 4.47 %; N 10.80 %, Found: C
49.59 %; H 4.08 %; N 10.92 %; 'H NMR (600 MHz, DMSO-ds): d (ppm) 9.35 (s, 4H, -
CH=N), .54 - 8.03 (m, 12H, Ar-H), 7.78 - 7.22 (m, 16H, Ar-H), 3.84 - 3.73 (m, 16H,
Aliph-H), 2.78 (s, 12H, CH3), 2.04 - 1.91 (m, 16H, morpholine ring-H), 1.31 (d, J =6.3
Hz, 16H, morpholine ring-H). MS (MALDI-TOF): m/z cald =391.41, found =390.73

[M]**.

2(3),9(10),16(17),23(24)-Tetrakis(4-phenoxy(((2-(N-methylmorpholino)ethyl)-

imino)methyl))phthalocyaninato indium (lll) chloride (3-InQ) - Yield: 95.8%
(0.078 g). UV-vis (DMSO): Amax (nm) (log €) 365 (4.74), 619 (4.44), 690 (5.06). FTIR
(ATR), v/icm™: 3069 (C-H), 2925, 2853 (Aliph. C-H) 1646 (C=N), 1605 (C=C), 1455,
1395 (C-N), 1233 (Asym. C-0O), 1132 (C-N), 1084 (C-O-C), 1066 (Sym. C-O), 892
(C=C). Elemental analysis: calcd (%) for CssHg2CllainN16Os: C 48.94 %; H 4.29 %; N
10.38 %, Found: C 49.47 %; H 3.51 %; N 9.75 %; '"H NMR (600 MHz, DMSO-ds): &
(ppm) 9.33 (s, 4H, -CH=N), 8.60 — 7.62 (m, 16H, Ar-H), 7.35 — 6.76 (m, 12H, Ar-H),
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3.86 - 3.73 (m, 16H, Aliph-H), 2.77 (s, 12H, CH3), 2.03 (d, J = 8.2 Hz, 16H, morpholine
ring-H), 1.44 - 1.10 (m, 16H, morpholine ring-H). MS (MALDI-TOF): m/z cald =412.55,

found = 414.44 [M+1H]*.

2.3.2.3 Syntheses of Schiff base pyrrolidine phthalocyanines (4 and 5) — Scheme
34

The synthesis of neutral phthalocyanines 4-Zn, 4-In, 5-Zn, and 5-In was completed as
follows; complex A (0.2 g, 0.189 mmol) or complex B (0.2 g, 0.175 mmol) were added
separately to dry tetrahydrofuran (THF, 20 mL) containing the precursors (1-(2-
aminoethyl)pyrrolidine or 1-(3-aminopropyl)pyrrolidine, 4.5 eq). The mixtures were
stirred under reflux for 24 h. After cooling, the resulting mixtures were precipitated out

with ethanol, and the crude solid was washed with methanol and ethanol.

Quaternization for 4-ZnQ, 4-InQ, 5-ZnQ, and 5-InQ was done as follows; the
metallophthalocyanine (0.060g; 0.042 mmol for 4-Zn, 0.039 mmol for 4-In, 0.040
mmol for 5-Zn and 0.038 mmol for 5-In) and methyl iodide (10 eq.) were mixed in 5 mL
of dry dimethylformamide (DMF). The mixtures were stirred in the dark for4 hat 120 °C
under inert conditions. The reaction mixtures were cooled to room temperature and
precipitated and washed with diethyl ether. The solid products were separated by

centrifugation, washed with dichloromethane, and then air dried.

2(3),9(10),16(17),23(24)-Tetrakis(4-phenoxy(((2-(pyrrolidin-1-yl)ethyl)imino)

methyl))phthalocyaninato zinc (ll) (4-Zn) - Yield: 48.1 % (0.13 g). UV—vis (DMSO):
Amax (nm) (log €) 362 (4.68), 615 (4.29), 681 (4.88). FTIR (ATR), v/icm": 3092 (Ar C-
H), 2924 (Aliph. C-H), 2884 (Aliph. C-H), 1653 (C=N), 1598 (C=C), 1475-1393 (C-C),
1229 (Asymm. Ar-O), 1163 (C-N), 1088 (C-N), 1037 (Symm. Ar-O), 830. Elemental

analysis: calc (%) for CsaHsoN1604Zn: C 69.92 %; H 5.59 %; N 15.53 %, Found: C
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69.64 %; H 4.70 %; N 14.68 %; 'H NMR (600 MHz, DMSO-ds): & (ppm) 9.37 (s, 2H, -
CH=N), 9.30 (s, 2H, -CH=N), 8.88 - 8.67 (m, 4H, Ar-H), 8.12-7.73 (m, 8H, Ar-H), 7.56
—7.31 (m, 16H, Ar-H), 2.88 - 2.73 (m, 8H, Aliph-H), 2.46 - 2.19 (m, 24H, pyrrolidone
ring-H and Aliph-H), 1.78 (d, J = 7.9 Hz,16H, pyrrolidone ring-H). MS (MALDI-

TOF): m/z calc =1440.58, found =1440.86 [M]".

2(3),9(10),16(17),23(24)-Tetrakis(4-phenoxy(((2-(pyrrolidin-1-yl)ethyl)imino)

methyl))phthalocyaninato indium(lll) chloride (4-In) - Yield: 37.4 % (0.10 g). UV-
vis (DMSO): Amax (nm) (log €) 357 (4.66), 627 (4.34), 696 (4.84). FTIR (ATR), v/icm™:
3009 (Ar C-H), 2961 (Aliph. C-H), 2884 (Aliph. C-H), 1658 (C=N), 1597 (C=C), 1472—
1396 (C-C), 1231 (Asymm. Ar-O), 1163 (C-N), 1087 (C-N), 1046 (Symm. Ar-O), 833.
Elemental analysis: calc (%) for Cs4aHsoClInN16O4: C 66.03 %; H 5.28 %; N 14.67 %,
Found: C 65.03 %; H 5.03 %; N 13.62 %; "H NMR (600 MHz, DMSO-ds): d (ppm) 9.27
(s, 2H, -CH=N), 8.84 (s, 2H, -CH=N), 8.14 - 7.82 (m, 12H, Ar-H), 7.62-7.35 (m, 16H,
Ar-H), 4.59 (d, J = 8.3 Hz, 8H, Aliph-H), 1.28 (d, J = 4.7 Hz, 16H, pyrrolidone ring-H)
1.13 - 1.04 (m, 8H, Aliph-H), 0.96 - 0.67(m, 16H, pyrrolidone ring-H). MS (MALDI-

TOF): m/z calc =1526.5, found =1527.36 [M]*, 1492.22 [M-CI]*.
2(3),9(10),16(17),23(24)-Tetrakis(4-phenoxy(((3-(pyrrolidin-1-yl)propyl)imino)

methyl))phthalocyaninato zinc(ll) (5-Zn) - Yield: 38.8 % (0.11 g). UV-vis (DMSO):
Amax (nm) (log €) 346 (4.58), 614 (4.32), 682 (4.96). FTIR (ATR), v/icm': 3085 (Ar C-
H), 2918 (Aliph. C-H), 2853 (Aliph. C-H), 1655 (C=N), 1592 (C=C), 1466—-1388 (C-C),
1225 (Asymm. Ar-O), 1161 (C-N), 1085 (C-N), 1039 (Symm. Ar-O), 825. Elemental
analysis: calc (%) for CssHssN1604Zn: C 70.50 %; H 5.92 %; N 14.95 %, Found: C
69.07 %; H 5.06 %; N 14.28 %; "H NMR (600 MHz, DMSO-ds): 5 (ppm) 9.36 (s, 2H, -

CH=N), 8.78 (s, 2H, -CH=N), 7.89 (d, J = 12.2 Hz, 12H, Ar-H), 7.65 - 7.30 (m, 16H,
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Ar-H), 4.62 (d, J = 6.0 Hz, 8H, Aliph-H), 2.01 — 1.86 (m, 8H, Aliph-H 1.75-1.65 (m,
16H, pyrrolidone ring-H), 1.29 (dd, J = 4.2, 3.8 Hz, 16H, pyrrolidone ring-H), 0.93-0.83

(m, 8H, Aliph-H). MS (MALDI-TOF): m/z calc =1496.65, found =1496.14 [M]".
2(3),9(10),16(17),23(24)-Tetrakis(4-phenoxy(((3-(pyrrolidin-1-yl)propyl)imino)

methyl))phthalocyaninato indium(lll) chloride (5-In) - Yield: 43.3% (0.12 g). UV-
vis (DMSO): Amax (nm) (log €) 358 (4.68), 623 (4.36), 697 (4.82). FTIR (ATR), v/icm™:
3092 (Ar C-H), 2927 (Aliph. C-H), 2860 (Aliph. C-H), 1655 (C=N), 1593 (C=C), 1468—
1393 (C-C), 1226 (Asymm. Ar-O), 1162 (C-N), 1085 (C-N), 1043 (Symm. Ar-O), 826.
Elemental analysis: calc (%) for CssHssClinN1604: C 66.73 %; H 5.60 %; N 14.15 %,
Found: C 65.47 %; H 5.34 %; N 13.69 %; "H NMR (600 MHz, DMSO-ds): & (ppm) 9.37
(s, 2H, -CH=N), 9.29 (s, 2H, -CH=N 8.90 — 8.63 (m, 4H, Ar-H), 7.89 — 7.80 (m, 8H, Ar-
H), 7.55 —7.30 (m, 16H, Ar-H), 4.66 - 4.42 (m, 8H, Aliph-H), 2.82 - 2.73 (m, 8H, Aliph-
H), 1.87 —1.74 (m, 16H, pyrrolidone ring-H), 1.29 (dd, J = 4.8,1.0 Hz, 16H, pyrrolidone
ring-H), 0.97-0.80 (m, 8H, Aliph-H). MS (MALDI-TOF): m/z calc =1582.59, found

=1547.47 [M-CI]*,1582.29 [M]".

2(3),9(10),16(17),23(24)-Tetrakis(4-phenoxy(((2-(N-methylpyrrolidin-1-

yl)ethyl)imino)methyl))phthalocyaninato zinc(ll) (4-ZnQ) - Yield: 85.3 % (0.072 g).
UV-vis (DMSO): Amax (nm) (log €) 357 (4.52), 614 (4.28), 678 (4.79). FTIR (ATR), v/icm~
1:3104 (Ar C-H), 2961 (Aliph. C-H), 2924 (Aliph. C-H), 1655 (C=N), 1603 (C=C), 1466—
1386 (C-C), 1234 (Asymm. Ar-O), 1163 (C-N), 1091 (C-N), 1028 (Symm. Ar-O), 832.
Elemental analysis: calc (%) for CssHg214aN1604Zn: C 52.53 %; H 4.61 %; N 11.15 %,
Found: C 51.84 %; H 5.45 %; N 11.31 %; "H NMR (600 MHz, DMSO-ds): d (ppm) 9.36
(s, 2H, -CH=N), 9.28 (s, 2H, -CH=N 8.91 — 8.65 (m, 6H, Ar-H), 7.81 (dd, J=10.2,

5.9 Hz, 8H, Ar-H), 7.64 — 7.24 (m, 14H, Ar-H), 3.57 (s, 12H, -CHa3), 2.81 (d, J = 4.5 Hz,
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8H, Aliph-H), 2.38 (t, J = 6.6 Hz, 24H, pyrrolidone ring-H and Aliph-H), 1.78
(dd, J=6.2, 1.2 Hz, 16H, pyrrolidone ring-H). MS (MALDI-TOF): m/z calc =375.17,

found =373.54 [M-H]**.

2(3),9(10),16(17),23(24)-Tetrakis(4-phenoxy(((2-(N-methylpyrrolidin-1-

yl)ethyl)imino)methyl))phthalocyaninato indium(lll) chloride (4-InQ) - Yield: 93.1
% (0.075 g). UV—vis (DMSO): Amax (nm) (log €) 360 (4.71), 627 (4.38), 691 (4.88). FTIR
(ATR), v/icm™: 3114 (Ar C-H), 2948 (Aliph. C-H), 2898 (Aliph. C-H), 1656 (C=N), 1589
(C=C), 1474-1396 (C-C), 1231 (Asymm. Ar-O), 1148 (C-N), 1098 (C-N), 1044 (Symm.
Ar-O), 846.Elemental analysis: calc (%) for CssHo2Cll4InN1604: C 50.44 %; H 4.43 %;
N 10.69 %, Found: C 50.08 %; H 3.46 %; N 10.59 %; 'H NMR (600 MHz, DMSO-ds):
o (ppm) 9.34 (s, 3H, -CH=N), 8.83 (s, 1H, -CH=N 8.07 - 7.84 (m, 12H, Ar-H), 7.63 -
7.37 (m, 16H, Ar-H), 4.75 - 4.45 (m, 8H, Aliph-H), 2.30 (s, 12H, CHs), 1.80 (t, J=5.8
Hz, 8H, Aliph-H), 1.63 - 1.42 (m, 32H, pyrrolidone ring-H). MS (MALDI-TOF): m/z calc

=396.65, found =361.44 [M-CIJ**, 397.05 [M]**.

2(3),9(10),16(17),23(24)-Tetrakis(4-phenoxy(((3-(N-methylpyrrolidin-1-
yl)propyl)imino)methyl)) phthalocyaninato zinc(ll) (5-ZnQ) - Yield: 822 %
(0.068 g). UV-vis (DMSO): Amax (nm) (log €) 362 (4.59), 614 (4.38), 679 (4.92). FTIR
(ATR), v/icm™': 3104 (Ar C-H), 2955 (Aliph. C-H), 2923 (Aliph. C-H), 1647 (C=N), 1560
(C=C), 1456-1399 (C-C), 1233 (Asymm. Ar-O), 1147 (C-N), 1046 (C-N), 1012 (Symm.
Ar-O), 848. Elemental analysis: calc (%) for Co2H100l4N1604Zn: C 53.46 %; H 4.88 %;
N 10.84 %, Found: C 53.06 %; H 4.08 %; N 10.92 %; 'H NMR (600 MHz, DMSO-ds):
o (ppm) 8.93 (s, 2H, -CH=N), 8.80 (s, 2H, -CH=N), 8.07 - 7.82 (m, 12H, Ar-H), 7.72 -
7.14 (m, 16H, Ar-H), 4.76 - 4.36 (m, 8H, Aliph-H), 2.80 (s, 12H, CH3s), 1.98 — 1.70 (m,
16H, Aliph-H), 1.37 - 1.10 (m, 16H, pyrrolidone ring-H), 0.95 — 0.68 (m, 16H,
pyrrolidone ring-H).MS (MALDI-TOF): m/z calc =389.68, found =389.25 [M]**.
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2(3),9(10),16(17),23(24)-Tetrakis(4-phenoxy(((3-(N-methylpyrrolidin-1-

yl)propyl)imino)methyl))phthalocyaninato indium(lll) chloride (5-InQ) - Yield:
86.8% (0,071 g). UV—vis (DMSO): Amax (nm) (log €) 359 (4.64), 628 (4.31), 691 (4.89).
FTIR (ATR), v/cm': 3108 (Ar C-H), 2954 (Aliph. C-H), 2923 (Aliph. C-H), 1658 (C=N),
1597 (C=C), 1504-1395 (C-C), 1234 (Asymm. Ar-O), 1174 (C-N), 1088 (C-N), 1046
(Symm. Ar-O), 842. Elemental analysis: calc (%) for Co2H100Cll4InN1604: C 51.35 %;
H 4.68 %; N 10.42 %, Found: C 51.82 %; H 3.19 %; N 10.24 %; 'H NMR (600 MHz,
DMSO-ds): & (ppm) 9.36 (s, 2H, -CH=N), 9.29 (s, 2H, -CH=N), 8.88 - 8.69 (m, 4H, Ar-
H), 7.91 (dd, J=8.7, 4.8 Hz, 8H, Ar-H), 7.66 - 7.24 (m, 16H, Ar-H), ), 4.64 (d,
J =5.6 Hz, 8H, Aliph-H), 2.83 - 2.73 (m, 8H, Aliph-H), 2.41 (s, 12H, CH3), 1.68 (d, J =
4.4 Hz, 16H, pyrrolidone ring-H), 1.42 - 1.20 (m, 16H, pyrrolidone ring-H), 0.93 — 0.64

(m, 8H, Aliph-H). MS (MALDI-TOF): m/z calc =410.67, found =412.71 [M+2H]**.

2.3.2.4 General synthesis of tris benzothiazole phthalocyanine (6-Zn, 6-In, 6-ZnQ
and 6-InQ) — Scheme 3.5

The neutral (6-Zn and 6-In) and quaternized (6-ZnQ, 6-InQ) phthalocyanines were
synthesized by a mixed condensation reaction. For neutral Pcs 6-Zn and 6-In, a
mixture of 4-(benzo[d]thiazol-2-ylthio)phthalonitrile (i) (0.40 g, 1.36 mmol), 4-(3,4-
dicyanophenoxy)benzoic acid (ii) (0.0388 g, 0.15 mmol), dry zinc(ll) acetate (0.112 g,
0.5 mmol, for Pc 6-Zn) or indium(lll) chloride (0.113 g, 0.51 mmol, for Pc 6-In) and
DBU (0.5 mL) in 5 mL 1-pentanol was heated at reflux temperature for 12 h under inert
conditions. The neutral Pcs (6-Zn, 6-In) were precipitated in methanol, and the
precipitated products were further washed with methanol and ethyl acetate. Pcs 6-Zn
and 6-In were purified using column chromatography with chloroform:methanol
mixture (9:1, v:v) as an eluent to give green products. The cationic Pcs 6-ZnQ and 6-

InQ were synthesized following the same procedure as 6-Zn and 6-In, but using
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phthalonitriles (v) (0.40 g, 1.30 mmol), (i) (0.0368 g, 0.14 mmol), dry zinc(ll) acetate
(0.107 g, 0.49 mmol, for 6-ZnQ) or indium(lIl) chloride (108 mg, 0.49 mmol for 6-InQ).
The quaternized Pcs (6-ZnQ, 6-InQ) were however precipitated out using acetone, the

products were washed with acetonitrile through centrifugation and then air-dried.

2-(4-carboxyphenoxy)-9(10),16(17),23(24)-tris(benzo[d]thiazol-2-

ylthio)phthalocyaninato zinc(ll) (6-Zn) - Yield: 47.8 % (0.22 g). UV-vis (DMSO):
Amax (nm) (log €) 352 (4.48), 615 (4.16), 683 (5.08). FTIR (ATR), v/icm™: 3393 (O-H
stretch), 2928, 2851 (Ar-H), 1711 (C=0), 1597 (C=N), 1456 (Ar C=C), 1228(C-S), 1089
(Ar C-H), 788 (C-S). Elemental analysis: calc (%) for CeoH20N1103S6Zn.2H20: C 57.85
%; H 2.65 %; N 12.38 %, S 15.42 %, Found: C 57.58 %; H 2.15 %; N 12.40 %; S 15.39
% ; '"H NMR (400 MHz, DMSO-ds): & (ppm) 11.58 (s, 1H), 9.14-8.89 (m, 6H, Ar-H),
8.36 (d, J = 8.7 Hz, 4H, Ar-H), 8.07 (d, J = 6.9 Hz, 4H, Ar-H), 7.96-7.83 (m, 8H, Ar-H),
7.40 (dd, J = 8.9, 3.6 Hz, 6H, Ar-H). MS (MALDI-TOF): m/z calc =1207.01, found

=1208.11 [M+H]*.

2-(4-carboxyphenoxy)-9(10),16(17),23(24)-tris(benzo[d]thiazol-2-

ylthio)phthalocyaninato indium(lll) chloride (6-In) - Yield: 35.7 % (0.18 g). UV-vis
(DMSO): Amax (nm) (log €) 352 (4.48), 615 (4.16), 683 (5.08). FTIR (ATR), v/icm™": 3395
(O-H stretch), 2923, 2853 (Ar-H stretch), 1713 (C=0), 1579 (C=N), 1421 (Ar C=C),
1239 (C-S), 1081 (Ar C-H), 757 (C-S). Elemental analysis: calc (%) for
Ce0H29ClINN1103S6.2H20: C 54.16 %; H 2.48 %; N 11.58 %, S 14.43 %, Found: C
54.59 %; H 2.07 %; N 10.85 %; S 13.33 %; 'H NMR (400 MHz, DMSO-ds): & (ppm)
11.49 (s, 1H), 9.14-8.89 (m, 6H, Ar-H), 8.36 (d, J = 8.7 Hz, 4H, Ar-H), 8.07 (d, J=6.9
Hz, 4H, Ar-H), 7.96-7.83 (m, 8H, Ar-H), 7.40 (dd, J = 8.9, 3.6 Hz, 6H, Ar-H). MS

(MALDI-TOF): m/z calc = 1292.95, found = 1293.05 [M]".
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2-(4-carboxyphenoxy)-9(10),16(17),23(24)-tris(benzo[d]thiazol-2-

ylthio)phthalocyaninato zinc(ll) (6-ZnQ) - Yield: 32.7 % (0.16 g). UV—vis (DMSO):
Amax (nm) (log €) 333 (4.53), 615 (4.35), 682 (5.22). FTIR (ATR), v/cm™": 3408 (O-H
stretch), 2923, 2857 (Ar-H stretch), 1713 (C=0), 1603 (C=N), 1464 (Ar C=C), 1289.8
(CHas), 1228 (C-S), 1087 (Ar C-H), 786.2 (C-S). Elemental analysis: calc (%) for
Ce3H38N1103SelsZn: C 46.27 %; H 2.34 %; N 9.42 %, S 11.76 %, Found: C 46.61 %;
H 1.71 %; N 10.31 %; S 10.35 %; "H NMR (400 MHz, DMSO-ds): d (ppm) 9.40 (dd, J
= 8.0, 5.8 Hz, 5H, Ar-H), 9.17 (dd, J = 6.8, 3.6 Hz, 6H, Ar-H), 8.91-8.90 (m, 5H, Ar-H),
8.23 (dd, J = 6.5, 3.0 Hz, 6H, Ar-H), 7.83 (d, J = 4.4 Hz, 6H, Ar-H), 3.71 (s, 9H, CHs).

MS (MALDI-TOF): m/z calc = 417.36, found = 420.48 [M+3H]>*.

2-(4-carboxyphenoxy)-9(10),16(17),23(24)-tris(benzo[d]thiazol-2-

ylthio)phthalocyaninato indium(lll) chloride (6-InQ) - Yield: 30.4 % (0.17 g). UV—
vis (DMSO): Amax (nm) (log €) 370 (4.49), 625 (4.11), 695 (5.14). FTIR (ATR), vicm™:
3412 (O-H stretch), 2929, 2857 (Ar-H stretch), 1707 (C=0), 1603 (C=N), 1432 (Ar
C=C), 1256 (CHs), 1218 (C-S), 1075 (Ar C-H), 744 (C-S). Elemental analysis: calc (%)
for Ce3H3sCll3sINN1103Se: C 43.98 %; H 2.23 %; N 8.96 %, S 11.18 %, Found: C 43.09
%; H2.70 %; N 9.49 %; S 10.74 %; '"H NMR (400 MHz, DMSO-ds): & (ppm) 8.57 (d, J
= 3.5 Hz, 3H, Ar-H 8.24-8.20 (m, 8H, Ar-H), 8.10 (d, J = 5.8 Hz, 4H, Ar-H), 7.98 (d, J
= 6.1 Hz, 4H, Ar-H), 7.56-7.54 (m, 4H, Ar-H), 7.48 (t, J = 6.0 Hz, 5H, Ar-H), 3.39 (s,

9H, CHz3). MS (MALDI-TOF): m/z calc = 446.01, found = 446.07 [M]>*.
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2.3.2.5 General synthesis procedure of the tris morpholino phthalocyanines (7)
— Scheme 3.6

Neutral tris morpholino phthalocyanines 7-Zn and 7-In were synthesized as follows; in
two separate round bottomed flasks, phthalonitriles (ii) (0.2 g, 0.94 mmol)
and (v) (0.058 g, 0.22 mmol) were dissolved in n-pentanol (3 mL). The temperature of
the mixtures was increased to 90 °C, followed by stirring for 30 min. InCls, (0.046 g,
0.36 mmol) and Zn(OAc)2, (0.066 g, 0.36 mmol) were added separately to each flask
together with DBU (0.3 mL, 2 mmol). The reaction mixtures were stirred for 8 h at 138
°C under inert conditions. The mixtures were then cooled to room temperature and
poured into a water: methanol mixture (1:1, v:v). The precipitates were filtered and air-
dried. Purification of the green crude products was achieved by column
chromatography using silica gel as the stationary phase (mobile phase:

dichloromethane (DCM) - methanol (9:1)).

Cationic phthalocyanines 7-ZnQ and 7-InQ were quaternized as follows; complexes 7-
Zn or 7-In (0.020g, 0.02 mmol or 0.018 mmol) and 5.05 mmol of dimethyl sulphate
were mixed in 3 mL of dry DMF. The mixtures were stirred for 4 h at 155 °C under inert
conditions. Then, the mixtures were cooled to room temperature and poured into a
acetone: methanol (1:1, v: v) mixture. The products were filtered and washed with

chloroform and diethyl ether.

2-(4-carboxyphenoxy)- 9(10),16(17),23(24)-tris(morpholino)phthalocyaninato
zinc(ll) (7-Zn) - Yield: 24.0 % (0.041 g). UV-Vis (DMSO), Amax (nm) (log €): 362 (4.91),
641 (4.66), 710 (5.27). FTIR (ATR), v/icm": 3331 (O-H), 3072 (Ar-H), 2920 and 2857
(Al-H), 1702 (C=0), 1601, 1484, 1463 (C=C, C=N), 1237,1091 (C-O-C). Elemental
analysis: calc (%) for Cs51H41N110sZn: C 63.19 %; H 4.26 %; N 15.90 %, Found: C
62.29 %; H 3.34 %; N 14.19 %; '"H-NMR (600 MHz, DMSO-ds): & (ppm) 9.25 (dd, J =
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8.6, 7.2 Hz, 4H, Ar-H), 9.08-8.88 (m, 4H, Ar-H), 8.25-8.05 (m, 8H, Ar-H), 4.08 (t, J =
5.9 Hz, 12H, ~CH2), 3.76 (t, J = 4.3 Hz, 12H, -CHz); MALDI-TOF (m/z) calc = 967.25;

found = 968.37[M+1]".

2-(4-carboxyphenoxy)- 9(10),16(17),23(24)-tris(morpholino)phthalocyaninato
indium(lll) chloride (7-In) - Yield: 17.0 % (0.033 g). UV-Vis (DMSO), Amax (nm) (log
€): 378 (4.91), 656 (4.53), 727 (5.11). FTIR(ATR) v/cm-': 3377 (O-H), 3062 (Ar-H),
2952 and 2856 (Al-H), 1709 (C=0), 1600, 1489, 1444 (C=C, C=N), 1234, 1091 (C-O-
C). Elemental analysis: calc (%) for C51H41ClInN11Os: C 58.11 %; H 3.92 %; N 14.62
%, Found: C 59.37 %; H 3.50 %; N 14.43 %; '"H-NMR (600 MHz, DMSO-ds) & (ppm)
9.11 (dd, J=7.4, 1.4 Hz, 4H, Ar-H), 9.02-8.86 (m, 4H, Ar-H), 8.63-8.49 (m, 5H, Ar-H),
8.25-8.17 (m, 3H, Ar-H), 4.21 (t, J = 5.0 Hz, 12H, -CH), 3.87 (t, 12H, -CHz); MALDI-

TOF (m/z): calc = 1053.20; found = 1054.08[M+1]".

2-(4-carboxyphenoxy)-9(10),16(17),23(24)-tris(N-

methylmorpholino)phthalocyaninato zinc(ll) (7-ZnQ) - Yield: 78% (0.035 g). UV-
Vis (DMSO), Amax (nm) (log €): 368 (4.96), 610 (4.86), 675 (5.31). FTIR (ATR), v/cm™:
3373 (O-H), 3055 (Ar-H), 2958 and 2856 (Al-H), 1701 (C=0), 1599, 1484(C=C, C=N),
1229, 1090 (C-O-C). Elemental analysis: calc (%) for Cs7Hs9N11018S3Zn: C 50.80 %;
H 4.41 %; N 11.43 %, Found: C 49.23 %; H 3.70 %; N 9.67 %; "H-NMR (600 MHz,
D20) & (ppm): 8.45 (d, J = 9.0 Hz, 4H, Ar-H), 8.50-8.30 (m, 4H, Ar-H), 8.28-8.10 (m,
8H, Ar-H), 4.11 (t, J = 5.2 Hz, 12H, -CH), 3.88 (t, J = 4.8 Hz, 12H, -CH2), 3.22 (s, 9H,

-CHa).

2-(4-carboxyphenoxy)-9(10),16(17),23(24)-tris(N-
methylmorpholino)phthalocyaninato indium(lll) chloride (7-InQ) - Yield: 70%

(0.027 g). UV-Vis (DMSO), Amax (nm) (log €): 374 (4.98), 622 (4.89), 689 (5.19).
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FTIR(ATR), viem™: 3373 (O-H), 3040 (Ar-H), 2922 and 2853 (Al-H), 1695 (C=0),
1584, 1487, 1462 (C=C, C=N), 1221, 1079 (C-O-C). Elemental analysis: calc (%) for
Cs7Hs9ClINN11018S3: C 47.79 %; H 4.15 %; N 10.79 %, Found: C 47.48 %; H 3.82 %;
N 9.16 %; "H-NMR (600 MHz, D20) & (ppm): 8.52 (m, 5H, Ar-H), 8.36 (dd, J = 6.0, 4.2
Hz, 3H, Ar-H), 8.38-8.22 (m, 6H, Ar-H), 8.06 (s, 2H, Ar-H), 4.21 (t, J = 5.8 Hz, 12H,

~CHz), 3.81 (t, J = 5.5 Hz, 12H, -CH2), 3.68 (s, 9H, -CH3).

2.3.3 Synthesis of APTES capped ZnONPs and covalent conjugation to

Pcs
The synthesis of bare ZnONSps and ZnONPys were synthesized as reported in

literature [169, 170].

2.3.3.1 APTES capped ZnO nanoparticles, Scheme 3.7

The synthesis of APTES functionalized zinc oxide nanoparticles was achieved using
the previously reported method [173] with modification. Typically, ZnONSps or
ZnONPys (1.0 g each) were mixed with ethanol (40 mL), and the mixtures were stirred
at room temperature for 20 min. Then, APTES (0.1 g, 0.45 mmol) was added to the
mixtures followed by the addition of ethanol (65 mL) and water (45 mL), and the
mixtures were left to stir at 24 °C for 7 h. The yellowish solutions were centrifuged at
4000 rpm, and then the pellet was washed several times with ethanol and dried at 80

°C overnight producing NH2-ZnONSps and NH2-ZnONPYys.

2.3.3.2 Amide linkage of Pc complexes (6) to NH2-ZnONPs, Scheme 3.8

The conjugation of phthalocyanine complexes (6-Zn, 6-In, 6-ZnQ and 6-InQ) to NH2-
ZnONSps and NH2-ZnONPys was carried out as follows: Pc (6-Zn: 0.038 g,
0.03 mmol; 6-In: 0.039 g, 0.03 mmol; 6-ZnQ: 0.049 g, 0.03 mmol; 6-InQ: 0.052 g, 0.03

mmol) were weighed into four separate flasks. Then, DMF (2 mL) and DCC (0.017 g,
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0.082 mmol) were added to each flask. The reaction mixtures were allowed to stir for
24 h at room temperature. This was followed by addition of solutions of NH2-ZnONSps
or NH2-ZnONPys (0.040 g each in DMF), followed by stirring for 48 h at room
temperature. The milky green solutions were centrifuged at 4000 rpm and washed
with methanol, THF, and ethanol. The conjugates were air-dried and are represented
as 6-Zn-ZnONSps, 6-In-ZnONSps, 6-ZnQ-ZnONSps, 6-InQ-ZnONSps, 6-Zn-
ZnONPys, 6-In-ZnONPys, 6-ZnQ-ZnONPys and 6-InQ-ZnONPys, with NH2 left out

from the ZnONPs for simplicity.

2.3.4 Synthesis of glass wool functionalization and covalent conjugation
to Pcs

The introduction amino moiety on the glass wool is described below, the amino
functionalization glass wool was then covalently linked to 7-Zn, 7-ZnQ, 7-In, 7-InQ, 8-
Zn, 9-Zn, and 10-Zn. The synthesis of 88-Zn, 9-Zn, and 10-Zn has been reported [51,

52].

2.3.4.1 Glass wool functionalization, Scheme 3.9

A clean and clear 250 mL round-neck bottom flask was initially coated with APTES by
adding 10% APTES in 200 mL HPLC grade toluene, and this solution was refluxed at
110 °C for 18 h. The solution was decanted, and the milky round bottom flask was
rinsed with toluene and acetone and dried in the oven. This promotes an interaction
between the glass ware and APTES before reacting with GW, and this step is essential
as it will increase the chances of the APTES interacting with GW rather than the

glassware.

Then, to three pretreated round bottom flasks containing 200 mL of high-performance

liquid chromatography grade toluene, GW (1.00 g) was added, followed by 2, 4, and
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8 mL of APTES. The mixtures were refluxed at 110 °C for 18 h. The resulting APTES
functionalized glass wools (GW-APTES) were vacuum filtered, washed with toluene
and acetone, and dried in the oven at 100 °C overnight. The resulting glass wools are
represented as GW-2-APTES, GW-4-APTES, and GW-8-APTES, for 2, 4, or 8 mL

APTES.

2.3.4.2 Pc-GW conjugate synthesis, Scheme 3.10

APTES-GW (also referred to as GW-4-APTES, the reason for this choice will be
discussed later) was conjugated to 7-Zn, 7-ZnQ, 7-In, 7-InQ, 8-Zn, 9-Zn, and 10-Zn
via an amide bond. The Pcs (7-Zn (7.8 mg, 0.008 mmol), 7-In (8.4 mg, 0.008 mmol),
7-ZnQ (11.2 mg, 0.008 mmol), or 7-InQ (11.8 mg, 0.008 mmol), 8-Zn (5.7 mg, 0.008
mmol), 9-Zn (8.9 mg, 0.008 mmol), 10-Zn (10 mg, 0.008 mmol)), and DCC ((2.4 mg,
0.012 mmol, for 7-Zn, 7-ZnQ, 7-In, 7-InQ, and 8-Zn), (9.7 mg, 0.048 mmol, for 9-Zn)
and (19.4 mg, 0.096 mmol, for 10-Zn) were dispersed in dry DMF (5 mL) and stirred
at room temperature for 24 h. After this time, the activated MPcs were separately
added to beakers containing APTES-4-GW (100 mg) immersed in dry DMF (10 mL).
The mixtures were stirred at room temperature for 72 h. Then, the reaction mixtures
were filtered under a vacuum, and the glass wool was washed with methanol, THF,
water, and acetone; and dried in the oven. The glass wool was further purified on a
Soxhlet extractor using water to remove any unbound MPcs producing, 7-Zn-GW, 7-

ZnQ-GW, 7-In-GW, and 7-InQ-GW, 8-Zn-GW, 9-Zn-GW, and 10-Zn-GW.

2.3.5 Synthesis of functionalized polymer, chitosan-polymer and
phthalocyanine-polymer conjugates

Carboxylic-functionalized polyacrylonitrile (PAN-COOH) was prepared according to

literature [171].
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2.3.5.1 Synthesis of amino-functionalized polymer (PAN-NH2), Scheme 3.11

Amino-functionalized PAN (PAN-NH2) was produced by forming an amide bond
linkage between PAN-COOH and hydrazine as follows: PAN-COOH (0.25 g), EDC
(0.3 g, 1.9 mmol), NHS (0.3 g, 2.6 mmol), and hydrazine (0.5 mL, 15 mmol) were
dispersed in DMF (10 mL) and stirred at room temperature for 48 h. The resultant
mixture was precipitated out in water, filtered, and washed with methanol to give PAN-

NHa.

2.3.5.2 Synthesis of polyacrylonitrile-chitosan conjugate (PAN-CS), Scheme
3.11

PAN-Chitosan (PAN-CS) conjugate was synthesized through a formation of an amide
bond. PAN-COOH (0.5 g) and DCC (0.15 g, 0.7 mmol) were dissolved in dry DMF (10
mL) under nitrogen, and then chitosan (0.1 g) dispersed in DMF (5 mL) was carefully
added. The solution was stirred at room temperature under nitrogen for 72 h. The
product was filtered, and the filtrate was evaporated in a rotary evaporator. The

residue was precipitated with diethyl ether, filtered, and washed with methanol.

2.3.5.3 Synthesis of Pc conjugates, Scheme 3.12

The conjugation of phthalocyanines to PAN-NH2 and PAN-CS was performed with
modifications as previously described [174]. To form Pc-PAN, reaction mixtures
containing 0.020 g each of (complex 7-Zn (0.021 mmol) or complex 7-ZnQ (0.014
mmol) or complex 7-In, (0.019 mmol) or complex 7-InQ (0.014 mmol)), DCC (0.0103
mg, 0.05 mmol) and NHS (0.0103 mg, 0.09 mmol) were prepared in dry DMF (5 mL),
followed by stirring at room temperature for 24 h. A solution of PAN-NH2 (0.5 g) in 5
mL DMF was carefully added and the reaction was allowed to continue for a further
48 h. For Pc-PAN-CS, a similar protocol was followed whereby the same amount of
Pc complexes (20 mg) were each dissolved in dry DMF (5 mL), then DCC (0.0103 mg,
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0.05 mmol) and NHS (0.0103 mg, 0.09 mmol) were added to activate the carboxyl
functional groups. The mixtures were stirred at room temperature for 24 h. Then, PAN-
CS (0.5 g) was dissolved in dry DMF (5 mL) and added to the Pc solutions, followed
by stirring at room temperature for a further 48 h. Both products were filtered, and the
filtrates were added to acetonitrile dropwise. The resultant precipitates were collected
by centrifugation and washed with methanol and THF. The conjugates are denoted as
7-Zn-PAN-CS, 7-ZnQ-PAN-CS, 7-In-PAN-CS, 7-InQ-PAN-CS and 7-Zn-PAN, 7-

ZnQ-PAN, 7-In-PAN, and 7-InQ-PAN.

2.3.6 Synthesis of nanofibers by electrospinning

Solutions for electrospinning were prepared as follows: 5 wt% (with respect to the
weight of the solution) each of Pc-PAN and Pc-PAN-CS polymer were suspended in
DMF, the samples were stirred at 60 °C until homogenous mixtures were formed.
Then, the solutions were cooled to room temperature and pristine PAN was added
gradually to make up a concentration of 20 wt%. The solutions were further stirred at
60 °C for 6h. For comparison, 20 wt% each of pristine PAN and PAN-CS were also

prepared.

Each solution was placed in a 5 mL syringe fitted with a hypodermic needle (inner
diameter of 0.5 mm) and the electrospinning of nanofibers was conducted at 15 kV, at
a flow rate of 0.05 mL/ h, and a tip to collector distance of 12 cm at room temperature.

The nanofibers were collected on aluminium foil covering the collector.
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2.4 Procedures for photodynamic antimicrobial chemotherapy (PACT)

2.4.1. Preparation of micro-organisms

The micro-organisms used in this thesis were standard strains of C. albicans (ATCC
24433), E. coli (ATCC 25922), K. pneumoniae (ATCC 13883), S. aureus (ATCC
25923), S. choleraesuis (ATCC 10708), MRSA (ATCC 700699) and VREF (ATCC
51299). The micro-organisms were cultured in broth at 37 °C for 24 h and C. albicans
was grown at 30 °C for 48 h. Each micro-organism was grown separately until it
reached an optical density of 0.6 at 620 nm. And then, the pellets were isolated via
centrifugation at 3000 rpm for 15 min and washed thrice with sterile phosphate-
buffered saline (PBS). The pellets were further diluted to 1/100 in PBS to form a

working stock microbial solution.

2.4.2. Dark toxicity and phototoxicity studies of planktonic cells

To conduct the experiments on phthalocyanine and nanoconjugates, the following
procedure was followed; various concentrations of each Pc complexes and
nanoconjugates were prepared in agueous media containing < 5% DMSO and were
added to diluted microbial suspension. The suspensions were incubated in a shaker-
equipped oven at an appropriate temperature for 30 min in the dark. After the
incubation period, 100 uL of the suspensions were inoculated onto agar plates. The
remaining suspensions were divided equally and added to two separate 24-well plates.
One plate was exposed to light while the other plate was kept in the dark for the same
duration. Aliquots of 100 pyL of each suspension were inoculated on nutrient agar
plates and afterwards, the plates were incubated overnight. The same procedure was
followed for time-correlated studies, these were performed at 15 min intervals. The
viable cells were determined by the colony count method by quantifying the log

CFU/mL. Various controls were prepared, these included; a control containing
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microbial suspension without photosensetizer kept in the dark or irradiated prepared

in PBS, and at 5% DMSO. The experiments were prepared in triplicates.

In addition to the colony count method, the disc diffusion method was applied for
complex 4 and 5 [175]. The sterile blank test discs were soaked with 20 uL of the Pc
complexes (250 uM), the Pc-loaded disks were air-dried, and then placed onto nutrient
agar plates inoculated with methicillin-sensitive Staphylococcus aureus (MSSA) or
MRSA. Thereafter, the plates were irradiated for 1 h or kept in the dark, and the plates
were subsequently incubated for 18 h at 37 °C. The zone of inhibition diameters was
measured in mm and discs soaked in PBS, ampicillin (50 yM), and methicillin (50 uM)

were used as blanks and controls.

For the glass wool and polymer nanofibers, three pieces of each support (10 mg) were
individually weighed and placed in a 24-well plate containing 2.5 mL microbial solution.
As the control, wells with unconjugated supports were prepared. The experiments
were conducted for 1 h under light using the set-up described above and in dark
conditions. Thereafter, 100 uL of each sample were diluted with 900 ul PBS and were
spotted on agar plates using a micropipette and were incubated at the appropriate

temperature.

2.4.3. Dark toxicity and phototoxicity studies of microbial biofilms

The mono and mixed biofiims used were prepared from the micro-organisms
mentioned above. The mono biofilms were grown in 96-well plates using nutrient broth
to a desired final concentration. The suspension was seeded at 37 °C (30 °C for C.
albicans) for 48 h. After every 24 h, 200 uL of culture medium were removed from
each well, the wells were gently washed with PBS and 200 uL of fresh tryptic soy broth

was added after each wash. After 48 h, each well was washed gently with PBS three
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times to remove unattached cells. Then, crystal violet (0.1%) staining was used for the
quantification of biofilm biomass (OD = 570 nm). The plates were stained for 15 min,
and were washed with PBS three times. Then, aliquots of 100 yL of Pcs at varying
concentrations were added to the 96-well containing biofilms. The plates were
incubated with shaking for 30 min in the dark at 37 °C (30 °C for C. albicans) and were
irradiated with light. After irradiation, the suspensions were diluted serially in PBS and
100 pL were inoculated on an agar plate. The agar plates were incubated for 24 h at
37 °C (and at 48 h at 30 °C for C. albicans). The mixed biofilm was prepared by
individually culturing each micro-organism to 2 x 10° separately, then 50 uL from each
sample was added to one test tube, and the suspension was agitated for 30 min for
homogeneity. Then, the same procedure stated above was repeated. The number of
CFU/mL was counted and presented as log CFU. All experiments were performed in

triplicates and all light studies were carried out with using the light set-up stated above.

2.4.4 Photosensitizer uptake studies

The uptake of Pc complexes 4 and 5 by both MRSA and MSSA were studied in
different concentrations and time. Various concentrations of Pc complexes (0-250 uM)
were added to the bacterial suspension and then incubated in dark for 1 h. Then, for
the time studies, stock bacterial solution containing 5 yM Pc complexes were
incubated with gentle agitation at 37 °C for 0 to 24 h in the dark. For all uptake studies,
the cells were isolated via centrifugation, rinsed thrice with PBS, and then extracted
with 10% sodium dodecyl sulfate (SDS) for 24 h in the dark with gentle shaking [176].
The samples were further centrifuged, and the fluorescence in cells was measured
using a microplate reader. The excitation wavelength used was 630 nm, and the

emission was recorded at 690 nm. Calibration curves with fluorescence intensity were
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obtained. The cellular uptake was determined by the number of incubated

photosensitizers divided by the number of bacterial strains in incubated cells.

2.4.5 Statistical analysis
The data for CFU/mL were converted to logarithmic value and the values were
presented in mean * standard deviation. Values of p-value of 0.05 was considered

significant.

2.5 Photodegradation studies

The photocatalytic effects of Pc-NF and Pc-GW were studied using model pollutant
dyes; MO, 4-CP and MB. The studies were carried out separately, using either A ~ 660
- 750 nm (red light) and A ~ 380-750 nm (white light). The pollutant dye solutions were
prepared at concentrations of 16.5 — 82.5 yM. Then, 10 mg of Pc-NF and Pc-GW were
immersed in 3 mL of pollutant dye solutions. Each sample was irradiated at 15 min
intervals, and the process was followed via UV-Vis spectroscopy at 470 nm, 667 nm
and 305 nm for MO, MB and 4-CP, respectively. The reusability studies were
conducted by washing the used material with deionized water followed by air-drying

overnight, and the process was repeated twice
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3. Synthesis and characterization

3.1 Phthalonitriles

The synthesis of phthalonitriles, 4-(benzo[d]thiazol-2-ylthio)phthalonitrile (i) and 4-(3,4-
dicyanophenoxy)benzoic acid (ii) were carried out following the procedures outlined in
literature [167,168]. The detailed synthesis and characterization of morpholino
phthalonitriles (iii), (iv) and 2-((3,4-dicyanophenyl)thio)-N-methylbenzothiazolium iodide

(v) is given below.

The synthetic pathway of morpholino phthalonitriles (iii), (iv) and 2-((3,4-
dicyanophenyl)thio)-N-methylbenzothiazolium iodide (v) is illustrated in Scheme 3.1. The
synthesis of phthalonitriles (iii) and (iv) involved a nucleophilic substitution reaction
between the nitro group of 3- or 4-nitrophthalonitrile and the NH group of morpholine. This
reaction was carried out at 100 °C in dry DMF with Na2CO3s used as a base catalyst. The
reaction was conducted for 18 h under a N2 gas atmosphere. While the cationic
phthalonitrile v was synthesized via the methylation of 4-(benzo[d]thiazol-2-
ylthio)phthalonitrile (i). This reaction has been effectively used in the preparation of

cationic phthalonitrile [177].

The phthalonitriles were confirmed with FT-IR, '"H NMR and elemental analysis. FTIR
spectra confirmed the formation of the morpholinophthalonitriles (iii or iv) where there
was a presence of two sharp -CH2 bands at 2907, 2869 and 2909, 2864 cm', as well a
strong -C=N band at 2218 and 2221 cm-" for iii and iv, respectively. The "H NMR showed

aromatic protons peaks between 7.03 — 7.49 ppm for iii and between 7.02 — 7.60 ppm for
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iv, and the CH:z protons were observed between 3.24 — 3.80 ppm for iii and between 3.34

—3.90 ppm for iv.

NO
A. 2
NC
NC CN
NC
i N o)
Na,CO,, dry DMF,
N,, 18 h \__/
iii
) (i)
[:N:]
(o}
Na,CO,, dry DMF, NC

v

N,, 18 h 7\
NC N 0
NC NO,
S o.C
NC

Scheme 3.1: Synthetic route for A. 3-morpholinophthalonitrile (iii), 4-

morpholinophthalonitrile (iv) and B. 2-((3,4-dicyanophenyl)thio)-N-

methylbenzothiazolium iodide (v)
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"H NMR of phthalonitrile i (Figure 3.1a) showed an aromatic peak between 7.70-7.29
ppm corresponding to the benzothiazole moiety. Upon the quaternization, an additional

peak for phthalonitrile v was observed at 4.12 ppm, related to the presence of CHs (Figure

3.1b).
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Figure 3.1: "H NMR spectrum of phthalonitriles (a) i and (b) v in DMSO-db.
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3.2 Phthalocyanines (Pcs)
The synthesis and characterization of complexes 8-Zn, 9-Zn, and 10-Zn have been
previously reported [51, 52]; hence they will not be covered in this study. However, the

detailed characterization of the novel complexes 1-7 will be discussed below.

3.21 Metal-free (1-H2 and 2-H2), metalated (1-Zn, 2-Zn, 1-In and 2-In)
morpholinophthalocyanine and their quaternization

The cyclotetramerization of (iii) or (iv) was performed in the presence of DBU and dry
DMF producing the metal-free phthalocyanines 1-Hz or 2-Hz and with the addition of metal
salts; Zn(OAc)z2, InCls for 1-Zn, 1-In, 2-Zn and 2-In. The metallophthalocyanines were
further quaternized using dimethyl sulfate (Scheme 3.2). IR spectra of the all Pcs showed
the disappearance of the -C=N band of the phthalonitriles on formation of the Pcs, with
H2Pcs (1a and 1b) showing an additional -NH peak at 3282 and 3280 cm-', respectively.
The compounds were further characterized using elemental analysis, '"H NMR, mass
spectroscopy, and UV-vis. The results obtained were comparable with the proposed

structures.
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Scheme 3.2: Syntheses of complexes 1, 2 and their quaternized counterparts using (i)

N2, n-pentanol, DBU, 138 °C, 8h, and or Zn(OAc)2 or InClz and (i) dry DMF, 155 °C, 4 h.

"H NMR was recorded in deuterated CDCIz for all the unquaternized compounds and D20

for the quaternized compounds which gave the expected signals. For all the

phthalocyanine complexes, the aromatic protons appeared between 9.95 and 6.72 ppm,

and the -CH2 protons between 4.58 and 1.59 ppm. The quaternized compounds had an

additional sharp singlet upfield (& = 3.88-2.18 ppm) from the additional —CH3s protons.

Compound 1-Hz2 and 2-H2) had an additional singlet signal at 8.98 and 9.02 ppm,

respectively, attributed to the presence of —NH. In mass spectroscopy, all the proposed

structures were obtained with peaks at 855.15 [M+1H]*, 916.26 [M]* and 1002.46 [M]* for
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1-H2, 1-Zn and 1-In, respectively (as examples). The molecular ion peaks for quaternized

derivatives of complexes 1 and 2 was not observed due to lack of ionization.

3.2.2 Schiff base metallophthalocyanines

3.2.2.1 Schiff base morpholino phthalocyanines (3)

The syntheses of complexes 3-Zn and 3-In were achieved by reacting aldehyde
substituted Pcs (A or B) with 4-(2-aminoethyl)morpholine (Scheme 3.3). Then, the tertiary
amino groups of Pcs 3-Zn and 3-In were quaternized by methyl iodide to form cationic
Pcs, 3-ZnQ and 3-InQ. The structures of 3 were determined by 'H NMR, FT-IR, mass

spectroscopy and elemental analysis.

Scheme 3.3: Synthesis of complexes 3 under their respective conditions.
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FT-IR spectra of the starting aldehyde substituted Pcs and all complexes are shown in

Figure 3.2. Complexes A and B showed a carbonyl peak at 1710 cm™'. Upon the

formation of complexes 3, there was an imine peak between 1650 and1652 cm,

confirming the successful preparation of the Schiff base Pcs and the peaks at ~1600 cm™,

~1400 cm" and ~1100 cm™" were related to C=C, C-N and C-O-C stretching, respectively.
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Figure 3.2: Infrared spectra of a) zinc (Il) and b) indium (Ill) phthalocyanines.
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In the "H NMR spectra of 3-Zn and 3-In, the imine group was observed as a singlet at
9.38-8.09 ppm, respectively, and the aromatic protons appeared at around 9.17-7.67 ppm
for 3-Zn. The singlet signal at around 2.78-2.77 ppm indicates the presence of methyl
groups in compounds 3-ZnQ and 3-InQ. The mass spectra of 3 confirmed the proposed
structures with the molecular ions at 1505.07 [M+1]* for 3-Zn, 1555.29 [M-CI]* for 3-In,

390.73 [M]** for 3-ZnQ and 414.44 [M+H]** for 3-InQ.

3.2.2.2 Schiff base pyrrolidine phthalocyanines (4 and 5)

Similarly, the new pyrrolidine metallophthalocyanine derivatives 4-Zn, 5-Zn, 4-In, and 5-
In were synthesized following the above mentioned synthetic route (Scheme 3.4). Briefly,
1-(2-aminoethyl)pyrrolidine or 1-(3-aminopropyl)pyrrolidine were reacted with previously
synthesized zinc or indium tetracarbaldeyde substituted Pc (A = Zn or B = In) under
Schiff base reaction conditions. The reaction resulted in the formation of the following
complexes: 4-Zn, 5-Zn, 4-In, and 5-In, with complexes 4 and 5 containing ethyl and propyl
alkyl chains, respectively. The cationic derivatives were obtained by reacting the neutral
complexes with methyl iodide (CHsl) in DMF, resulting in 4-ZnQ, 4-InQ, 5-ZnQ, and 5-
InQ, respectively. High temperature of 120 °C was used in order to shorten the reaction
times. These structures were confirmed and characterized by MALDI-TOF, elemental
analysis, and 'H NMR, all the data were in accordance with the proposed structures.
MALDI-TOF confirmed the formation of the new complexes, m/z was observed at 1440.86
[M]* for 4-Zn, 1527.36 [M]* and 1492.22 [M-CI]* for 4-In, 1496.14 [M-H]* for 5-Zn, 1582.29

[M-H]* and 1547.47 [M-CI]* for 5-In. The methylation to form 4-ZnQ, 4-InQ, 5-ZnQ, and

78 |Page



Synthesis and Characterization

5-InQ was confirmed by the observation of the molecular ion peaks at m/z = 373.54 [M-

HJ**, 397.05 [M]**, (361.44 [M-CIJ**), 389.25 [M]** and 412.71 [M+2H]**, respectively.

Scheme 3.4: Synthetic pathway for the preparation of complexes 4 and 5.

3.2.3 Tris benzothiazole phthalocyanine (6)

The synthetic routes of complex 6 is shown in Scheme 3.5. These complexes were
obtained by reacting 4-(3,4-dicyanophenoxy)benzoic acid phthalonitrile (ii) with
phthalonitriles i or v, (the latter in a 5-fold excess to prevent the formation of undesired
phthalocyanine derivatives). The dark green products were soluble in polar and apolar
organic solvents such as chloroform, THF, DMF, and DMSO. Alhough complexes 6-ZnQ
and 6-InQ are cationic, the Pcs were only partially soluble in water. All new compounds
were characterized by the combination of '"H NMR, MALDI-TOF, UV-Vis spectral data,
and elemental analysis, all of which confirmed the proposed structures. Elemental

analysis results agreed with reports that some phthalocyanines are isolated as hydrates
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[178]. The MPcs (6-Zn, 6-In, 6-ZnQ, and 6-InQ) gave signals that integrated with the
expected number of protons in the proposed structure and a singlet peak was observed
downfield (11.58 and 11.49 ppm for compound 6-Zn and 6-In) attributed to the COOH
proton, however, the carboxylic proton signal for complex 6-ZnQ and 6-InQ was not
detected due to deprotonation. The mass spectra data further confirmed the formation of
the new MPcs. The molecular ion peaks for complexes 6-Zn and 6-In were obtained at
m/z of 1208.11 and 1293.05, corresponding to [M+1]* and [M]*, respectively. Complexes
6-ZnQ and 6-InQ mass spectral peaks were observed at 420.48 and 446.00, correlating

with [M+3]3* and [M]?*, respectively, confirming the presence of three positive charges.

Scheme 3.5: Synthesis of neutral and cationic metallophthalocyanine 6.
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3.2.4 Tris morpholino phthalocyanines (7)

The general synthetic route for the syntheses of asymmetric morpholino
metallophthalocyanine 7 is shown in Scheme 3.6. Briefly, the statistical cross-
condensation of 4-morpholinophthalonitrile (iv) and 4-(3,4-dicyanophenoxy)benzoic acid
(if) (4:1 mol ratio) was carried out in pentanol, in the presence of metal salt (zinc (ll)
acetate or indium (Ill) chloride) and DBU under inert conditions. The complexes formed
were purified by column chromatography. The MPcs (7-Zn and 7-In) were further N-
methylated using dimethyl sulphate in DMF, producing cationic asymmetrical MPcs, 7-
ZnQ and 7-InQ, respectively. All the new MPcs derivatives were characterized using
various spectroscopic methods ('"H NMR, FT-IR, mass, and UV-vis) and elemental
analysis. '"H NMR showed characteristic macrocyclic ring peaks upfield and CH2 peaks
downfield, confirming the formation of the proposed structure. The quaternized
compounds (7-ZnQ and 7-InQ) showed an additional sharp peak downfield, with the
integral matching the expected value, confirming successful methylation. The mass
spectra of compounds 7-Zn and 7-In confirmed the presence of the target compounds.
The molecular ion peaks were observed at 968.37 [M+1]* and 1054.08 [M+1]* m/z, for 7-
Zn and 7-In, respectively. Cationic 7-ZnQ and 7-InQ did not ionize hence there is no

MALDI-TOF spectral data.
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The FT-IR spectra of the complexes 7-Zn, 7-In, 7-ZnQ, and 7-InQ showed similar trends
(Figure 3.3 (7-Zn and 7-ZnQ used as examples)). The broad vibrational bands for
carboxylic acid O-H were observed at 3331, 3377, 3373, 3313 cm™" with the carboxylic
acid C=0 vibrational band observed at 1702, 1709, 1701, 1695 cm-"' for 7-Zn, 7-In, 7-

ZnQ, and 7-InQ, respectively.
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Figure 3.3: FT-IR of complexes 7-Zn and 7-ZnQ.
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3.2.5 UV-Vis spectra

The UV-Vis spectra of complexes 1-Zn, 2-Zn, 1-In, 2-In, 1-ZnQ, 2-ZnQ, 1-InQ, 2-InQ)
showed a single sharp Q band typical of monomeric phthalocyanines (Figure 3.4) [179].
The UV-Vis of the H2Pcs 1-H2 and 2-H2 (Figure 3.4(a)) showed characteristic split Q band
at 775 and 745 nm for 1-Hz2 and 739 and 709 nm in DMF for 2-Hz (Table 3.1), respectively,
confirming the structure to be of D2n symmetry. However, Compounds 1-Hz2 and 2-H2
showed single Q bands in DMSO (Figure 3.4, insert), suggesting deprotonation of the
inner pyrrolic H atoms in the Pc core and thus, symmetry change from D2n to D4n occurs

due to basicity of these solvents [44].

Compounds 1-Zn and 2-Zn (Figure 3.4(b)) showed a Q-band at 747 and 717 nm and the
compounds 1-In and 2-In (Figure 3.4(c)) showed the characteristic Q-band peak at 765
and 736 nm in DMSO (Table 3.1). The non-peripherally substituted compound 1-Hz2, 1-
Zn and 1-In were redshifted compared to the peripherally substituted 2-Hz2, 2-Zn, and 2-
In. This large-scale redshift can be attributed to the linear combinations of the atomic
orbitals coefficients at the non-peripheral positions of the highest occupied molecular
orbital (HOMO) more significant than that of peripheral positions [180]. As a result, the
HOMO level is destabilized more at the non-peripheral than at the peripheral position,
resulting in the redshifting of the Q band in the former. For all Pcs, an additional peak was

observed from the 485 nm region attributed to charge transfer [181].
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Figure 3.4: UV-vis spectra of a) 1-Hz2 and 2-Hz in DMF; b) 1-Zn and 2-Zn; c) 1-In and 2-

In in DMSO. The insert in (a) is the spectrum of 2-Hz in DMSO.
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The Pcs were dissolved in THF, DCM and DMSO to examine the solvent effect as well
the aggregation behaviour of the newly synthesized Pcs. All Pcs show no aggregation in
the above-mentioned solvents, Figure 3.5(a). With an increase in the polarity of the
solvent (THF < DCM < DMSO) there was a spectral shift as shown in Figure 3.5(a).
Lambert-Beer's Law was obeyed in the concentration range of 5.5 x 10 to 3.5 x10°
mol/L (Figure 3.5(b) for 2-Zn used as an example) in DMSO.

a) ] — 2-ZNnin THF
] — 2ZninDCM

07 | © 2-Znin DMSO

L] L] L] L]
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w= 61136 -0,1992
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: 4.8
b) 12 o ‘ L §

Absorbance
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Figure 3.5: UV-vis spectra of 2-Zn in (a) different solvents at concentration ~1.7 x10-6
and (b) spectral changes of in DMSO at 6.5 x10 to 3.5 x10-® mol/L (Insert: absorbance
vs concentration graph).
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Upon quaternization, the MPcs became blue-shifted (Table 3.1) in DMSO. This is due to
the lowering of the electron donating ability of the nitrogen groups upon quaternization
[182]. The quaternized derivatives (1-ZnQ, 2-ZnQ, 1-InQ, and 2-InQ) were soluble in
water but showed no sign of aggregation UV-vis spectrum in water. Water solubility and

lack of aggregation are imperative for PACT applications.

The absorption spectra of complexes 3-5 also showed monomeric behaviour in DMSO
corresponding to Dsh symmetry of metallophthalocyanines, Figure 3.6, mimicking the
morpholine phthalocyanine above. The single and narrow Q-bands were observed in the
visible region at 692 nm, 698 nm, 680 nm, 690 nm for 3-Zn, 3-In, 3-ZnQ and 3-InQ,
respectively, Table 3.1. The Q-bands of the indium (lll) Pc complexes were redshifted
compared to the zinc (II) Pc complexes, this is ascribed to the nonplanar effect of the In
(1) ion and its bigger atomic radius [183]. This was also observed for complexes 1 and

2.

The electronic absorption spectra of the pyrrolidine Schiff base phthalocyanines observed
intense absorption maxima between 678-682 nm for the ZnPc series (Figure 3.6(b)) and
691-697 nm for the InPc series (Figure 3.6(c)), Table 3.1. There was a minor difference
between the absorbance peak for the ethyl pyrrolidine (4-Zn, 4-ZnQ, 4-In, and 4-InQ) and
the corresponding propyl pyrrolidine Schiff base Pcs (5-Zn, 5-ZnQ, 5-In, and 5-InQ)
suggesting that the extension of the alkyl chain had a small effect on the electron
delocalization of the Pc rings. As was the case above, the indium-containing complexes
(4-In, 5-In, 4-InQ, and 5-InQ) were redshifted when compared to the zinc-containing

complexes (4-Zn, 5-Zn, 4-ZnQ, and 5-ZnQ). Comparing complexes 2-Zn, 3-Zn, 4-Zn,
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and 5-Zn shows that 2-Zn is highly red shifted. The same applies to indium bearing

complexes suggesting the direct linkage of morpholine to the Pc macrocycle is

responsible for the red shift.
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Figure 3.6: Normalized UV-vis absorption spectra of (a) complexes 3, (b) Zn and (c) In

Pcs derivatives of complexes 4 and 5, all spectra were recorded in DMSO.

88| Page



Synthesis and Characterization

In aqueous media (5% DMSO, used for PACT), the neutral morpholino Pcs (3-Zn, 3-In)
showed an increase in the absorption of the band at around 650 nm (Figure 3.7(a), 3-Zn
used as an example), resulting from the formation of cofacial H-type-like aggregates
[184]. Although the cationic Pcs showed a more monomeric Q-band in aqueous media
compared to the neutral Pcs, the absorption spectra appeared broad and showed some
aggregation, Figure 3.7(a) (showing 3-ZnQ as an example). Aggregation is undesirable

for the intended application as aggregates tend to lead to photo-inactivity.
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Figure 3.7: UV-Vis absorption spectra of (a) complex 3-Zn and 3-ZnQ, (b) 4-In, and (c)
4-InQ recorded in aqueous media (5% DMSQO) and DMSO.
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The electronic absorption spectra of 4-In and 4-InQ (used as examples) were also
recorded in 5% DMSO (used in PACT studies) and the results are shown in Figure 3.7
(b), (¢). The Q band is broad and split with the high energy band being due to the
aggregate and the low energy band being due to the monomer. For 4-In, the aggregate
peak is larger in intensity than the monomer peak, while the monomer peak is slightly
higher than the aggregate peak for 4-InQ. Thus, 4-In is more aggregated than 4-InQ.
Both Pcs showed a drastic decrease in the absorption band in aqueous media with a
redshifted monomeric band at 705 and 701 nm for 4-In and 4-InQ, respectively. Triton-X
was added to break the aggregation and there was an increase in the absorbance of the
monomeric band with the 4-InQ retaining its original absorption profile, however, the 4-In
complex still showed some aggregates. Similar behaviour was observed in 5% DMSO for

complex 5.

The asymmetrical Pcs complex 6 and 7 showed largely monomeric behaviour with data
listed in Table 3.1 and the spectra for complex 6 is shown in Figure 3.8(a). The Q-bands
of tris-morpholino substituted Pcs 7-Zn and 7-In were blue-shifted by approximately 7 nm
and 9 nm to that of tetra-morpholino substituted Pcs 2-Zn and 2-In, suggesting that the
effect of the morpholine substitution is key in shifting the Q-bands to higher wavelengths,

Table 3.1.
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Figure 3.8: UV-Vis absorption spectra of (a) Pcs alone and (b) ZnONPs and

nanoconjugates. All spectra were recorded in DMSO.

91|Page



Synthesis and Characterization

Table 3.1: Summary of the Q band values for all Pcs in DMSO unless stated otherwise.

Photosensitizer Q band (Amax) (nm)

1-H2 7758, 7452
773
1-Zn 747
750P
1-ZnQ 684
687°
1-In 765
768P
1-InQ 702
704b
2-H: 73923, 7092
738
2-Zn 717
719Pb
2-ZnQ 673
674°
2-In 736
739P

2 values in DMF ® values in aqueous media (5% DMSO, used in PACT)
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Table 3.1 continues:

Photosensitizer Q band (Amax) (nm)

2-InQ 685
687°
3-Zn 692
7020
3-ZnQ 680
692°
34n 698
7100
3-InQ 690
7020
4-Zn 681
690°
4-ZnQ 678
690°
4-In 694
7050
4-InQ 691
7010

b values in aqueous media (5% DMSO, used in PACT)
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Table 3.1 continues:

Photosensitizer Q band (Amax) (nm)
5-Zn 682
692°
5-ZnQ 679
688°
5-InQ 691
700°
6-Zn 683
692°
6-In 702
710°P
6-ZnQ 682
690°
6-InQ 695
703P
7-Zn 710
713P
7-In 727
730°

b values in aqueous media
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Table 3.1 continues:

Photosensitizer Q band (Amax) (nm)
7-ZnQ 675

684°
7-InQ 689

698°

3.3 Zinc oxide nanoparticles and Pc-conjugates

3.3.1 Synthesis

The synthesis of bare zinc oxide nanospheres (ZnONSps) and zinc oxide nanopyramids
(ZnONPys) was synthesized as reported in literature [169, 170]. The functionalization of
ZnONSps and ZnONPys with APTES was performed as shown in Scheme 3.7. The
conjugation of complexes 6 to amino functionalized ZnONSps and ZnONPys was
achieved by forming an amide using the -COOH moiety of the former and the -NH2 moiety
of the latter, Scheme 3.8. The representation in Scheme 3.8 is just a dramatization not
a true reflection of the number of Pcs linked to the NPs. All the nanoparticles and
nanoconjugates were characterized using UV-vis, TEM, X-ray powder diffraction (XRD),

and FT-IR techniques.
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Scheme 3.7: Synthetic route of APTES capped ZnONSps and ZnONPys. APTES = (3-

Aminopropyl)triethoxysilane.
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3.3.2 UV-Vis spectra

The UV-vis spectra of NH2-ZnONSps, NH2-ZnONPys, 3-ZnONSps, and 3-ZnONPys are
shown in Figure 3.8. The synthesized NH2-ZnONSps and NH2-ZnONPys showed distinct
peaks at 330 nm and 367 nm, respectively, Table 3.2. The difference in absorbance of
the two NPs is due to the size variation and morphology change. Upon conjugation to
Pcs, the nanoconjugates retained both the NPs (Figure 3.8a) and Pc (Figure 3.8b)
profiles. There were insignificant shifts in the Q band of the MPcs (Figure 3.8a), following
conjugation, Table 3.2. The loading of the MPc complexes onto the ZnONPs was
determined via thermogravimetric analysis (TGA) as reported before [185], and the values
are summarized in Table 3.2. Overall, the MPc loading is slightly higher for the Pc-
ZnONPys nanoconjugates than Pc-ZnONSps; this is attributed to the NH2-ZnONPys

having a larger size than NH2-ZnONSps, as shown by TEM discussed later.
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Table 3.2: The characterization data of synthesized phthalocyanine, 6 and

nanoconjugates in DMSO.

Complex Size (from TEM) (nm) Pc Loading Aabs (NmM)
(ug/mg)

NH2ZnONSps 4.6 - 330

NH2-ZnONPys 36.7° - 367

6-Zn-ZnONSps 7.9 89 684 (683)
6-Zn-ZnONPys 38.42 136 682 (683)
6-In-ZnONSps 8.4 92 702 (702)
6-In-ZnONPys 37.82 130 700 (702)
6-ZnQ-ZnONSps 8.0 102 682 (682)
6-ZnQ-ZnONPys 38.8° 127 682 (682)
6-InQ-ZnONSps 8.8 99 697 (695)
6-InQ-ZnONPys 40.72 134 693 (695)

2 Edge/length ® vaues in brackets are for Pcs alone

3.3.3 FT-IR spectra

The addition of the amine functional group on the nanoparticles and the formation of the
amide bond between phthalocyanines and the modified NPs was investigated using the
FT-IR spectra, and the spectra of ZnONPys, NH2-ZnONPys, 6-In, and 6-In-ZnONPys are
shown in Figure 3.9. The synthesized ZnONPys exhibited a broad peak at 3372 cm™"
related to the hydroxyl stretch. The peak at 1555 cm™! is ascribed to C=0 group while the

peaks at 1406 cm™ and 896 cm™ are due to C-H bending. The presence of 3-
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aminopropyltriethoxysilane in the NPs became apparent due to the appearance of distinct
peaks observed at 3248 cm™' (related to amine N-H stretch), 3137 cm' (related to amine
N-H stretch), 2921 cm'(related to C-H stretch), 2855 cm™' (related to C-H stretch), and
988 cm' (related to Si-O-Si stretch). The amide bond formation is supported by the
appearance of a single peak at 3235 cm-' related to a secondary amine stretch and the

C=0 shifting from 1713 cm-! in complex 6-In to 1705 cm" in the 6-In-ZnONPYys.

3
8 3
ZnONPy -
gg "‘\\;Z'E:“?<::j—"\\{q~’r
@ |—— NH,-ZnONPy 988
£
c
© 0 \
{ S ™
= S by
N~
—— 6-In-ZnONPy 994
3 @
w =
—— 6-In

I i I i I i I i I i I
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 3.9: FTIR spectra of ZnONPys, NH2-ZnONPys, 6-In-ZnONPys and 6-In.
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3.3.4 X-ray photoelectron spectroscopy (XPS) analysis

The amide bond formation and chemical composition were confirmed via XPS analysis,
as shown in Figure 3.10. The survey spectra (Figure 3.10 (a)) of NH2-ZnONSps, 6-Zn,
and 6-Zn-ZnONSps revealed the presence of Zn, C, O, N, and an additional Si peak for
NH2-ZnONSps and 6-Zn-ZnONSps compounds, confirming the presence of the
conjugate without any impurities. The high-resolution XPS N 1s spectra are shown in
Figure 3.10 b-d). As expected, the APTES-coated ZnONPs showed two peaks at 400.6
eV and 402.2 eV corresponding to -NH2 and -NHs*, respectively, further confirming the
successful self-assembling of APTES on the ZnONPs [186]. The nanoconjugate showed
three distinct peaks at 399.8 eV, 401.1 eV, and 401.9 eV attributed to N-C (arising from
6-Zn), N-H (arising from the NH2-ZnONSps), and N-C=0, respectively. The amide peak
(N-C=0) confirmed the link between amino-functionalized nanoparticles and carboxylic

acid-containing phthalocyanine [187].
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Figure 3.10: (a) XPS survey spectra of NH2-ZnONSps, 6-Zn, and 6-Zn-ZnONSps. N1s

of (b) NH2-ZnONSps, (c) 6-Zn and (d) 6-Zn-ZnONSps.

3.3.5 Transmission electron microscopy (TEM)

The TEM micrographs (Figure 3.11) revealed the morphology of amino-capped
ZnONSps, ZnONPys, and the average diameters or edge lengths (nm) are summarized
in Table 3.2. The NH2-ZnONSps were spherical and monodispersed (Figure 3.11 (a))

with an average diameter of 4.6 nm (as shown by the corresponding histogram). The NH2-
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ZnONPys were measured to have an average edge length of 36.7 nm. After conjugating
to MPcs, there was a significant increase in diameter for the ZnONSps nanoconjugate
due to the = -n interaction between the phthalocyanine core and the adjacent NPs.
However, there was no significant change in the edge length of the ZnONPys

nanoconjugate.
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Figure 3.11: TEM images and corresponding histograms of APTES coated NH2-
ZnONSps (a, b) and NH2-ZnONPys (c,d), insert: show the top and side view of the NH2-

ZnONPys.
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3.5.6 XRD

The XRD patterns of ZnONPys, NH2-ZnONPys, and 6-ZnQ-ZnONPys were investigated.
The ZnONPys showed the expected characteristic diffraction peaks of a ZnONPs at 100,
002, 101, 102, 110, 103, 200, 112, 004, and 202, respectively, Figure 12(a). No other
peaks were observed on the XRD pattern of ZnONPys, confirming the formation of pure
phase ZnONPs. The same XRD patterns were observed for NH2-ZnONPys and 6-ZnQ-
ZnONPys, with the 6-ZnQ-ZnONPys conjugate revealing an additional broad peak at 26
=17° attributed to the presence of the MPc. The broad peak is an indication of the
amorphous nature of the MPcs. The ZnONSps series retained the same XRD pattern (not
shown). However, all the ZnONPys peaks were narrower when compared to the

ZnONSps, confirming the difference in the crystal structures.
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Figure 3.12: Powder XRD diffractograms of ZnONPys, NH2-ZnONPys and 6-Zn-

ZnONPys.
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3.4 Glass wool and Pc-conjugates

3.4.1 Synthesis
Commercial glass wool was functionalized with amine groups through the addition of
APTES. The attachment of APTES to GW (Scheme 3.9) was achieved through self-

assembly, as reported in the literature [188].

APTES

>

Toluene
Stir@ 110 °C
18 h

H,N

GW GW-APTES

Scheme 3.9: Synthetic route illustrating the functionalization of glass wool with APTES.

The amount of APTES attached to GW was evaluated by "H NMR spectroscopy (Figure
3.13). Using the quantitative NMR method (and maleic acid as a standard), duplicates of
each sample (GW-2-APTES, GW-4-APTES, and GW-8-APTES) were tested, as reported
before [189]. GW-2-APTES showed no APTES content, meaning little or no APTES was

attached to GW. For GW-4-APTES and GW-8-APTES, three individual signals
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(multiplets) at 2.35-2.42, 1.29, and 0.27-0.23 ppm corresponding to the CH2 peak present
on the APTES can be distinguished. Quantitative analysis of the APTES content indicates
that only in GW-4-APTES is APTES present in close to its monomeric form, and this is
shown by the reproducible results as depicted by the integral (Figure 3.13 B-C). The GW-
8-APTES support, however, exhibited less resolved peaks with high integrals (Figure
3.13 D-E), suggesting the presence of APTES in a polymerized form. Henceforth, only
the results for GW-4-APTES (0.96 mg (2.8 WT%) of APTES in 34 mg of GW) will be

discussed, and GW-4-APTES is referred to as APTES-GW.

(A) GW-2-APTES

7.0 6.5 6.0 s.5 s.0 a.s a.0 3.5 3.0 2.5 2.0

(B) GW-4-APTES - Trial 1

N L]
N

T T T T T T T LI LI LI LI LI LI LI LI LI LI LI LI LI LI LI LI LI LI T T
25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 09 08 07 06 05 04 03 02 01 00
f1 (ppm)
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(C)GW-4-APTES - Trial 2
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Figure 3.13: '"H NMR spectra of (A) GW-2-APTES, (B-C) GW-4-APTES, trials 1 and 2,
(D-E) GW-8-APTES, trials 1 and 2. Solvent = 0.4 M NaOD using 80 mM maleic acid as

a standard.
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The formation of Pc-GW was facilitated by the reaction between amino-containing glass
wool and the COOH-containing Pc complex, 7-Zn, 7-In, 7-ZnQ, 7-InQ, 8-Zn, 9-Zn, and
10-Zn, Scheme 3.10. The composites were characterized using solid-state UV-vis and
SEM. The formation of the amide bond was confirmed via XPS and FTIR spectra. The

loading of the Pcs onto the support was determined using TGA.
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1. DCC, DMF, stir @ RT, 24 h
2. AGW, DMF, stir@ RT, 72 h
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Scheme 3.10: Conjugation of glass wool to phthalocyanine through amide bond formation. AGW = APTES-GW.
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3.4.2 Physical appearance of GW and conjugates
The physical appearance of untreated GW, APTES-GW, 8-Zn-GW, 9-Zn-GW, and 10-
Zn-GW is shown in Figure 3.14. The modified glass wool maintains a similar physical

appearance as the pristine glass wool.

A B Cc D E

Figure 3.14: Glass wool images of (A) GW, (B) APTES-GW, (C) 8-Zn-GW, (D) 9-Zn-

GW, and (E) 10-Zn-GW.
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3.4.3 SEM, and EDX

The morphologies of the glass wools were assessed by SEM, and the micrographs are
presented in Figure 3.15. Pristine GW shows a glass fiber with small NaCl crystalline
particles attached [110]. Upon modification, the GWs retain the same roughness and
diameter of the glass fiber. Using ImageJ software, the diameters of the composite were
measured, and the diameter of all Pc-GW conjugates was 9.25 uym. The estimated
elemental composition for GW, APTES-GW, 10-Zn, and 10-Zn-GW was determined by
EDS and is shown in Figure 3.16. EDX analysis shows that commercial glass wool
contained various elements, including Na, Si, and Ca. Upon modification with APTES,
there was evidence of N content and an increase in the intensity of Si, confirming the
presence of APTES in the glass wool. The 10-Zn-GW- spectrum shows an increased
intensity of N (compared to APTES-GW) and a Zn peak, attributed to the conjugation of

the zinc phthalocyanine.
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— 1pm uottawa 6/5
X 5,000 2.00kV LEI SEM WD 9mm

Figure 3.15: SEM micrographs for a) GW, b) APTES-GW, c) 8-Zn-GW, and d) 9-Zn-GW.
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Element | At (%)
C 31.64
0] 50.49
N -
Si 10.59
Zn -
Element | At (%)
C 55.67
0] 25.04
N 9.57
Si -
Zn 5.72

Element | At (%)
C 32.74
0] 42.53
N 3.05
Si 14.86
Zn -

Element | At (%)
C 39.57
0] 36.81
N 7.64
Si 8.33
Zn 1.38

Figure 3.16: EDX spectra of (a) GW, (b) APTES-GW, (c) 10-Zn, and (d) 10-Zn-GW.
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3.4.4 ToF-SIMS

ToF-SIMS was used to study the mass distribution of GW, APTES-GW, and 9-Zn-GW,
Figure 3.17. The positive mode was used to assess the intensities of CH3O* (m/z = 31.03)
and CsH7* (m/z = 43.09), which are characteristic peaks for APTES [190], and the
negative mode was used to identify CN- (m/z = 26.02) used as a marker for ZnPc [191].
As demonstrated in Figure 3.17, CsH7" ions were present in all samples and increased
upon adding APTES and the 9-Zn. CH3O" ions had a higher intensity in APTES-GW and
were well distributed on the glass wool, confirming the presence of APTES. The decrease
in intensity (compared to APTES-GW) observed for both CsH7*and CH3sO" masses on 9-
Zn-GW is due to 9-Zn covering some CsH7*/ CH3O" rich regions. The CN-ions increased

(compared to APTES-GW) by three folds following conjugating to CN- rich 9-Zn.
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Figure 3.17: ToF-SIMS images of GW, APTES-GW, and 9-Zn-GW. The image area was

150 umx=150 ym, and the total ion dose was ~1.79 x 10'3 ions/cm?.
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3.4.5 XPS and FT-IR

XPS was used to analyze the chemical composition of the untreated and treated glass
wool composites. The deconvoluted C1s and N1s spectra of GW, APTES-GW, 8-Zn, and
8-Zn-GW are shown in Figure 3.18. The C 1s of GW showed two signals at 282.7 and
283.9 eV corresponding to C-C and C-H bonds, respectively [192], while the N 1s
depicted no signal complimenting the EDX results. The C 1s spectra of the APTES-GW
showed an additional peak at 286.3 eV related to the C-N peak arising from the
attachment of APTES to the glass wool [193]. The high-resolution N 1s spectrum for
APTES-GW exhibited two peaks at 397.3 and 398.9 eV, assigned to -NH2 and NH3* [194],
respectively. Typical C 1s and N 1s spectra were obtained for a carbonyl-containing Pc,
whereby three peaks at 283.3 (C-C), 285.2 (C=N), and 287.1(COOR) eV were obtained
for C1s, and two peaks at 397.9 (C-N=C), and 399.4 (N-H) eV were observed for N 1s
[195, 196]. The high-resolution spectra were further used to prove the formation of an
amide bond between the Pcs and APTES-GW. The deconvoluted N 1s spectrum for 8-
Zn-GW showed an additional peak at 400 eV, corresponding to the N-C=0 bond. Similar

trends were observed for the 7-GW conjugates.
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Figure 3.18: The deconvoluted (A.) C1s and (B.) N1s XPS spectra of GW, APTES-GW,

8-Zn-GW, and 8-Zn.
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Furthermore, the FT-IR spectra of 7-Zn, APTES-GW, and 7-Zn-GW is shown in Figure
3.19. The APTES-GW composite showed peaks at 3362 cm™, and 3236 cm
respectively, corresponding to -NH2. After the introduction of the Pc complex, the
composite exhibited a peak at 1698 cm™! related to the formation of an amide bond,

complimenting the XPS results.
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Figure 3.19: FT-IR spectra of 7-Zn, APTES-GW, and 7-Zn-GW.
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3.46 TGA

The loading of the Pc complexes onto the glass wool was determined using the TGA
method whereby the thermal decomposition profile of the Pc complexes was compared to the
thermal decomposition of composites [197]. The TGA thermograms of APTES-GW (TGA
profile for GW was similar to the APTES-GW; hence GW is not included in the plot), 8-
Zn, and 8-Zn-GW are shown in Figure 3.20(a) in the range of 50-800 °C under a nitrogen
atmosphere. The glass wool was very stable, showing a minor weight loss of 1.22%. Upon
conjugation, 8-Zn-GW showed an increase in the weight loss (4.22%) due to the presence
of the Pc. TGA was further used to estimate the loading of the Pc complexes onto each
support, and the Pc loading values are listed in Table 3.3. 8-Zn-GW and 9-Zn-GW had
slightly higher values of 3.65 and 3.34 mg of Pc/g of GW, while 10-Zn-GW had a lower
value of 1.84. The lower loading observed for 10-Zn-GW may be due to aggregation. The
7-GW conjugates had a much higher Pc loading of 34.9, 33.8, 34.5, and 33.2 mg/g of GW
for 7-Zn-GW, 7-ZnQ-GW, 7-In-GW, and 7-InQ-GW, respectively. Both complexes 7 and
8 are asymmetrical, hence, it was unexpected that the support containing the bulkier

substituents (7-GW) would result in a higher Pc loading values.
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Figure 3.20: TGA thermograms of APTES-GW, 8-Zn-GW, and 8-Zn.
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3.4.7 Solid-state UV-vis spectra

The solid-state UV-vis spectra of the composites were recorded to determine the profile
of the phthalocyanine complexes anchored on the glass wool. As shown in Figure 3.21
(Table 3.3), the spectra of the Pc-GW conjugates showed the characteristic
phthalocyanine Q band, the Q band in the solid state is split due to aggregation, with the
low energy peak being due to the monomer and the high energy peak being due to the
aggregate. Aggregation is typical for Pcs in the solid state [198]. Redshifting of the Q band
(the monomer peak) is also expected in the solid state compared to the solution [198].
Nevertheless, this redshifting is observed only for quaternized derivatives in Figure
3.21(a), Table 3.3. Moreover, both 8-Zn-GW and 9-Zn-GW displayed a more pronounced
Q band compared to 10-Zn-GW. The broadening observed in the Q-band of 10-Zn-GW
can be attributed to the presence of aggregated phthalocyanines attached to the support,
Figure 3.21(b). APTES-GW (Figure 3.21(b)) showed a slight enhancement in
absorbance compared to GW (Figure 3.21(b)) from 550 nm to 350 nm. After conjugation,

the phthalocyanine profile is maintained for all conjugates.
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Figure 3.21: Solid-state UV-Vis spectra of (a) 7-GW, and (b) 8-Zn-GW, 9-Zn-GW, 10-Zn-

GW, GW, and APTES-GW.
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Table 3.3: Summary of the characteristic properties of Pc-GW composites.

Loading (mg Pc/g Amax (hm)?
Pc-GW) -
TGA

7-Zn-GW 34.9 697 (710)
7-ZnQ-GW 33.8 682 (675)
7-In-GW 34.5 714 (727)
7-InQ-GW 33.2 697 (689)
8-Zn-GW 3.65 683 (674)
9-Zn-GW 3.34 680 (678)
10-Zn-GW 1.84 686 (680)

2Values in brackets are for Pc alone in DMSO
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3.5 Nanofiber and Pc-conjugates

3.5.1 Synthesis

Commercially available polyacrylonitrile (PAN) polymer was modified to provide the
possibility of chemical linking with chitosan and phthalocyanines to improve antibacterial
properties. PAN-COOH, was synthesized as reported in literature [171]. Then, PAN-
COOH was reacted with hydrazine (for PAN-NHz) or chitosan (for PAN-CS) to form an
amide bond, separately, Scheme 3.11. PAN-NH2 was conjugated to the asymmetrical
morpholino Pcs, 7 to produce 7-Zn-PAN, 7-ZnQ-PAN, 7-In-PAN, 7-InQ-PAN, Scheme
3.12. Furthermore, PAN-CS was also conjugated to complex 7 resulting in 7-Zn-PAN-

CS, 7-ZnQ-PAN-CS, 7-In-PAN-CS, 7-InQ-PAN-CS, Scheme 3.12.
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Scheme 3.11: Formation of PAN-NH2 and PAN-CS polymers.
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3.5.2FT-IR

FTIR analysis of the pristine and modified polymers was undertaken (Figure 3.22).
Figure 3.22(a) represents the FTIR spectra of PAN, PAN-COOH, and PAN-NH2. As
expected, PAN revealed sharp peaks at 2934 cm™' (attributed to -CH2-), 2244 cm™’
(attributed to C=N), and 1442 cm™ (attributed to CH2 and CH3). The reduction in peak
intensity of the C=N band of PAN on forming PAN-COOH indicates successful hydrolysis.
Moreover, PAN-COOH showed additional, broad peaks at 3317 cm™' (attributed to -OH),
1702, and 1699 cm™ (related to -C=0) due to the formation of -COOH. Amide bond
formation between hydrazine and PAN-COOH (to form PAN-NH2) was confirmed by the
presence of -C=0 at 1661 cm™' and the two peaks at 3358 and 3207 cm™' related to a

free -NHo.

Figure 3.22(b) represents the FT-IR spectra of PAN-COOH, CS, PAN-CS, and 7-Zn-
PAN-CS (used as an example). CS showed the expected peaks as previously reported;
the peak at 1648 cm™' shows the presence of an amine group [199]. The amide bond
formation (to form PAN-CS) provided structural changes, which can be seen by the
presence of amine stretch at 3325 cm™', nitrile peak at 2243 cm-!, and C=0 stretch at
1703 cm™'. Upon conjugating PAN-CS to a Pc, the -NH2 stretch of the former at 3325 cm-
' disappeared, and there was a broad peak at 3571 cm™' attributed to Pcs. The peak at
1696 cm™' shows the amide C=0 bend confirming a covalent linkage. From the FT-IR

spectra, 7-Zn-PAN-CS maintained a similar profile to PAN-CS.
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Figure 3.22: FT-IR spectra of (a) PAN, PAN-COOH, PAN-NH2, and (b) PAN-COOH, CS, PAN-CS, 7-Zn, and 7-Zn-PAN-
CS.
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3.5.3TGA

The loading quantities were determined via thermogravimetric analysis as reported before
[185, 200]. Examples of the TGA plots are shown in Figure 3.23. The weight loss below
200 °C could be from the loss of moisture [201]. The TGA curve of PAN-CS (same curve
as PAN-NH2) revealed a typical two-step degradation process of the PAN polymer, the
polymer showed significant weigh loss from 298 °C due to loss of volatile gases and
breaking of the PAN macromolecular chain [202, 203]. PAN-CS was more stable than the
Pc (7-Zn) and 7-Zn-PAN-CS for most of the heating temperature. As shown in Table 3.4,
the loading amount are similar for conjugates ranging from 14.8 to 16.3 mg Pc/g Pc-PAN-

CS and 50.7 to 52.8 mg Pc/g Pc-PAN. The quaternized Pcs had a slightly lower loading

due to charge repulsion [204].

100

80 A
<
< 60
whd
L
K=
2
40 -
20 A
em7-ZN-PAN-CS e===PAN-CS 7.7
0 L) L) L) L] L] 1
50 150 250 350 450 550 650

Temperature (°C)

Figure 3.23: TGA thermograms of 7-Zn, PAN-CS, and 7-Zn-PAN-CS.
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3.5.4 XPS

XPS was utilized to characterize the chemical composition of each sample. High-
resolution C1s were used to support the formation of the initial amide bond between the
amine groups from chitosan and the -COOH moiety from PAN-COOH and the spectra
are shown in Figure 3.24. The spectrum of PAN-COOH shows four deconvoluted peaks
at 283.3, 284.7, 287.1 and 288.9 eV, assigned to C-C, C-N, C=0, and -COOH. As
expected, three peaks are obtained for chitosan found at 282.8, 284.3, and 285.7 eV
related to C-C, C-N, and C-O [205]. After covalently linking CS to PAN-COOH to form
PAN-CS, five peaks with an additional peak at 289.3 eV (attributed to the presence of the
amide bond [206]. N1s was also used to identify the bonds formed and to compare the
intensity of the two amide bonds formed. Figure 3.24 shows the high-resolution N1s
spectrum of 7-Zn, PAN-CS, and 7-Zn-PAN-CS. Complex 7-Zn alone showed three
deconvoluted peaks at 398.0, 399.4, and 401.0 eV related to N=C, -N- and -HN-C,
while PAN-CS, two peaks were observed at 397.8 and 400.5 arising from the combination
of N-H/N-C and O=C-N signals. The conjugate, 7-Zn-PAN-CS, depicted three peaks at
397.9, 399.9 and 402.0 eV confirming the presence of N=C, -N/-HN-C and O=C-N. The
initial amide bond formed found in PAN-CS, had an intensity of 1140 cps, after
conjugating complex 7-Zn to PAN-CS, the intensity of the amide bond increased to 2010

cps confirming the linkage since there is an increase in the amide bonds [207].
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Figure 3.24: C1s spectra of PAN-COOH, Chitosan, PAN-Chitosan, and N1s spectra of PAN-CS, 7-Zn and 7-Zn-PAN-

Chitosan.
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3.5.5 Scanning electron microscope (SEM)

The SEM images of the electrospun nanofibers are shown in Figure 3.25. The SEM
images reveal that the nanofibers are cylindrical. The nanofiber diameter increased from
an average diameter of 905 nm to 1175 nm after conjugating PAN-CS to complex 7-Zn,
a similar trend was observed for the remaining complexes and the results are summarized
in Table 3.4. This increase indicates that the complexes are incorporated into the
nanofibers. Furthermore, the micrographs show smooth unbranched nanofibers, typical

of PAN nanofibers [208] and chitosan-based nanofibers [209].
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Figure 3.25: SEM micrographs of (a) PAN-CS and (b) 7-Zn-PAN-CS.
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3.5.6 BET

The N2 adsorption-desorption isotherms were obtained via BET, the analysis shows a
type IV IUPAC classification [210]. As an example, the adsorption-desorption isotherms
of complex 7-Zn, PAN-CS and 7-Zn-PAN-CS are depicted in Figure 3.26 and shows that
the N2 adsorption of 7-Zn-PAN-CS was higher than that of PAN-CS and complex 7-Zn.
Moreover, surface area results reveals that the surface area of PAN-CS increased by
1.8% after conjugating with complex 7-Zn. There is no significant difference between the
surface areas of 7-ZnQ-PAN-CS, 7-In-PAN-CS, and 7-InQ-PAN-CS compared to 7-Zn-
PAN-CS, the results are shown in Table 3.4. The Pc-PAN-CS nanofibers had a higher

surface area when compared to PAN-Pc nanofibers (Table 3.4).

Figure 3.26: N2 adsorption and desorption isotherms.
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3.5.7 Solid-state UV-Vis spectra

Solid-state UV-Vis spectroscopy was used to characterize the electronic absorption
properties of the Pc containing electrospun nanofibers between A = 550 and 800 nm,
shown in Figure 3.27. As stated above, compared to the complexes in solution, the
nanofibers show a broad, bathochromically shifted Q-bands in some cases, these

differences are expected in solid-state [198, 211].
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Figure 3.27: a) Solid-state UV-Vis spectrum of 7-Zn-PAN-CS, 7-In-PAN-CS, 7-ZnQ-

PAN-CS, and 7-InQ-PAN-CS.
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Table 3.4: Summary of the characteristic properties of Pc-PAN, and Pc-PAN-CS

conjugates.
Loading (mg Average fiber  Surface area Amax (hm)?
Pc/g Pc-PAN diameter (m?/g) (£0.05)
or Pc-PAN-CS) (nm) (SEM)

PAN - 784 17.5 -
PAN-CS - 905 214 -
7-Zn-PAN 52.3 955 18.9 710 (710)
7-Zn-PAN-CS 15.2 1175 21.8 714 (710)
7-ZnQ-PAN 52.8 823 19.3 675 (675)
7-ZnQ-PAN-CS 14.8 1120 21.7 679 (675)
7-In-PAN 50.7 1001 19.1 727 (727)
7-In-PAN-CS 16.3 1005 21.6 731 (727)
7-InQ-PAN 51.1 913 18.6 689 (689)
7-InQ-PAN-CS 15.5 1135 21.7 694 (689)

2 Values in brackets are for Pcs alone in DMSO
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3.6 Summary of chapter

This chapter focuses on the synthesis and characterization of Pcs, ZnONPs, nanofibers,
glass wool and their conjugates. The characterization of Pcs involved various analytical
techniques such as 'H NMR, mass spectrometry, UV-Vis spectroscopy, FTIR
spectroscopy, and elemental analysis. These techniques were utilized to confirm the
presence of substituted Pcs and their respective structures. The unmetalled Pcs (1-Hz, 2-
H2) showed a split Q-band in DMF, while all metalated Pcs exhibited a monomeric Q-

band in DMSO.

The ZnONPs showed a characteristic diffraction pattern, including peaks at 100, 002,
101, 102, 110, 103, 200, 112, 004, and 202. The TEM micrographs confirmed the
spherical and pyramidal morphologies of ZnONSps and ZnONPYys, respectively. The
ZnONSps (<10 nm) were smaller in comparison to the ZnONPys (<40 nm), however the

latter nanoparticles had a higher Pc loading than the former.

The supports, nanofibers and glass wool showed cylindrical surfaces. However, in
comparison to the nanofiber, the glass wool had a rougher surface. The average diameter
was determined using SEM and it was found that the GW was 10 times larger than that

of the nanofibers.

The covalent linkages of all the conjugates (6-ZnONSps, 6-ZnONPys, PAN-CS, 7-PAN,
7-PAN-CS, 7-GW, 8-Zn-GW, 9-Zn-GW, and 10-Zn-GW) were confirmed through XPS
and FT-IR. The absorption properties of conjugates was assessed using UV-Vis
spectroscopy for the nanoparticle conjugates and solid-state UV-vis spectroscopy for

nanofibers and glass wool conjugates.
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4. Photophysical and Photochemical Properties

This chapter delves into the photophysical and photochemical characteristics of the
complexes and soluble conjugates employed in this thesis. Furthermore, it examine the

singlet oxygen generation properties of the photoactive supports.

4.1 Fluorescence spectra, quantum yields (®¢), and lifetimes (7r)

Fluorescence quantum yield refers to the ratio of emitted fluorescence photons to
absorbed excitation photons [212]. Fluorescence quantum yields of all fluorophores were
determined by the comparative method (equation 4.1 [212]), using ZnPc as a standard

(@3t = 0.2) [41]

_ pStd_FAMn2
Pr = PF 5aa sy (4.1)

where F and FSY represent the areas under the emission curves of the sample and
standard, respectively. A and ASY correspond to the absorbances of the sample and
standard, while n and nS are the refractive indices of the solvents used for sample and
standard, respectively. To mitigate inner filter effects, the absorbance at the excitation
wavelength was maintained at approximately 0.05. At least three independent
experiments were performed for the quantum yield determinations. Both the sample and

the standard were excited at the same relevant wavelength.

The fluorescence lifetime measures the average time during which fluorophores remain
in the excited singlet state and the values were obtained using the time-correlated single-

photon counting (TCSPC) setup.
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4.1.1 Fluorescence excitation and emission spectra

The fluorescence absorption, excitation, and emission spectra of 3-ZnQ is shown in
Figure 4.1 as an example for other fluorophores, as all complexes and conjugates
showed similar behaviour in DMSO. The excitation spectra closely resembled the
absorption spectra, and both were mirror images of the emission spectra in DMSO,
Figure 4.1. The proximity of the wavelength of the Q-band absorption and excitation
spectra suggests that the nuclear configurations of the ground and excited states remain

similar and are not affected by the excitation in DMSO.
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Figure 4.1: Absorption, excitation, and emission spectra of 3-ZnQ in DMSO.
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4.1.2 Fluorescence quantum yield and lifetime

The fluorescence quantum yields (®Pr) were determined using a comparative method and
equation 4.1. The fluorescence lifetimes (1F) were obtained through the TCSPC method.
Figure 4.2 illustrates the fluorescence decay curve for 3-ZnQ, which served as a
representative of all the photosensitizers studied. This curve was used for the

determination of the 1F values.
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Figure 4.2: The fluorescence decay curve and fitting of 3-ZnQ in DMSO and the fitting

residue for decay curve. IRF: instrument response function.
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The ®rand 1r values for the various photosensitizers studied are presented in Table 4.1.
The phthalocyanines alone displayed mono-exponential decay, while the 6-ZnONSps
and 6-ZnONPys conjugates exhibited bi-exponential decays, indicating the presence of

two distinct lifetimes, however, only the average lifetimes are represented in Table 4.1.

142 |Page



Photophysical and Photochemical Properties

Table 4.1: Fluorescence quantum yield and lifetime parameters of the photosensitizers

in DMSO.
Photosensitizer TF (nS)
1-H: 0.08 2.08
2-H2 0.09 5.48
1-Zn <0.01 1.86
2-Zn 0.01 2.34
1-In <0.01 1.48
2-In <0.01 1.97
1-ZnQ 0.19 1.92
2-ZnQ 0.24 2.84
1-InQ 0.01 1.69
2-InQ 0.02 2.31
3-Zn 0.06 2.04
3-In 0.02 1.52
3-ZnQ 0.18 2.87
3-InQ 0.11 2.32
4-Zn 0.03 2.66
5-Zn 0.02 2.60
4-In 0.01 2.24
5-In <0.01 1.47
4-ZnQ 0.14 3.59
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Table 4.1 continues:

Photosensitizer

5-ZnQ 0.12 3.38
4-InQ 0.08 2.87
5-InQ 0.06 2.78
6-Zn 0.18 2.96
6-In 0.08 2.04
6-ZnQ 0.12 2.46
6-InQ 0.03 1.58
6-Zn-ZnONSps 0.05 1.82
6-In-ZnONSps 0.02 1.54
6-ZnQ-ZNnONSps <0.01 1.23
6-InQ-ZnONSps <0.01 1.02
6-Zn-ZnONPys 0.03 1.57
6-In-ZnONPys <0.01 1.21
6-ZnQ-ZnONPys 0.03 0.92
6-InQ-ZnONPys <0.01 0.78
7-Zn 0.02 297
7-In <0.01 2.58
7-ZnQ 0.17 5.15
7-inQ 0.08 4.98
8-Zn 0.16 2.88
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Table 4.1 continues:

Photosensitizer

9-Zn 0.09 1.68

10-Zn 0.06 1.52

This thesis discusses the impact of various factors on the fluorescence properties of MPcs
photosensitizers, including the central metal, quaternization, nanoparticles, and

symmetry. A summary of the investigation is provided below:

Effects of central metal:

Complexes 1-Hz2 and 2-Hz2 showed higher ®fF values of 0.08 and 0.09 respectively,
compared to the metalled Pcs, 1-Zn, 1-In, 2-Zn and 2-In. Indium Pcs produced lower ®r
than zinc Pcs due to the heavier indium atom favouring intersystem crossing to the
forbidden triplet state [49]. This is known as the heavy atom effect. Heavy atoms promote
intersystem crossing to populate the triplet state through the spin orbit coupling, which is
most prevalent in atoms whose nuclei are large and enhances the kinetics of both
radiative and non-radiative transitions between states with different spin, hence lowering
fluorescence quantum yields and lifetimes. This trend was observed consistently across

all metalated complexes.

Effects of quaternization:

The quaternized compounds 1-ZnQ, 1-InQ, 2-ZnQ, and 2-InQ, had an intense

fluorescence emission, with higher ®r values of 0.19, 0.01, 0.24, and 0.02, respectively.
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The methylated complexes showed an enhancement in the ®r and Tr values, and this
increase is due to the lone pairs being used in the quaternization resulting in less
fluorescence quenching. This trend was observed consistently across all quaternized

complexes.

Effects of nanoparticles:

Complex 6 was covalently attached to two distinct zinc oxide nanoparticles: ZnONSps
and ZnONPys. This conjugation resulted in a decrease in ®r due to the heavy atom effect
of the NPs [213]. The average 1r in Table 4.1 were consistent with the ®r values, as the
unconjugated complexes exhibited longer 1r values than the conjugated complexes. This
further supports the efficient promotion of intersystem crossing to the triplet state for the

conjugates.

Effects of symmetry:

The effect of symmetry was assessed by comparing asymmetrical complex 7 with three
morpholine showed no significant difference and no clear trend in the ®r and 1r values
compared to symmetrical complex 2 (Table 4.1). Asymmetrical 8-Zn containing a single
oxo spacer exhibited significantly higher ®r and 1r values of 0.16 and 2.88 ns, compared

to symmetrical 9-Zn and 10-Zn with four oxo bridges.
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4.2 Triplet quantum yield (®7) and lifetimes (17)

The triplet quantum yield quantifies the efficiency of transitions from the singlet excited
state to the triplet state. The triplet quantum yields were determined in DMSO using a
comparative method and ZnPc as a standard (®1 = 0.65 [214]). The assessment was

carried out using Equations 4.2

b, = psrd bret (4.2)

T AAg-vtdgT

where @3t s the triplet quantum yield of the standard, AA,,; and AA, are the changes
in the triplet state absorbances of the standard and the sample, respectively, er and £3t¢
are the triplet state molar extinction coefficients for the sample and the standard,

respectively. The er and &% are calculated using the equations 4.2a and 4.2b

respectively.

AA
er = &7, (4.2a)

. — . AA7(stay (4.2b)
T(std) s(std) AAs(std)

where ¢, and &4y are the molar extinction coefficients in the ground sates for the sample
and standard, respectively. The AA; and A4y are the changes in the absorbance in

the ground states for the sample and standard, respectively.

Each complex underwent a 15 min deaeration process using argon gas and the
crossover wavelength between each sample and standard was employed as the laser

excitation wavelength. A laser flash photolysis set-up was utilized to acquire the transient
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absorption and decay curves. These curves were subsequently employed to calculate the

triplet quantum yield (@) and triplet lifetime (11) in DMSO.

The typical transient absorption and triplet decay curves of MPcs and their conjugates
are shown in Figure 4.3 using 2-ZnQ as an example. A broad where there was a broad
T1- Tatriplet absorption peak was evident at 480 nm, consistent with the finding from the
literature [215]. Nitrogen-containing substituents directly bound to the Pcs ring have been
reported to quench the triplet state [216], hence no ®tvalues in Table 4.2 are recorded
for the tetra morpholine-substituted complexes, 1 and 2, since there was no signal. In
contrast, the introduction of the methyl groups to the nitrogen atoms improved the signal
quality (Figure 4.3(a)) with the @1 values of 1-ZnQ, 1-InQ, 2-ZnQ, and 2-InQ were
determined to be 0.71, 0.66, 0.92, and 0.87, respectively, Table 4.2. The non-peripheral
Pcs (complex 1) had higher values than peripheral Pcs (complex 2), corresponding to the
low fluorescence quantum yields for the former. The extension of the alkyl chain complex
5 (compared to complex 4) showed minor increase in the @t values. Upon linking complex
6 to the ZnONPs resulted in an increase in the ®r values, attributed to the heavy-atom
influence of ZnONPs, facilitating intersystem crossing to the triplet state. There was no

clear influence of shape of the ZnONPs on the @t values.
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Figure 4.3: (a) Transient differential spectrum and (b) corresponding triplet decay curve

of complex 2-ZnQ in DMSO.
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Typically, complexes with higher fluorescence quantum yields are expected to exhibit
lower triplet quantum yields, as these processes compete with each other. As a result,
cationic Pcs with higher ®r displayed lower triplet quantum yields when compared to the
neutral Pcs. The heavier central atom, indium, yielded a greater conversion to the triplet
state than the corresponding zinc complexes due to the enhanced intersystem crossing

discussed earlier, leading to an increase in the triplet quantum yields.

Triplet state lifetimes (11) were studied to confirm the population of the triplet state. The
triplet decay curve obeyed second-order kinetic law, Figure 4.3(b), primary due triplet-
triplet recombination [217]. This decay behavior is typical for Pc complexes and
conjugates and the corresponding values are summarized in Table 4.2. This thesis
unveiled two distinct trends. The first trend was observed in complexes 1-ZnQ, 1-InQ, 2-
ZnQ, 2-InQ and 6 (and its conjugates), where the efficient spin-orbit coupling (the heavy
atom effect) resulted in the shortened triplet lifetimes and increased triplet quantum yields
[218]. In contrast, the Schiff base complexes 3-5 and the asymmetrical complex 7
revealed a second trend. In these cases, higher triplet quantum yields were accompanied
by longer ftriplet lifetimes. This observation suggests that these complexes are less
effective at dissipating the energy of the excited triplet state compared to complexes 1-
ZnQ, 1-InQ, 2-ZnQ, 2-InQ, and 6. The triplet quantum yield and lifetime for complexes 8-

10 were not studied.
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Table 4.2: Triplet quantum yield and lifetime parameters of the photosensitizers in DMSO.

Photosensitizer 11 (NS)
1-H2 - -
2-H2 - -
1-Zn - -
2-Zn - -
1-In - -
2-In - -
1-ZnQ 0.71 112
2-ZnQ 0.66 292
1-InQ 0.92 76
2-InQ 0.87 92
3-Zn 0.62 132
3-In 0.75 210
3-ZnQ 0.52 88
3-InQ 0.59 112
4-Zn 0.55 147
5-Zn 0.59 154
4-In 0.61 192
5-In 0.63 202
4-ZnQ 0.48 157
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Table 4.2 continues:

Photosensitizer

5-ZnQ 0.52 177
4-InQ 0.59 218
5-InQ 0.59 216
6-Zn 0.58 258
6-In 0.63 223
6-ZnQ 0.52 271
6-InQ 0.60 249
6-Zn-ZnONSps 0.67 207
6-In-ZnONSps 0.70 135
6-ZnQ-ZNnONSps 0.62 228
6-InQ-ZnONSps 0.68 182
6-Zn-ZnONPys 0.69 177
6-In-ZnONPys 0.72 112
6-ZnQ-ZnONPys 0.65 212
6-InQ-ZnONPys 0.70 135
7-Zn 0.50 185
7-In 0.68 248
7-ZnQ 0.45 152
7-InQ 0.52 212
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4.3. Singlet oxygen quantum yields (®a) and photostability

4.3.1 Singlet oxygen quantum yields in solution

The singlet oxygen quantum yield denotes the quantity of singlet oxygen ('O2 molecules)
produced for each absorbed photon by a photosensitizer. In the context of this study, the
®a value for soluble photosensitizer solutions were determined using a comparative
approach as previously outlined in literature [219]. This method involved employing
unsubstituted ZnPc (®a = 0.67 [219] in DMSO, as well as CIAIPcSmix (®a = 0.42 [41]) in
aqueous media as standards. 1,3-Diphenylisobenzofuran (DPBF) and anthracene-9,10-
bis-methylmalonate (ADMA) were used as quenchers in DMSO and in aqueous media,

respectively.

In the experimental procedure, equal volumes of the photosensitizer solution (sample or
standard, each with an approximate absorbance of 1.5) and the quencher solution (with
an approximate absorbance of 2) were mixed in the dark. Subsequently, the mixtures
were exposed to light with a wavelength corresponding to the crossover wavelength of
the sample and standard. The degradation of the quencher following successive
irradiation cycles was then tracked using UV-Vis spectroscopy, and the ®a values were

calculated employing Equation 4.3

std
R 'Iabs
RStd'IabS

D, = pstd (4.3)

where @35t is the singlet oxygen quantum yield for the standard, R and R are the DPBF

or ADMA photobleaching rates in the presence of Pc complexes, nanoconjugates under
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std

investigation, as well as the standard, respectively. labs and I3

are the rates of light

absorption by the Pc complexes, nanoconjugates and standard, respectively.

The degradation profiles of DPBF and ADMA for complexes 1-Zn and 1-ZnQ are shown
in Figure 4.4 as representatives. The Q-band were unaltered while the quenchers
degraded over the irradiation period. In the absence of the photosensitizers and light, the
absorption profile of DPBF at 417 nm and ADMA at 380 nm remained unchanged. The
@4 values are summarized in Table 4.3. As shown in Table 4.3, the ®x in DMSO followed
the same trend as the ®r as the ®ais generated from the triplet state. Therefore, all
complexes with higher ®t exhibited higher ®a values except for the ZnONPs
nanoconjugates. The decrease in the ®a observed may be due to the screening effect
introduced by the capping agent on the ZnONPs, which may have inhibited the interaction
between molecular oxygen and the excited triplet state of the nanoconjugates [220]. The
@4 values for 8-10 were determined in DMSO to confirm the photoactivity of the

compounds, and the values obtained were between 0.24-0.44.

The ®avalues in aqueous media, however, were reduced compared to DMSO, Table 4.3.
The reduction of the ®a values in agueous media relative to DMSO alone is due to oxygen
having a higher solubility in many organic solvents compared to water [221] and the
quenching effect brought by water molecules on the singlet oxygen generation [41].
Additionally, in aqueous media, ®a values of cationic Pcs were relatively higher than for
neutral Pcs due to the latter demonstrating a higher degree of aggregation in this
environment than the former. The ®a values of H2Pcs could not be obtained due

insolubility in aqueous media, hence no values were reported. In both media, the central
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metal ion showed a significant effect on the ® values. The indium (lIl) containing Pcs
were the most efficient photosensitizers compared to the zinc (Il) containing Pcs, due to
the heavy atom effect discussed above. This effect is known to enhance the triplet state

population, resulting in increase in singlet oxygen yields [49].
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Figure 4.4: Absorption changes of (a) DBPF in the presence 1-Zn in DMSO and (b)

ADMA by 1-ZnQ complex in water.
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Table 4.3: Singlet quantum yield and photostability of the Pc complexes and their

conjugates, where Aq sol — aqueous solution.

Photosensitizer ®a (in DMSO) @ (in aq sol) %Pd %Pd (in aq sol)
1-H2 0.28 - 2.8 -
2-H 0.20 - 3.2 -
1-Zn 0.54 0.01 2.1 4.7
2-Zn 0.47 0.02 2.5 5.2
1-In 0.68 <0.01 2.3 4.9
2-In 0.63 <0.01 29 5.4
1-ZnQ 0.58 0.26 29 18.7
2-ZnQ 0.50 0.23 3.6 18.9
1-InQ 0.66 0.38 3.1 18.0
2-InQ 0.62 0.32 3.9 18.4
3-Zn 0.61 0.03 1.2 4.6
3-In 0.68 0.05 1.3 4.3
3-ZnQ 0.48 0.18 3.5 16.2
3-InQ 0.56 0.20 2.7 15.5
4-Zn 0.48 0.07 1.0 2.4
5-Zn 0.50 0.08 0.8 1.3
4-In 0.53 0.10 1.5 2.9
5-In 0.54 0.12 1.1 2.0
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Table 4.3 continues:

Photosensitizer ®x (in DMSO)  ®a (in aq sol) %Pd %Pd (in aq sol)
4-ZnQ 0.40 0.20 1.8 4.1
5-ZnQ 0.41 0.22 1.2 2.9
4-InQ 0.50 0.22 24 3.2
5-InQ 0.52 0.24 1.5 2.4
6-Zn 0.55 0.08 3.0 3.0
6-In 0.58 0.10 3.3 3.0
6-ZnQ 0.46 0.21 4.1 1".7
6-InQ 0.54 0.25 4.3 11.0
6-Zn-ZnONSps 0.44 0.03 24 5.2
6-In-ZnONSps 0.52 0.05 2.7 5.4
6-ZnQ-ZnONSps 0.40 0.17 3.6 8.4
6-InQ-ZnONSps 0.49 0.20 2.9 6.7
6-Zn-ZnONPys 0.50 0.05 2.1 4.6
6-In-ZnONPys 0.49 0.06 2.5 5.0
6-ZnQ-ZnONPys 0.42 0.18 3.3 7.8
6-InQ-ZnONPys 0.54 0.23 2.5 6.9
7-Zn 0.42 0.21 1.9 5.2
7-In 0.60 0.23 2.0 4.9
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Table 4.3 continues:

Photosensitizer @4 (in DMSO) @4 (in aq sol) %Pd %Pd (in aq sol)
7-ZnQ 0.40 0.24 4.2 12.8
7-InQ 0.55 0.28 3.4 12.1

8-Zn 0.40 - - -

9-Zn 0.44 - - -

10-Zn 0.24 - - -

The effect of light and two free radical experiments were carried out to confirm the active
species in the photodegradation of the chemical probes, DPBF and ADMA. Sodium azide
(NaNs, 0.01 M) and methanol (MeOH, 0.01 M) were added as singlet oxygen [222] and
hydroxyl radicals [223] scavengers, respectively. The experiments were conducted both
with or without light exposure, respectively. Complex 6-ZnQ and 6-ZnQ-ZnONPys were
used as representative. As shown in Figures 4.5a and 4.5b, complexes 6-ZnQ and 6-
ZnQ-ZnONPys revealed very low activity in the dark. Upon the addition of NaNs and
MeOH, there was a significant inhibition in the photodegradation activity of DPBF,
suggesting that both singlet oxygen and hydroxyl radical were involved in the oxidation
reaction. However, for complex 6-ZnQ the changes in the presence of MeOH were minor,
confirming singlet oxygen as the main reactive oxygen species. The same trend was

observed for ADMA studies.
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Figure 4.5: Photodegradation of DPBF by (a) 6-ZnQ and (b) 6-ZnQ-ZnONPys in the

presence or absence of different scavengers and light.

As a complimentary technique, electron paramagnetic resonance spectroscopy (EPR)
was used to monitor the ability to generate ROS under illumination for 6-ZnQ and 6-ZnQ-
ZnONPys. TEMPO and DMPO were used as spin trapping agents for singlet oxygen and
hydroxyl radical, respectively. The EPR results (Figure 4.6) followed the same trend
observed above. The EPR spectra showed a typical triplet signal of TEMPO (Figure
4.6a), confirming the photo-generation of singlet oxygen of both complex 6-ZnQ and 6-
ZnQ-ZnONPys. The hydroxyl radicals were effectively scavenged by DMPO in the
presence of 6-ZnQ-ZnONPys, and the EPR spectrum (Figure 4.6b) revealed four weak

characteristic peaks with an intensity ratio of 1:2:2:1. However, no signal was detected
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with complex 6-ZnQ, indicating that linking the phthalocyanines to the ZnONPs produces

different reactive oxygen species, which may be essential in the inactivation of micro-
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Figure 4.6: EPR spectra of 6-ZnQ and 6-ZnQ-ZnONPys mixed with a) TEMPO and b)

DMPOQO under light.
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Ensuring the photostability of sensitizers against photo-induced changes is of utmost
significance for their practical use such as PACT and photodegradation of pollutants.
To assess the photostability of the complexes and nanoconjugates, each
photosensitizer was exposed to light for 1 h in both DMSO and aqueous solution. The
formation or disappearance of bands were monitored via UV-Vis absorption at 15 min
intervals, Figure 4.7 shows the spectra of 3-Zn in DMSO, as an example. The
photodecomposition percentages (%Pd) of the Q-band are quantified and listed in
Table 4.3. In DMSO, all complexes showed a good photostability, with %Pd less than
5%. Conversely, in aqueous media, the susceptibility to light was evident, leading to
an increased in the photodecomposition percentage, as outlined in Table 4.3.
However, the Pcs and nanoconjugates were still relatively stable with percentage
degradation of less than 20% in aqueous media hence this stability renders them
suitable for use in application. The lower photodecomposition rates are observed in
DMSO due to its coordinating properties which reduce the photooxidation rates of Pcs

[224].
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Figure 4.7: Photodegradation of 3-Zn in DMSO at 15 min. Insert: Absorbance versus

time plot of 3-Zn.

162 |Page



Photophysical and Photochemical Properties

4.3.2 Singlet oxygen quantum yields on support

To determine the singlet oxygen quantum yield in nanofibers and glass wool, the
absolute method was employed due to the absence of standards [225]. These
experiments were conducted in unbuffered aqueous solutions, utilizing ADMA as a
quencher. The degradation of ADMA was tracked at 380 nm [225]. The quantum yields

(DPabma) were determined using Equation 4.4:

Co—COV
Dppma = Co GV (4.4)

tIabs

Here, Co and Ct stand for the initial and final concentrations of ADMA respectively, V
represents the volume of the solution, t signifies the irradiation time per cycle, and labs

is defined by Equation 4.5

(4.5)

where a =1 -10 AN, A(A) is the absorbance of the phthalocyanines on the support as
determined by placing the modified support directly onto solid-state UV
spectrophotometer, A is the irradiated area (0.20 cm?), / is the intensity of light and Na
is Avogadro's constant. The light intensity measured refers to the light reaching the
spectrophotometer cell, and it is expected that some of the light may be scattered,

hence the @ values of Pc complexes in the prepared materials are estimates. The

singlet oxygen quantum vyields (®a) were calculated using Equation (4.6) [225]:

11 1 kg 1

PapMA  Pa Pa kq [ADMA]

(4.6)
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where ky is the decay constant of singlet oxygen, while ka represents the rate constant
of the reaction between ADMA and O2 ('Ag). @4 is obtained from the plot of 1/®apma

versus 1/[ADMA].

The singlet oxygen generation of the supports were assessed through monitoring of
ADMA absorption at 380 nm. Figure 4.8 displays the absorption intensity of ADMA at
various irradiation times of 7-ZnQ-PAN-CS and 7-ZnQ-GW (used as examples).
Control experiments were conducted in the dark and showed negligible changes (not
presented). The absence of the Q-band validates that the immobilized Pcs did not
leach out from nanofibers (Figure 4.8a) or glass wool (Figure 4.8b). The ®4 values of

modified nanofibers and glass wool are provided in Table 4.4.
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Figure 4.8: UV-vis spectral changes of ADMA in water in the presence of (a) 7-ZnQ-PAN and

(b) 7-ZnQ-GW supports. Spectra were recorded at 15 min intervals.
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Table 4.4: A summary of the singlet oxygen quantum yields for the modified nanofibers

and glass wool in aqueous solution.

Pc-support conjugate Loading mg/g
7-Zn-PAN 0.14 (0.35) 52.3
7-Zn-PAN-CS 0.18 15.2
7-Zn-GW 0.11 (0.17) 34.9
7-In-PAN 0.16 (0.40) 50.7
7-In-PAN-CS 0.18 16.3
7-In-GW 0.12 (0.18) 34.5
7-ZnQ-PAN 0.18 (0.45) 52.8
7-ZnQ-PAN-CS 0.21 14.8
7-ZnQ-GW 0.15 (0.23) 33.8
7-InQ-PAN 0.21 (0.53) 51.3
7-InQ-PAN-CS 0.24 15.5
7-InQ-GW 0.17 (0.26) 33.2
8-Zn(a)-GW 0.38 3.65
0.40°
9-Zn-GW 0.35 3.34
0.442
10-Zn-GW 0.22 1.84
0.242

aValues of unconjugated Pcs in DMSO and values in brackets are the ®a values

generated with white light.
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All modified supports exhibited reduced ®a values in comparison to the values
observed in DMSO or aqueous media (for water-soluble complexes). This reduction
may be attributed to the aggregation of MPcs in the solid state and the quenching
effects of water [41]. The incorporation of chitosan into the polymer led to an increase
in the ®a values due to improved hydrophilicity of the material [226], as indicated in
Table 4.4. For comparison purpose, Complex 7 was also conjugated to glass wool,
resulting in considerably lower ®x values for 7-GW than for 7-PAN, primarily due to
the higher loading of Pc in the latter. The effect of loading was also observed for 8-
GW composites. The low ®a value for 10-Zn-GW is due to the higher degree of
aggregation discussed earlier. Both 8-Zn-GW and 9-Zn-GW showed less aggregation
than 10-Zn-GW, hence the comparable ®a values, with 8-Zn-GW demonstrating
higher ®a due to improved loading onto the glass wool. Furthermore, the ®a values of
7-PAN and 7-GW, were further assessed under both white light and red light, and the
comparison is shown in Figure 4.9a-b and the ®a values given in Table 4.4 (within
brackets). The degradation of ADMA was significantly higher when exposed to white
light compared to red light. This difference is attributed to the broader absorption range
of white light (380-750 nm) in contrast to red light (660-750 nm). Correspondingly,
white light produced higher ®a values compared to red light, and these values also
aligned with the loading trends observed above. In addition, the studies were repeated
without photocatalysts using white light (as shown in Figure 4.9¢c) to determine the
effect of the short wavelengths. No significant changes were observed confirming that
singlet oxygen generation primarily drives the photooxidation of ADMA. To further
substantiate the role of singlet oxygen, the studies were repeated in the presence of

NaNs, a singlet oxygen inhibitor, and the efficacy of the photocatalyst to produce singlet
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oxygen decreased (as shown in Figure 4.9d, using 8-Zn-GW as an example),

providing further evidence of the modified support ability to produce singlet oxygen.
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Figure 4.9: The comparison of degradation rates of ADMA by (a) 7-ZnQ-PAN and (b) 7-ZnQ-

GW composite under irradiation by red and white light. UV—vis spectral changes of (c) ADMA

alone when irradiated with white light, the spectra were recorded at 15 min intervals and (d)

Plot of AA for ADMA (380 nm) when irradiated with light, in the presence of NaNs, 8-

Zn-GW and in the dark.
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4.4 Summary of chapter

The photophysical and photochemical characteristics of the Pc complexes and
nanoconjugate were investigated, along with the singlet oxygen generating abilities of
their corresponding nanofibers and glass wool supports. All the complexes and
conjugates exhibited distinct characteristics attributed to the inherent properties of the
photosensitizers, including factors such as the choice of central metal, substituents,

symmetry, and conjugation with nanoparticles.

As expected, heavier central metals, such as indium when compared to zinc,
demonstrated increased singlet oxygen generation due to a high ® resulting from
enhanced intersystem crossing to the triplet excited state, driven by spin-orbit
coupling, hence the lower fluorescence quantum yields were observed. The extension
of the alkyl chain and conjugation to ZnONPs resulted in an increase in the @r.
Notably, complexes with higher ®1 exhibited higher ®4 values with the exception being
the ZnONPs nanoconjugates. The decrease in the ®a observed may be due to the
screening effect introduced by the capping agent on the ZnONPs, which may have
inhibited the interaction between molecular oxygen and the excited triplet state of the

nanoconjugates.

All modified nanofibers and glass wools showed adequate singlet oxygen generation
in aqueous solution with the loading capacity proving to be the determining fact in the
generation of ®a. The introduction of chitosan into PAN nanofibers improved the ®a
values due to improved hydrophilicity. As such, the modified support showed potential

application in photodynamic antimicrobial chemotherapy.

168 | Page



Chapter 5

Photodynamic Antimicrobial Chemotherapy

169 |Page



Photodynamic Antimicrobial Chemotherapy (PACT)

5. Photodynamic Antimicrobial Chemotherapy (PACT)

In this chapter, the applications of synthesized phthalocyanines, nanoconjugates, and
modified nanofibers and glass wool as PACT agents will be discussed. Complexes 1-3,6-
7 were utilized in the photodynamic antimicrobial chemotherapy for planktonic forms of
gram-positive Staphylococcus aureus (S. aureus), gram-negative Escherichia coli (E.
coli), as well as Candida albicans (C. albicans) in aqueous solution. Complex 3 was also
used the photoinactivation of Klebsiella pneumoniae (K. pneumoniae),
Salmonella enterica subspecies enterica serovar  Choleraesuis (S. choleraesuis),
vancomycin-resistant Enterococcus faecium (VREF), methicillin-sensitive and methicillin-
resistant Staphylococcus aureus (MSSA and MRSA). Complex 4 and 5 were only applied
to photoinactive MSSA and MRSA. Additionally, complex 6 and its corresponding
nanoconjugates were applied in the PACT of biofiims. Complex 7 and 8-10 were

immobilized onto support and the PACT activity of the support were assessed.

5.1 Photodynamic Antimicrobial Chemotherapy in solution

The PACT studies were carried out using a stock solution dissolved in 5% DMSO and
further diluted with PBS to a final working concentration. DMSO was used to improve the
solubility of non-water-soluble complexes. Preliminary blanks and controls were
conducted to confirm the effect of 5% DMSO, there was negligible difference in the
controls hence all studies are carried out in 5% DMSO. Control study was also performed
using the light alone and the light alone had no effect in the cell death. Statistical analyses
were evaluated using the one-way analysis of variance (ANOVA) and all the experiments

were performed in triplicates. A p-value of <0.05 was considered significant.
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5.1.1 Dark toxicity studies

The dark toxicity studies of complexes 1-10 were conducted to assess the effect of these
complexes in the absence of light at various concentrations. Generally, the dark toxicity
of all complexes was found to be dose-dependent, as illustrated in Figure 5.1, using 3-
ZnQ and 3-InQ as examples. The neutral phthalocyanines (except for 1-3, 7) exhibited
minimal toxicity against gram-positive and gram-negative bacteria (figure not shown).
However, the dark toxicity slightly increased for water-soluble cationic complexes. This
could be attributed to the presence of positive charge, which assists in orientating the Pc
to disrupt the cellular function and organization of the microbial cell [227]. On the other
hand, the morpholine-bearing phthalocyanines, complex 1-3 and 7, displayed significant
dark toxicity (figure not shown). This toxicity can be attributed to the presence of the
morpholine group, which is known to inhibit ergosterol, a hormone that stimulates fungal
growth [228]. The dark toxicity was enhanced in complexes when the morpholine group
was directly attached to the Pc macrocycle (1 and 2). Complexes 3Q showed an increase
in dark toxicity with increasing concentration due to the influence of the imine and
morpholine moiety (as shown in Figure 5.1). As mentioned earlier, compounds containing

imine and morpholine groups exhibit antibacterial activities [53, 229].

Nevertheless, all micro-organisms exhibited > 62.1% cell viability (at 80 yM) with
vancomycin-resistant Enterococcus faecium (VREF) being the most susceptible bacteria
in the absence of light. The lengthening of the alkyl chain did not prove to have any effect

on the dark toxicity rate for complexes 4 and 5.
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Figure 5.1: Concentration-dependent plots against gram-positive bacteria (a) VREF, (b)
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MRSA, (c) S. aureus, gram-negative bacteria (d) K. pneumoniae, (€) S. choleraesuis (c)
E. coli and (f) C. albicans in the dark (D) and light (L, 108 J/cm?, wavelength = 680/690

nm) using 3-ZnQ and 3-InQ as photosensitizers in 5% DMSO.

The activity of ZnONPs was assessed by varying the concentration against S. aureus and
E. coli, and the results are shown in Figure 5.2. The nanoparticles alone showed dark
toxicity which also increased with an increase in concentration (Figure 5.2). ZnONPys
had slightly higher dark toxicity compared ZnONSps. Despite the antimicrobial activity
observed with ZnONPs, complete eradication of the microorganisms was not achieved.

Therefore, the linkage to a photosensitizer might lead to enhanced activity.

In the dark, a noteworthy log reduction values of all conjugates against the three

microorganisms (S. aureus, E. coli and C. albicans) was evident, which is attributed to
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the antimicrobial properties of the ZnONPs. Conversely, phthalocyanines (6) exhibited no

dark toxicity in the absence of ZnONPs.
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Figure 5.2: Dose-dependent antimicrobial effect of ZnONSps and ZnONPys against (a)

S. aureus and (b) E. coli, the samples were incubated for 60 min in the dark.
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5.1.2 PACT studies in solution

5.1.2.1 PACT of 1, 2, 6 and 7 against S. aureus, E. coli and C. albicans in

planktonic form

Figure 5.3 is provided as an example for these studies, complexes 1, 2, and 7 were
chosen since they contain morpholine which has antibacterial activity, hence will in
comparing the microorganisms, 6 was chosen for the effect of nanoparticles. The
PACT studies were initially conducted by varying concentrations of complexes 1 and
2 from 0.125 yM to 80 uM and were irradiated for 1 h. The lowest concentration
achieving complete photo-eradication (log reduction = 3) of the microbes was
determined and defined as optimum values. The optimum concentration for complex
1 and 2 were found to be 0.5 uM for S. aureus and 2.5 yM for E. coli and C. albicans.
The log reductions values are listed in Table 5.1. As expected from ®, values, the
cationic Pcs (1-ZnQ, 2-ZnQ, 1-ZnQ and 2-InQ) exhibited higher log reductions than
their neutral derivatives against all three microorganisms. The hydrophilic nature of
cationic Pcs promoted interaction between the dyes and cytoplasm of the
microorganisms. Additionally, improved solubility enhanced the interaction between
the dye and the microorganism. As a result, cationic complexes exhibited very high
log reductions. In general, there was a moderate difference between the non-
peripheral, peripheral, zinc and indium Pcs. The log reduction values in the presence
of DMSO (= 5% DMSO) were not significantly different from the values in water alone

for the quaternized derivatives (Table 5.1).
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Table 5.1: Log reduction values for planktonic cells using different photosensitizers in

aqueous media (5% DMSO) at 1 h irradiation, unless stated otherwise.

Photosensitizer Log reduction

S. aureus E. coli C. albicans

2-Zn 0.02 1.45 1.36 1.78
1-In <0.01 1.28 1.03 1.36
2-In <0.01 1.30 1.21 1.40
1-ZnQ 0.26 8.42 9.90 7.94

8.212 9.432 7.49
2-ZnQ 0.23 8.37 9.84 7.87

8.19° 9.38° 7.342
1-nQ 0.38 8.57 9.92 7.98

8.282 9.412 7.532
24nQ 0.32 8.48 9.87 7.92

8.222 9.36° 7.372
3-Zn 0.03 1.24 0.11 0.13
3-In 0.05 1.90 0.13 0.19
3-ZnQ 0.18 9.68 9.34 8.78
3-nQ 0.20 9.67 9.33 8.74
6-Zn 0.08 1.72 0.81 0.88
6-In 0.10 1.74 0.84 0.96
6-ZnQ 0.21 8.52 7.88 8.08

@ values are in water
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Table 5.1 continues:

Photosensitizer Log reduction (% reduction)

S. aureus E. coli C. albicans

6-Zn-ZnONSps? 0.03 2.28 1.74 1.69
6-In-ZNONSps? 0.05 2.30 1.77 1.71
6-ZnQ-ZnONSps? 0.17 8.48 7.94 8.30
6-InQ-ZNONSps? 0.20 8.54 7.90 8.32
6-Zn-ZnONPys? 0.05 3.72 1.93 2.34
6-In-ZnONPys? 0.06 3.77 2.01 2.38
6-ZnQ-ZnONPys? 0.18 8.41 7.98 8.36
6-InQ-ZnONPys? 0.23 8.45 7.98 8.40
7-Zn 0.21 8.07 2.24 7.60
7-In 0.23 8.05 2.73 7.61
7-ZnQ 0.24 8.11 7.90 7.63
7-InQ 0.28 8.13 7.92 7.64

aStudies were complete using 5 ug/mL for S. aureus and 10 pg/mL for both E. coli and

C. albicans.
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The effect of asymmetry was evaluated using complex 7 against S. aureus, E. coli,
and C. albicans. The same optimal Pcs concentrations of 2.5 uyM for S. aureus and 5
MM for E. coli and C. albicans were applied. The neutral Pcs (7-Zn and 7-In) showed
good photocytotoxicity (Figure 5.3) against S. aureus and C. albicans with log
reduction values of 8.05-8.07 and 7.60-7.61, respectively, as summarized in Table
5.1. The addition of one carboxy phenoxy improved the solubility of 7-Zn and 7-In in
aqueous solution compared to 2-Zn and 2-In, thus enhancing photo-antimicrobial
activity. Neutral Pcs are known to be active against gram-positive bacteria due to their
ability to penetrate the thick yet porous outer membrane layer [85, 230]. Conversely,
gram- negative bacteria are enveloped by non-lipids, lipopolysaccharide and selective
porin-containing outer membranes, which are negatively charged, inhibiting the
activity of neutral complexes [231, 232]; hence, lower log values were obtained for E.
coli when using complexes 7 (neutral). As expected, methylated Pcs (7-ZnQ and 7-
InQ) exhibited improved inactivation efficacy at a shorter time compared to the neutral
Pcs, as shown in Figure 5.3. This improvement was attributed to an enhanced singlet
oxygen quantum yield in agqueous media and the ability to penetrate all three

microorganism’s cell walls/membranes, Table 5.1.
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Figure 5.3: PACT activity time-correlated studies in aqueous solution (a) S. aureus

(Pc =[2.5 uM]) b) E. coli (Pc = [5 uM]) and C. albicans (Pc =[5 pM]) in 5% DMSO.
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The PACT studies for planktonic cells using complex 6 involved photosensitizer
concentrations of 5 ug/mL for S. aureus and 10 ug/mL for both E. coliand C. albicans.
The results for complex 6-ZnQ, 6-ZnQ-ZnONSps and 6-ZnQ-ZnONPys conjugates
are presented as examples in Figure 5.4(a)-(c). Under light irradiation, the cationic
complexes (6-ZnQ and 6-InQ) and their conjugates successfully eradicated S. aureus,
E. coli, and C albicans (Figure 5.4, Table 5.1) with log CFU values reaching close to
or exceeding 8 for planktonic cells. The uncharged composites showed a reduction
microorganism viability but were more effective than for Pcs alone. Log reduction
values for uncharged composites generally remained lower than for the charged
composites, corresponding with the low singlet oxygen quantum yield values in
aqueous media for the former, Table 5.1. Complete eradication of S. aureus was
achieved with an irradiation dose of 45 J/cm? using 6-ZnQ-ZnONPys (Figure 5.4). A
similar trend was observed for both E. coli and C. albicans, where the 6-ZnQ-
ZnONPys conjugate (Figure 5.4 (b-c)) achieved a 0% cell survival when irradiated

with 90 J/cm?intensity.

The biofilm studies were conducted with varying concentrations of 25, 50, 100, and
200 pg/mL for each nanocomposite. As expected, there was an enhancement in
biofilm eradication with increasing nanocomposite concentration (Figure 5.4 (d)-(f)).
The phthalocyanines alone showed low activity against both E. coli and C. albicans.
However, they displayed log CFU values of >3 against S. aureus at 200 pg/mL for
cationic phthalocyanines (complexes 6-ZnQ and 6-InQ, Table 5.2). The
nanoconjugates significantly improved the eradication of all three micro-organisms.
Nevertheless, the log CFU values against C. albicans remained below 3 log CFU. The

zinc oxide incorporated nanoconjugates can release zinc ions into the solution leading
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to the termination of the microbes. The aforementioned results motivated the mixing
of S. aureus, E. coli, and C. albicans to form a biofilm with a heterogeneous
morphology. Subsequently, the antimicrobial activity of all nanocomposites was
investigated (Table 5.2). The log reduction values decreased for all nanocomposites
due to the complexity of the mixed biofilm. However, the 6-ZnQ /6-InQ-ZnONPys

nanocomposite showed promising potential in eradicating mixed species.

The morphology of the cell wall played a crucial role in affecting the antimicrobial
activity of the nanocomposites. Cationic nanocomposites had greater efficacy owing
to their capacity to penetrate the dense peptidoglycan layer in S. aureus and navigate
through the intricate cell walls of E. coli and C. albicans cell walls [233]. Interestingly,
the ZnONPys-containing conjugates had higher effectiveness than ZnONSps (except
for S. aureus). This outcome was unexpected, given that ZnONSps are smaller and
were anticipated to easily infiltrate the cell membrane. Overall, the highest PACT
activity, as well as dark toxicity, was observed with ZnONPys and its nanoconjugates.
This phenomenon might be attributed to the sharper nature of ZnONPys, enabling it
to rupture the cell membrane, and the larger nanoparticle’s capability to release the

toxic Zn?* ions.
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Figure 5.4: The photo antimicrobial activity of 6-ZnQ, 6-ZnQ-ZnONSps and 6-ZnQ-ZnONPys on (a) S. aureus, (b) E. coli and (c) C.
albicans planktonic cells (D= dark, L = light). Dose-dependent photo antimicrobial effect of complex 6, 6-ZnONSps and 6-ZnONPys on
(d) S. aureus, (e) E. coli and (f) C. albicans biofilm. The experiments were irradiated for 60 min with Modulight 680 nm laser using

concentrations of 5 uyg/mL for S. aureus and 10 pg/mL for E. coli and C. albicans in 5% DMSO.
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Table 5.2: Log reduction values of biofilms when treated with 200 ug/mL of each complex.

The experiments were performed in aqueous solution at 108 kJ/cm?.

Photosensitizer Log reduction
S. aureus E. coli C. albicans  Mixture

6-In 2.29 1.18 0.14 0.07
6-ZnQ 4.69 212 1.73 1.05
6-InQ 4.66 212 1.79 1.08
6-Zn-ZnONSps 4.38 1.94 0.83 0.57
6-In-ZnONSps 4.41 2.00 0.84 0.63
6-ZnQ-ZNnONSps 5.92 3.59 2.10 1.78
6-InQ-ZnONSps 5.95 3.62 212 1.81
6-Zn-ZnONPys 412 2.03 0.92 0.74
6-In-ZnONPys 4.08 2.07 0.95 0.78
6-ZnQ-ZnONPys 5.79 3.92 2.40 2.11
6-InQ-ZnONPys 5.84 3.95 243 213
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5.1.2.2 PACT of 3 against various microorganisms

Complex 3 was not only used to assess the photodynamic effect of the morpholine Schiff
base complexes and compared to cationic complexes 2, but it was also employed to
investigate other microorganisms. These complexes were tested against planktonic cells
of various microorganism strains; gram-positive bacteria such as S. aureus, MRSA,
VREF; gram-negative bacteria including E. coli, K. pneumoniae, S. choleraesuis; and

fungi like C. albicans. The results for the light studies are summarized in Table 5.3.

The PACT results revealed complete eradication of the S. aureus and VREF populations
when treated with 2.5 yM of 3-ZnQ and 3-InQ, while the rest of the microorganisms
required 5 uyM to achieve complete elimination. Using 5 yM, complexes 3-Zn and 3-In
showed very low log reduction values of less than 2, Table 5.3. In contrast, 3-ZnQ and
3-InQ exhibited very high log reduction values of more than 7 for all micro-organisms (as
shown in Table 5.3). The effectiveness of the cationic morpholine-containing complexes
(2 and 3) was evaluated by varying the light dosage, as listed in Table 5.4. The cationic
Schiff base Pcs (3-ZnQ and 3-InQ) required more light energy than 2-ZnQ and 2-InQ to
completely eradicate the microorganisms. When dealing with gram-positive bacteria, the
light energy for 3-ZnQ and 3-InQ was doubled to 54 J/cm? (up from 27 J/cm? for 2-ZnQ
and 2-InQ), except for MRSA, which necessitated a more intense light dosage of 108

J/icm?, for 3-ZnQ and 3-InQ.

Interestingly, both the cationic Schiff base Pcs (3-ZnQ and 3-InQ) and cationic non-Schiff
base Pcs (2-ZnQ and 2-InQ) contain the morpholine group. However, the Schiff base Pcs

required a higher light energy to completely eradicate the microorganisms. This could be
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attributed to the higher generation of singlet oxygen (®a = 0.23 for 2-ZnQ and ®» = 0.32
for 2-InQ, in aqueous media). It has been reported that the width of the cell envelope is
smaller than the diffusion length of singlet oxygen; thus, complexes 2-ZnQ and 2-InQ with
higher singlet oxygen quantum yields in aqueous media, exhibit greater phototoxicity

compared to 3-ZnQ and 3-InQ [234].

Table 5.3: Log reduction of planktonic cells and biofilms (in brackets) using 108 J/cm?.

Log reduction

Tl el N I

2-ZnQ 837 7.04 . 8.61 9.84

(4.15) (4.08) (5.45) (4.15) (4.34) (4.44) (4.02)  (1.05)

2-InQ 8.48 7.02 8.50 8.62 9.87 9.46 7.92 -

4.15) (4.10) (5.47) (4.16) (4.37) (4.47) (4.02)  (1.11)

3-Zn 1.24 0.19 0.07 0.07 0.11 0.06 0.13 -

(0.32) (0.02) (0.01) (0.08) (0.01) (0.02) (0.48)  (<0.01)

3-In 190 0.22 0.10 0.09 0.13 0.06 0.19 -

(0.32) (0.03) (0.01) (0.08) (0.02) (0.05) (0.50)  (<0.01)

3-ZnQ 9.68 7.01 8.52 8.61 9.34 9.48 8.78 -

(4.15) (4.04 (550) (4.14) (4.37) (4.48) (4.06)  (1.05)

3-InQ 9.67 7.02 848 8.64 933 948 8.74 -

(4.14) (4.08) (5.48) (4.16) (4.37) (4.44) (4.06)  (1.07)

SA = S. aureus, KP= K. pneumoniae, SC = S. choleraesuis and CA = C. albicans.

185 | Page



Photodynamic Antimicrobial Chemotherapy (PACT)

Both sets of cationic morpholine Pc complexes exhibit the ability to electrostatically attach
to the outer membrane. To simulate the water/membrane interface, the lipophilicity of the
complexes was determined using octanol: water partition coefficients (Pow). The values
were obtained using the shake-flask method [235], and the Log Pow values are
summarized in Table 5.4. Surprisingly, the cationic complexes containing both the imine
and morpholine groups higher gave lipophilicity (positive log Pow) and displayed a
stronger affinity for membranes. This might be attributed to the presence of alkyl chains
and their bulky nature. In contrast, the smaller complexes 2-ZnQ and 2-InQ appeared to

be more hydrophilic (negative log Pow).

Furthermore, both set of complexes (cationic 2 and 3) were tested against mono-biofilms
and mixed biofilms containing all microorganisms. Similar to the planktonic cell studies,
the bactericidal effect was observed when using a combination of high concentration (200
uM) and higher light dosage (108 J/cm?). The results are summarized in Table 5.3. For
mono-biofilms, the cationic complexes demonstrated an acceptable biofilm reduction (log
reduction > 3) for all microorganisms, Table 5.3. The neutral Pcs showed no significant
activity against the mixed biofilms, and the cationic Pcs showed biofilm reduction of > 1

(cell viability of > 90%) at 108 J/cm?.
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Table 5.4: Fluence required for the complete eradication of each microorganism

(planktonic) using 5 uM of each complex. Log partition coefficients of Pcs in octanol:water.

Log Pow

Fluence (J/cm?)
T ) I I I
27 54 81 81 81 54

2-ZnQ 27 -0.28
2-InQ 27 27 54 81 81 81 54 -0.34
3-Zn >108 >108 >108 >108 >108 >108 >108 -
3-In >108 >108 >108 >108 >108 >108 >108 -
3-ZnQ 54 54 108 108 108 108 54 1.32
3-InQ 54 54 108 108 108 108 54 1.18

PS — Photosensitizer, SA — S. aureus, KP - K. pneumoniae, EC — E. coli, SC - S.

choleraesuis, CA — C. albicans

5.1.2.3 PACT of 4 and 5 against MSSA and MRSA

The effect of alkyl chain extension in PACT was assessed using complexes 4 and 5 gram-
positive methicillin-sensitive Staphylococcus aureus (MSSA) and methicillin-resistant
Staphylococcus aureus (MRSA) bacteria strains. As expected, all neutral complexes (4-
Zn, 5-Zn, 4-In, 5-In) showed minimal phototoxicity levels. While the ®x values in aqueous
media for 5-ZnQ/5-InQ were comparable to 4-ZnQ/5-InQ, the log reduction values for
MRSA at 5 uM (Table 5.5) were found to be 2.65, 2.71, 8.48, 8.48 for 4-ZnQ, 4-InQ, 5-

ZnQ, and 5-InQ, respectively. The decrease in the activity of 4-ZnQ and 4-InQ might be
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influenced by the uptake of the compounds in MRSA, which will be discussed below. The
log reduction values (> 8) reported in this study for both MSSA and MRSA using 5-ZnQ
and 5-InQ surpass those reported for other cationic phthalocyanines containing
quaternized pyridine substituents [236], where the value was 7 or less. This shows the
significance of extending the alkyl chain to enhance uptake efficiency and highlight the

utility of the pyrrolidine moiety in improving PACT activities.

188 | Page



Photodynamic Antimicrobial Chemotherapy (PACT)

Table 5.5: Summary of log reduction values results using a concentration of 5 yM for
each complex and the diameters of zones of inhibition (in brackets) using 250 uM of each

complex along with 50 yuM of ampicillin and methicillin.

®A (in aq sol) Log reduction

4-Zn 0.07 0.96 (00.0) 0.37 (0£0.0)
4-In 0.10 1.01 (0£0.0) 0.42 (0£0.0)
5-Zn 0.08 1.22 (0£0.0) 0.38 (0£0.0)
5-In 0.12 1.27 (0£0.0) 0.41 (00.0)
4-ZnQ 0.20 8.69 (20£0.1) 2.65 (36£0.1)
4-InQ 0.22 8.68 (22+0.1) 2.71 (40£0.2)
5-ZnQ 0.22 8.64 (20+0.3) 8.48 (4610.5)
5nQ 0.24 8.64 (32+0.5) 8.48 (461+0.2)
Ampicillin - - (228+0.2) - (2980.4)
Methicillin - - (144+0.3) - (00.0)
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The uptake studies revealed a gradual increase in the uptake of the complexes with an
increase in concentration (0-250 uM), as depicted in Figure 5.5. Quaternized derivatives
exhibited higher uptake compared to the corresponding unquaternized Pcs (Figure
5.5(a,b)). Neutral Pcs showed slower uptake due to their hydrophobic nature.
Importantly, the time required to attain maximum uptake of 4-Zn, 5-Zn, 4-ZnQ, and 5-
ZnQ by MSSA and MRSA was investigated using a concentration of 5 yM for each Pc
complex. As shown in Figure 5.5(c,d), all Pc complexes showed greater uptake in MSSA
cells than in MRSA. Notably, 5-ZnQ displayed higher uptake in both MSSA and MRSA
compared to all other photosensitizers, achieving maximum uptake within 15 min of
incubation for MSSA and within 30 min for MRSA. In contrast, the maximum uptake of 4-
ZnQ was observed within 30 min for both MSSA and MRSA. The extension of the alkyl
chain contributed to the improvement in uptake efficiency. However, prior to conducting
the dark and phototoxicity studies, all complexes were incubated for 30 min. Therefore,
both 4-ZnQ and 5-ZnQ had already reached their maximum uptake. The slightly longer
alkyl chain in 5-ZnQ and 5-InQ may have influenced the enhancement in the

photodynamic inactivation against MRSA.
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Figure 5.5: The quantity of 4-Zn, 4-ZnQ, 5-Zn, and 5-ZnQ taken up in a) MSSA and b)

MRSA at varying concentrations after 1 h of incubation. Time-dependent uptake studies

of ¢) neutral and d) cationic ZnPcs (5 pM) in MSSA (black) and MRSA (red).
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Furthermore, the capacity of the Pcs to eliminate a thin bacterial film was evaluated using
the disk diffusion method [175]. For this, 20 yL of each complex (250 yM) was loaded
onto sterile test discs, which were then placed onto bacteria film. The agar plates were
subsequently exposed to irradiation at 180 J/cm? for 1 h. Ampicillin and methicillin served
as controls; ampicillin was employed as a positive control for both MSSA and MRSA,
while methicillin was used as a positive control for MSSA and a negative control for
MRSA. The results of the inhibition zone experiments for MSSA and MRSA are presented
in Figure 5.6 and the findings are summarized in Table 5.5 (within brackets).
Comparatively, the cationic Pcs showed an enhanced inhibition zone compared to the
neutral Pcs. Interestingly, the sizes of the inhibition zones were larger for MRSA in
comparison to MSSA. The newly synthesized Pcs complexes exhibited remarkable
photodynamic antimicrobial activity against both methicillin-sensitive Staphylococcus

aureus and methicillin-resistant Staphylococcus aureus.
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Figure 5.6: Zones of inhibition of MSSA and MRSA by; MET = methicillin, 4-InQ, 4-In,

AMP = ampicillin, 5-InQ, and 5-In.

5.2 Photodynamic Antimicrobial Chemotherapy on support (Pc-PAN, Pc-
PAN-CS and Pc-GW)

The Pc on supports were evaluated against microorganisms to assess their antifouling
properties. Biological fouling of materials involves the absorption on micro-organisms into
the surface. Herein, the antimicrobial properties of Pc-PAN, Pc-PAN-CS, and Pc-GW are

reported.

5.2.1 PACT activity of Pc-PAN and Pc-PAN-CS

With complex 7 exhibiting positive antimicrobial activities for all three model
microorganisms (S. aureus, E. coli and C. albicans), the investigation proceeded to the
electrospinning of Pc-PAN and Pc-PAN-CS, using the same microorganisms. The dark

studies were conducted and as depicted in Figure 5.7 (a-c); the unmodified PAN
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nanofibers showed no dark toxicity against any of the three microorganisms. In contrast,
the pristine PAN-CS nanofibers demonstrated a decrease in cell survival, with S. aureus

showing a higher cell death of 6.5 % compared to the PAN nanofibers.

Upon 1 h irradiation, the results obtained for Pc-PAN and Pc-PAN-CS are illustrated in
Figure 5.7(d-f), and the percentage reduction outcomes are summarized in Table 5.6.
Across all microorganisms, the nanofibers containing chitosan exhibited enhanced
efficacy, with a reduction in colony population following this trend: 7-InQ-PAN-CS > 7-
ZnQ-PAN-CS > 7-InQ-PAN > 7-ZnQ-PAN > 7-In-PAN-CS > 7-Zn-PAN-CS > 7-In-PAN >

7-Zn-PAN.

Similar to the complexes in solution, nanofibers containing cationic Pcs showed
significant PACT activity compared to neutral nanofibers due to the presence of positive
charges. These positive charges attracted microorganisms to bind to the photoactive
surface, thereby increasing the probability of interacting with the toxic singlet oxygen. The
introduction of chitosan further enhanced activity of the cationic nanofibers, resulting in a
reduction of over 90 % for both S. aureus and C. albicans and over 55% for E. coli. This
improvement can be attributed to the enhanced hydrophilicity of the polymer and
antimicrobial properties of chitosan. Notably, only against S. aureus was completely
irradicated by 7-ZnQ-PAN-CS and 7-InQ-PAN-CS, with percent reduction of 100 %
(Figure 5.8). This outcome arises from the absence of an outer membrane on the gram-
positive bacteria, which permits singlet oxygen species to damage crucial lipids and

proteins, consequently inducing cell death [237].
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Table 5.6: Percentage

reduction values for

planktonic cells using different

photosensitizers in aqueous media irradiated with red light unless stated otherwise.

Photosensitizer

Percentage reduction

S. aureus

E. coli

C. albicans

7-Zn-PAN 0.14 57.5(66.0)  11.9(19.4)  37.3(41.1)
7-Zn-PAN-CS 0.18 65.0 18.8 40.6
7-In-PAN 0.16 60.5(69.6)  13.7(21.7)  39.6 (44.1)
7-In-PAN-CS 0.18 68.8 20.6 41.9
7-ZnQ-PAN 0.18 91.7 (100)  52.3(63.3)  75.9(90.3)
7-ZnQ-PAN-CS 0.21 100 57.9 93.3
7-nQ-PAN 0.21 94.6 (100)  54.9(67.1)  77.2(94.3)
7-nQ-PAN-CS 0.24 100 58.8 94.6
7-Zn-GW 0.11 37.6 (45.7) 0.7 (7.6) 3.3 (12.6)
7-In-GW 0.12 43.8 (49.6) 2.9 (9.2) 7.7 (19.9)
7-ZnQ-GW 0.15 61.4 (72.6) 14.8(252) 40.7 (51.1)
7-nQ-GW 0.17 66.8 (75.4)  17.3(29.2)  31.2(50.3)
8-Zn-GW 0.38 77.8 - -
9-Zn-GW 0.35 75.3 - -
10-Zn-GW 0.22 67.2 - -

aValues in brackets are when irradiated with white light.
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Control  7-Zn-PAN 7-ZnQ-PAN 7-In-PAN 7-InQ-PAN

Control  7-Zn-PAN 7-ZnQ-PAN 7-In-PAN 7-InQ-PAN

H With CS

Without CS

With CS

Without CS

Figure 5.7: Dark toxicity studies on PAN fiber support (a) S. aureus, b) E. coli and c) C.

albicans and PACT activity on PAN fiber support (d) S. aureus, e) E. coli and f) C.

albicans.
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5.2.2 PACT activity of Pc-GW

The photodynamic inactivation studies were also included complex 7 conjugated onto
glass wool (Pc-GW). Studies using NH2-GW and conjugates in the dark, showed no
significant antimicrobial effect, hence the results are not reported. The PACT studies were
conducted under both red and white light illumination and with Pc-PAN, for comparison.
When illuminated with white light, the photoeradication trend was 7-InQ-GW >7-ZnQ-GW
> 7-In-GW > 7-Zn-GW (as shown in Table 5.6 and Figure 5.8), which mirrors the trend
observed for the nanofibers. As expected, the cationic composites exhibited higher
microbial inactivation than neutral composites. This heightened activity stems from the
electrostatic interaction between the positively charged composite and the negatively
charged teichoic acids in S. aureus, the lipopolysaccharides in E. coli and the
oligosaccharides in C. albicans. The combination of high singlet oxygen generation and
positive charges showed effective photoirradiation of the microbes. PACT activity is more
pronounced under white light due to its high singlet oxygen quantum yields. Moreover,
the fabricated PAN nanofibers exhibit greater PACT activity compared to the glass wool

composites, due to higher ®,, Table 5.6.
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198 |Page



Photodynamic Antimicrobial Chemotherapy (PACT)

The antibacterial activity of the neutral complexes 8-10 were investigated using S. aureus
bacteria as a model micro-organism. While the studies were also completed using E.coli
and C.albicans, all samples showed no significant antimicrobial activity; therefore, these
results are not included. Photodynamic inactivation studies were performed using 8-Zn-
GW, 9-Zn-GW, 10-Zn-GW and GW. Upon illumination, the glass wools samples achieved
reductions of 77.8 %, 75.3 %, and 67.2 % for 8-Zn-GW, 9-Zn-GW, and 10-Zn-GW,
respectively (as shown in Table 5.6). As expected, the unmodified GW demonstrated a
low level of bacteria reduction (6 %) due to its lack of photoactivity. The slight inactivation
observed may be attributed to diffusion effect. The enhanced inactivation efficacy for both
8-Zn-GW and 9-Zn-GW is attributed to their ability of sufficient singlet oxygen species
when compared to 10-Zn-GW. Overall, the percentage reduction for the Pc-GW was less
than 99.99% which is less than desirable as it allows replication of the bacteria. This
activity could be influenced by the presence of carboxylic groups attached to the Pcs. In
water, these groups dissociate, resulting in negative charges on the glass wool surface.
This charge difference induces repulsion between the photocatalyst and the negatively

charge cell membrane [238].
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5.3 Summary of chapter

The capacity of the phthalocyanine complexes to photoinactive microorganisms was
explored. The PACT studies were conducted using various microorganisms including
known antibiotic resistant bacteria such as MRSA and VREF. Generally, the cationic Pcs
demonstrated high log reduction values when compared to their neutral counterpart due
to improved solubility in aqueous media. There were no significant differences in the
PACT activities of the zinc and indium complexes as well as alpha and beta substituted
complexes. However, complex 2 was more efficient, requiring a lower dose compared to
the Schiff base, complex 3. The extension of the alkyl chain also proved to be essential
in the enhancing of the PACT activity with complex 5 showing induced activity compared
to complex 4. The PACT activity of complex 6 and it nanoconjugates were investigated in

both planktonic and biofilm forms, and 6-ZnONPys had a higher efficacy.
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6. Photodegradation

In addition to the PACT studies, the dual applicability of the Pc immobilized supports was
assessed by photodegrading pollutants in water. Herein, in this chapter, the results are

discussed.

6.1 Photocatalytic degradation of methyl orange using complexes 8-10

conjugated to glass wool
The phthalocyanines conjugated to glass wool were applied for methyl orange bleaching.
For accuracy, the photocatalytic experiments were done in triplicate per Pc-GW sample.

Complexes 8-10 were used as they contained multiple -COOH groups.

6.1.1 Adsorption in the dark

The methyl orange (MO) adsorption onto GW support was determined at 15 min intervals,
and the percentage of adsorption is shown in Figure 6.1. Adsorption was calculated
based on the decrease in the UV-Vis absorption profile of MO. In the initial 0-15 min
period, a considerate amount of dye was adsorbed by the 8-Zn-GW, 9-Zn-GW, and 10-
Zn-GW conjugates. After 15 min, the adsorption rate stabilized. Therefore, the kinetics

studies discussed below include a 15 min equilibrium period in the dark.
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Figure 6.1: (a) Adsorption of methyl orange (3.3 x 10-°>M) over time in the presence of

(i) 10-Zn-GW, (i) 9-Zn-GW, (iii) 8-Zn-GW, and (iv) GW.
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6.1.2 UV-vis absorption spectroscopy studies

The photobleaching of methyl orange was conducted using pristine GW as a control and
the complexes 8-10 conjugated glass wools at different concentrations. The studies were
carried out using an MO solution at pH 7.2. The UV-vis absorption spectrum of MO shows
two bands at 275 nm (band related to benzene rings) and 466 nm (related to the
chromophore N=N) [239-241]. Figure 6.2 illustrates the change in the absorption spectra
of MO in the presence of GW, 8-Zn-GW, 9-Zn-GW, and 10-Zn-GW at varying irradiation
times. There was a rapid decrease of the 466 nm band, suggesting the decomposition of
the azo bond and the formation of an amine-containing compound [242], along with a
steady blue shift of the benzene ring absorption from 275 to approximately to 255 nm.
Thus, these spectral changes are attributed to a photochemically induced process rather

than surface adsorption of the dye.
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Figure 6.2: Time-dependent UV/Vis absorption analysis of photodegradation of methyl
orange (3.3 x 10 M) in the presence of (a) GW, (b) 8-Zn-GW, (c) 9-Zn-GW, (d) 10-Zn-

GW at pH 7.2, irradiance = 450 mW/cm?Z.
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6.1.3 Kinetic study

The kinetic study of the photobleaching of MO at different initial concentrations (1.65 x
10° M, 3.30 x 10°° M, 4.95 x 10° M, 6.60 x 10 M, and 8.25 x 10~ M) was conducted in
the presence of 20 mg of 8-Zn-GW, 9-Zn-GW, and 10-Zn-GW. The linear kinetic plots
indicate that the reactions follow pseudo-first-order kinetics, as shown in Figure 6.3(a).
The initial rates increased with the increase in MO concentration for both 8-Zn-GW and
9-Zn-GW, while the opposite trend was observed for 10-Zn-GW, as detailed in Table 6.1.
The initial rates for 8-Zn-GW (¥ = 0.38) and 9-Zn-GW (®da = 0.35) are comparable, while
10-Zn-GW (®a = 0.22) showed a lower rate due to its lower singlet oxygen quantum
yields, Table 6.1. The kobs values decreased with increased MO concentrations, indicating
that the photocatalytic activity of the employed photocatalysts decreases as the amount
of MO increases. Notably, the 10-Zn-GW conjugate more than doubled the half-life of
both 8-Zn-GW and 9-Zn-GW, further supporting the efficiency of the latter conjugates in
degrading the pollutant. It is worth mentioning that the kobs values (and % efficiencies) are
highly dependent on the concentration of the analyte. The values in this work are
comparable to those reported in literature and even better in some cases, Table 6.2 [243-

246].
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Figure 6.3: Time-dependent photodegradation of MO (3.3 x 10-° M) upon (a) irradiation
with red light (Modulight-690 nm) in the presence of each Pc-GW composite and (b)

irradiation with varying light in the presence of 8-Zn-GW.
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Furthermore, the degradation of methyl orange (3.3 x 10° M) by the Pc-GW
conjugates was investigated under different light sources, namely, white light (A~380-
750 nm), blue light (A~450-495 nm), Thorlabs M530L3 LED (A ~ 530 nm), Thorlabs
M730L3 LED (A ~ 730 nm) and Modulight 7710-690 RHO laser system (A ~ 690 nm).
For comparison, each light source was adjusted to an irradiance of 110 mW/cm? and
the change in MO concentration is presented in Figure 6.3(b). From the results, the
order of degradation activity was white light > 690 nm > 730 nm > blue light > 530 nm.
The lack of Pc absorption intensity at 530 nm resulted in a lower degradation activity,
while the combination of all the wavelengths (white light) produced the maximum
degradation activity. This observation was important to establish the potential practical

applications of the Pc-GW nanocomposites in the presence of solar radiations.
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Table 6.1: Photo-degradation of methyl orange using 8-Zn-GW, 9-Zn-GW, and 10-Zn-GW.

Kobs (107 min‘') Rate (107 mol L' min-) t12 (min)

[MO]*10"  g.7,.GW 9-Zn-GW 10-Zn-GW 8-Zn-GW  9-Zn-GW 10-Zn-GW 8-Zn-GW 9-Zn-GW 10-Zn-GW

5 (mol/L)

1.65 8.1 7.8 5.0 1.34 1.29 0.83 86 89 139
3.30 4.9 4.3 1.8 1.62 1.42 0.59 141 161 385
4.95 3.8 3.4 0.9 1.88 1.68 0.45 182 204 770
6.60 3.2 2.5 0.4 211 1.65 0.26 217 277 1733
8.25 2.8 2.1 0.1 2.31 1.73 0.08 248 330 6931
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6.1.4. Catalyst reusability

The stability of the conjugated Pc is imperative for these applications. Therefore, the
photodegradation process was repeated three times, with each experiment carried out
under the same conditions. After each experiment, the photocatalysts were washed,
air-dried, and reused. The degradation efficiency after the third cycle was 78 % for 8-
Zn-GW and 82 % for 9-Zn-GW but lowered to 63 % for 10-Zn-GW when using an MO
concentration of 3.30 x 10°° mol/L. The decrease in activity may be due to the

permanent adsorption of the products onto the support.

Furthermore, the integrity of the reused glass wool conjugates was assessed via SEM
and solid-state UV-vis. After the final catalytic cycle, the photocatalysts were washed,
air-dried, and prepared for analysis. The SEM micrographs (Figure 6.4 (a-b)) showed
that the Pc-GW conjugates retained their structural integrity, and the solid-state UV-
vis (Figure 6.4 (c)) showed no significant change after three photodegradation cycles.
Due to this stability, the Pc-GW composite could be used for sustainable methyl
orange degradation. The photodegradation of methyl orange 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 [247], using
direct injection into ion trap mass spectrometer fitted with an electrospray ionization

(ESI-MS).

210 |Page



Photodegradation

——8-Zn-GW Before
—8-Zn-GW After

0.25

0.2 =

0.15 +

Absorbance

0.1 -+

0.05 +

0 T T T T T T T '
350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 6.4: SEM images of (a) 8-Zn-GW and (b) 10-Zn-GW and (c) Solid-state UV-

vis spectra of 8-Zn-GW after three cycles.
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Table 6.2: Comparison of Pc-GW conjugates with literature for the degradation of

methyl orange

Catalyst kobs/min- (% [MO] (x 10°) M
efficiency)

FeTPP/TiO2/CPVC 0.0049 50 m/L [244]
3-TCbZnPc/PS 0.00253 2.31 [245]
ZnTCPC-Au@SiO2 0.0094 2.58 [246]
8-Zn-GW 0.0049 (100%) 3.30 This work
9-Zn-GW 0.0043 (93%) This work
10-Zn-GW 0.0018 min" (44%) This work

ZnMIPPc = (2-[5-(phenoxy)-isophthalic acid]- 9(10),16(17),23(24)-tri-tert-butyl

phthalocyaninato, CPVC = Chlorinated polyvinyl chloride.

6.2 Photocatalytic degradation of methyl orange, 4-chlorophenol,
methylene blue using 7-PAN and 7-GW

Based on the ability to degrade MO using complexes 8-10 conjugated to glass wool,
all 7-PAN and 7-GW conjugates were evaluated against three pollutants, and the
studies were replicated three times. These studies were conducted to compare the

two supports and to assess the photocatalytic activity under red and white light.

6.2.1 Adsorption studies
Figure 6.5 displays the absorption spectra of MO, methylene blue (MB), and 4-

chlorophenol (4-CP). As previously mentioned, the observed peak for MO is due to
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the azo bond [240]. For MB, the peaks 613 and 664 nm are consistent with those
reported previously [248]. The spectrum for 4-CP exhibits two characteristic bands at

244 and 300 nm [249].

The adsorption of model dyes, MO, MB, and 4-CP, on the composites was
investigated. Ten milligrams of 7-PAN and 7-GW composites were added to a 3 mL
solution containing the pollutant dye at concentrations of 20, 40, and 80 uM. For the
adsorption studies, the reaction vessel was kept in the dark, and the absorption
spectra were recorded after a 15 min period. A similar procedure was followed for the
photodegradation studies; however, for these studies, the reaction vessel was
irradiated with either white or red light. For comparison, the photocatalytic studies of
NH2-PAN and NH2-GW (without photocatalysts) were also assessed. However, no

degradation activity was observed, and therefore, the results are not presented.

The dye adsorption of the respective composite was examined. As shown in Figure
6.5(i-vi) (using 7-ZnQ-PAN and 7-ZnQ-GW as examples), the glass wool support
exhibited minor adsorption of all dyes. However, the PAN nanofibers showed a high
adsorption affinity for the MB dye over a of 60 min period. For the MB dye alone, the

adsorption capacity, Q (mg/g), was determined using equation 6.1:

(CO — Ct) XV (61)
1000 xm

Q:

where co and ¢t (mg/L) represent the initial and final concentrations (determined from
absorption studies) at time ¢, V is the volume of the solution (mL), and m is the mass

of the adsorbent (g), and the corresponding values are presented in Table 6.3.

The neutral nanofibers 7-Zn-PAN, and 7-In-PAN, showed higher adsorption capacity
(6.88 and 6.32 mg/g) for MB compared to the cationic nanofibers; 7-ZnQ-PAN, and 7-
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InQ-PAN (5.85 and 5.14 mg/g). The decrease in adsorption capacity for the latter two
may be attributed to the repulsion between the positively charged dye and the material
of the same charge. NH2-PAN alone displayed the highest adsorption for MB, while
NH2-GW and its derivates showed minimal adsorption properties towards all three
dyes. The adsorption of MB reached a stable state after 40 min. Consequently, all
composites were allowed to react with each dye for 40 min in the dark before

conducting light studies.

Table 6.3: Adsorption capacity of each composite in the presence of methylene blue.

Composite Q (mgl/g)

NH2-PAN 9.72
7-Zn-PAN 6.88
7-ZnQ-PAN 5.85
7-In-PAN 6.32
7-nQ-PAN 5.14
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Figure 6.5: UV-vis absorption spectra of 4-CP, MO and MB dyes at 15 min intervals for 60 min, both in the absence of light and in the
presence of photosensitizers: (i) 7-ZnQ-PAN in 4-CP, (ii) 7-ZnQ-PAN in MO, (iii) 7-ZnQ-PAN in MB, (iv) 7-ZnQ-GW in 4-CP (v) 7-ZnQ-

GW in MO, (vi) 7-ZnQ-GW in MB, with an initial concentration of dyes at 40 yM. 215 |Page
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6.2.2 Photocatalytic activity

The degradation profile of 4-CP, MO, and MB at pH 7.2 in the presence of 7-InQ-PAN
under white light is illustrated in Figure 6.6 (a-c). Each dye showed changes in the
UV-vis spectrum after 15 min of irradiation, with MB being completely degraded in the
presence of Pc-PAN. The removal of Pc-PAN in the case of MB is enhanced due to
the combination of photodegradation and adsorption processes. The
photodegradation of 4-CP, and MB using Pc-based catalysts has been reported to
produce benzoquinone and water, respectively [115, 250]. The photostability of the
pollutants alone was examined using the two lights and irradiated at 15 min intervals.
As expected, the red light did not alter the profile of 4-CP and MO, while MB showed
a slight decomposition as judged by decrease of its prominent peak. A minor deviation
of the absorption maxima of all three pollutants was observed when irradiated with

white light (spectra not shown).

The photocatalytic reactions followed a pseudo-first-order kinetics, as shown in Figure
6.6 (d-f). The calculated kobs values and the half-lives are summarized in Tables 6.4-
6.6. Overall, the kobs values were concentration-dependent. At high concentrations,
the mean distance between the target dye and the catalyst is shorter, increasing the
rate at which singlet oxygen molecules interact with the pollutants. The trend in
removal efficiency (kobs values) was MB > MO > 4-CP. This was further supported by
the half-life values whereby 7-InQ-PAN at an initial concentration of 80 uM resulted in
lower half-life values of 11, 32, and 60 min (for MB, MO and 4-CP, respectively) when
using white light. The Pc-anchored nanofibers exhibited higher kinetic rates and lower

half-life values compared to the Pc-anchored glass wools, corresponding to ®a
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values. The photodegradation rate (kobs) of 4-CP, MO, and MB for 7-InQ-PAN were

1.9, 2.8 and 36.9 times higher than 7-InQ-GW at an initial concentration of 80 pM.
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Figure 6.6: The degradation profile of a) 4-CP, b) MO and c) MB by 7-InQ-PAN (under white light).
Plots of In(Co/C) vs time for degradation of d) 4-CP, e) MO and f) MB by 7-InQ-PAN and 7-InQ-

GW at white (W) and red (R) light irradiation. Initial concentration of dye 40 uM.
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The rate of 4-CP degradation by the nanofibers was comparable to the studies
performed by Mafukidze et al. (at an initial dye concentration of 67 uM) under red light
irradiation by Pc-membrane catalyst with a rate constant of 0.0047 min-' [115]. When
comparing the asymmetrical conjugated composites used in this work, the
photodegradation of MO (at an initial dye concentration of 82 uM) using 8-Zn-GW
catalysts showed a kinetic rate was 0.0028 min' under red light irradiation. For
complex 7, an improved efficiency (at an initial dye concentration of 80 uM) was
observed for the cationic glass wool composites, 7-ZnQ-GW (at kobs = 0.0057 min-")
and 7-InQ-GW (at kobs = 0.0077 min'), due to improved electrostatic interaction with
the pollutants. Thus, literature data suggest that the Pc-PAN and Pc-GW catalysts

have higher photocatalytic activity than the reported composites.

Moreover, the effect of pH was carried out using the best-performing neutral and
cationic photocatalysts, 7-Zn-PAN and 7-ZnQ-PAN. The concentration of the dyes
used was 80 uM. The photodegradation studies were conducted at pH 3, 5, 7.2, 9,
and 11. Hydrochloric acid and sodium hydroxide were used to adjust the pH.
According to Figure 6.7, 7-InQ-PAN gave maximum photocatalytic rates at pH
conditions of 11, 9, and 3 for 4-CP, MO, and MB, respectively. The increase in the
photocatalytic rates for 4-CP and MO in basic conditions may be attributed to the
deprotonation of both dyes [148, 251]. The anionic dyes form a strong electrostatic
attraction with the cationic surface enhancing the degradation process. However, at
higher pH, MB showed the lowest degradation due to both the dye and composite
having the same charges, promoting more repulsion, and thus reducing photocatalytic

rates. The neutral 7-In-PAN, performed best at pH = 7.2, 3, and 5 for 4-CP, MO, and
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MB. It has been reported before that MO and MB degrade faster in acidic conditions

[252, 253].
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Figure 6.7: Influence of pH on the degradation kinetics of 4-CP (black bars), MO
(orange bars), and MB (blue bars) using 7-InQ-PAN and 7-InQ-PAN at an initial dye

concentration of 80 uM.

The reusability of all the composites was evaluated. After the experiment, the
composites were washed, dried and reused. The studies were repeated twice. Figure
6.8 illustrates the degradation efficiency after recycling. The efficiency of the PAN
composite (7-lnQ-PAN used as an example in Figure 6.8a) decreased after each
cycle for MB. This decrease is due to dyes permanently adsorbing onto the surface,
subsequently exposing fewer photoactive sites. However, the GW (7-InQ-GW used

as an example, Figure 6.8b) showed no significant changes in its photodegradation
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efficiency for all dyes. The morphology of both composites did not significantly change

after three cycles (Figure 6.8c-d).
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Figure 6.8: Photodegradation activity of dyes (80 uM) with recycled composites a) 7-
InQ-PAN and b) 7-InQ-GW and the SEM micrographs of the reused (cycle 3) catalysts

¢) 7-InQ-PAN and d) 7-InQ-GW.
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Table 6.4: Pseudo-first order kinetic parameters for the degradation (using white light) of the dyes at an initial concentration of 20

MM. Values in brackets are when using red light.

Composite

kobs (min-')

MO

t1/2 (min)

MO

7-Zn-PAN 0.0018 (0.0014)  0.0029 (0.0025) 0.0124 (0.0078) 385 (495) 239 (277) 56 (89)
7-Zn-GW 0.0005 (0.0005) 0.0011 (0.0007) 0.0003 (0.0002) 1386 (1386) 630 (990) 2310 (3466)
7-ZnQ-PAN  0.0027 (0.0017) 0.0042 (0.0035) 0.0142 (0.0102) 257 (408) 165 (198) 49 (68)
7-ZnQ-GW  0.0010 (0.0008) 0.0018 (0.0011) 0.0004 (0.0003) 693 (866) 385 (630) 1733 (2310)
7-In-PAN 0.0020 (0.0017) 0.0036 (0.0026) 0.0136 (0.0092) 347 (408) 193 (267) 51 (75)
7-In-GW 0.0007 (0.0006) 0.0014 (0.0010) 0.0004 (0.0002) 990 (1155) 495 (693) 1733 (3466)
7-nQ-PAN  0.0031 (0.0024) 0.0061 (0.0042) 0.0174 (0.0106) 224 (289) 114 (165) 40 (65)
74nQ-GW  0.0017 (0.0015) 0.0028 (0.0018) 0.0007 (0.0005) 408 (462) 248 (385) 990 (1386)
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Table 6.5: Pseudo-first order kinetic parameters for the degradation (using white light) of the dyes at an initial concentration of 40

MM. Values in brackets are when using red light.

Composite

kobs (min-')

MO

t1/2 (min)

MO

7-Zn-PAN 0.0032 (0.0023) 0.0054 (0.0047) 0.0222 (0.0154) 217 (301) 128 (147) 31 (45)
7-Zn-GW 0.0011 (0.0008)  0.0018 (0.0011) 0.0005 (0.0004) 630 (866) 385 (630) 1386 (1733)
7-ZnQ-PAN  0.0048 (0.0037) 0.0084 (0.0067) 0.0274 (0.0183) 144 (187) 83 (103) 25 (38)
7-ZnQ-GW  0.0022 (0.0018) 0.0032 (0.0025) 0.0007 (0.0005) 315 (385) 217 (277) 990 (1386)
7-In-PAN 0.0042 (0.0031) 0.0068 (0.0051) 0.0246 (0.0167) 165 (224) 102 (136) 28 (42)
7-In-GW 0.0016 (0.0013) 0.0026 (0.0019) 0.0006 (0.0005) 433 (533) 267 (365) 1155 (1386)
7AnQ-PAN  0.0059 (0.0044) 0.0110 (0.0076) 0.0332 (0.0201) 117 (158) 63 (91) 21 (34)
74nQ-GW  0.0033 (0.0027) 0.0046 (0.0037) 0.0009 (0.0008) 210 (533) 151 (187) 770 (866)
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Table 6.6: Pseudo-first order kinetic parameters for the degradation (using white light) of the dyes at an initial concentration of 80

MM. Values in brackets are when using red light.

Composite kobs (Min-1) t1/2 (min)
MO MO

7-Zn-PAN 0.0058 (0.0040) 0.0107 (0.0091) 0.0426 (0.0290) 120 (173) 65 (76) 16 (24)
7-Zn-GW 0.0021 (0.0016) 0.0032 (0.0019) 0.0010 (0.0009) 330 (433) 217 (365) 693 (770)
7-ZnQ-PAN  0.0088 (0.0066) 0.0164 (0.0127) 0.0510 (0.0348) 79 (105) 42 (55) 14 (20)
7-ZnQ-GW  0.0038 (0.0031) 0.0057 (0.0043) 0.0012 (0.0010) 182 (224) 122 (161) 578 (693)
7-In-PAN 0.0077 (0.0058) 0.0135 (0.0099) 0.0477 (0.0317) 90 (120) 51 (70) 15 (22)
7-In-GW 0.0029 (0.0024) 0.0042 (0.0030) 0.0011 (0.0010) 239 (289) 165 (231) 630 (693)
7inQ-PAN  0.0116 (0.0083) 0.0217 (0.0147) 0.0627 (0.0376) 60 (84) 32 (47) 11 (18)
7-InQ-GW 0.0061 (0.0047) 0.0077 (0.0061) 0.0017 (0.0014) 114 (147) 90 (114) 408 (495)
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6.3 Summary of photodegradation studies and comparison with PACT

The Pc-anchored supports, 7-PAN, 7-PAN-CS, 7-GW and
8-10-GW were investigated for their antimicrobial activity. The introduction of chitosan
improved the antimicrobial properties of the PAN supports. All 8-10-GW supports and
the neutral 7-GW showed less than desirable PACT activity while cationic 7-GW had

improved activity. This further highlighted the importance of positive charges.

Additionally, the supports were used to photodegrade pollutants. Complexes 8-10
conjugated to GW demonstrated successful degradation of MO. The
photodegradation efficiencies of neutral and cationic Pc-PAN and Pc-GW were
compared. Pc-PAN was more efficient in the removal of MB owing to its effective
adsorption and photodegradation capabilities. This however meant the support has a
lower reusability rate when compared to Pc-GW. With the exception of Pc-PAN, all the
other support showed good reusability after three cycles. The success of the PACT
and photodegradation studies highlight potential application of the photocatalysts in

the removal of microorganisms and degradation of organic pollutants.
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7. Conclusions

This work presents for the first time the synthesis of a range of phthalocyanines
incorporating Hydrogen (Hz2), Zinc (Zn) and Indium (In) elements, alongside an
exploration of their photophysicochemical properties. A successful introduction of
morpholine, Schiff base morpholine and pyrrolidine substituents on zinc and indium
phthalocyanines was achieved, as well as asymmetric morpholine and
mercaptobenzothiazole on phthalocyanines. All nitrogen containing phthalocyanines
were quaternized to provide positive charges while the carboxylic acid containing
phthalocyanine were prepared to enable easy covalent attachment to amino-
functionalized nanoparticles and supports. PAN, PAN-chitosan modified nanofibers
and glass wool were prepared and conjugated to phthalocyanines for practical use in

water treatment for the removal of microorganisms and organic pollutants.

The formation of phthalocyanine were confirmed using various techniques including
mass spectroscopy which reveal the expected masses for photosensitizers. The
morphology, sizes of nanoparticles or supports and their conjugates was carried out
using techniques such as Energy-Dispersive X-ray Spectroscopy (EDX),
Transmission Electron Microscopy (TEM), and X-ray Diffraction (XRD). The
conjugation of phthalocyanine to nanoparticle and supports via the amide bond was

verified by X-ray Photoelectron Spectroscopy (XPS).

Singlet oxygen generation properties of the phthalocyanine were influenced by the
central metal and charge. The presence of nanoparticles and supports had a notable
impact in the singlet oxygen generation properties. In general, the incorporation of
nanoparticles and supports to phthalocyanine led to a minor decrease of the singlet

oxygen quantum yield. Pc-PAN-CS, however, exhibited an increase in the singlet
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oxygen quantum yield, this may be attributed to the increase hydrophilicity of the

support.

This research delved into the evaluation of Photodynamic Antimicrobial
Chemotherapy of various microorganisms. The PACT studies were assessed in
planktonic and biofilm forms. The results indicated that the cationic phthalocyanines
exhibited high log reductions values against all microorganisms. The studies revealed
that the proximity of the quaternized group to the macrocycle plays a crucial role in the
efficiency of the phthalocyanines as complex 2 was more efficient than Schiff base
complex 3. Interestingly, the shorter chain containing phthalocyanines (4) was less
efficient that longer chain containing phthalocyanines (5). The pyramidal zinc oxide
nanoparticles conjugated phthalocyanines exhibited higher log reduction values
against biofilms compared to the spherical derivatives. In supports, Pc-PAN and Pc-
GW showed good photoeradication of microbes when conjugated to cationic Pcs,
however, the Pc-PAN-CS showed excellent antimicrobial activity with a 100 %
population reduction of S. aureus and > 90 % for C. albicans. Even when Pcs are on
support, the PACT studies remained highly depended on surface charge for

antimicrobial activity.

Furthermore, Pc-PAN and Pc-GW were used to investigate the photodegradation of
4-chlorophenol, methyl orange and methylene blue. The composites with high singlet
oxygen generation demonstrated rapid photodegradation of pollutants. The PAN
nanofiber exhibited adsorption properties against methylene blue which contributed to
the efficiency of the removal of the dye. The supports were recycled and reused; the
Pc-GW maintained percentage degradation rate of > 90 % for all dyes while the rate

for Pc-PAN decreased due to permanent adsorption.
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Looking ahead, the quaternized Pcs explored in this thesis display promise for
antimicrobial inactivation of microorganisms in solution and conjugated to
nanoparticles and supports, suggesting potential applications in water purification.
Future research could extend the study by incorporating nanoparticles and
phthalocyanines to the same support for potential application in the removal of biofilms
and photodegradation of other environmental pollutants. Additionally, the supports
developed could be further investigated by designing a prototype resembling a real-

life water tank and testing its efficacy using contaminated water samples.
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