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Out of the huts of history’s shame, | rise
Up from a past that’s rooted in pain, | rise
I'm a black ocean, leaping and wide,
Welling and swelling | bear in the tide.
Leaving behind nights of terror and fear, I rise
Into a daybreak that’s wondrously clear, | rise
Bringing the gifts that my ancestors gave,

I am the dream and the hope of the slave.

I rise, | rise, | rise.



Acknowledgements

el dlll Olos ddezg <l Olowas
| would like to express my sincere gratitude to Distinguished Professor T. Nyokong for the
opportunity to pursue my PhD degree under her supervision. Her mentorship and support
throughout the programme equipped me with valuable academic and life skills that have
carried me throughout my study. She allowed me to realise my potential, curve my path, be
diligent, never dwell on negativity, to keep going and never give up. She gave me the
opportunity to travel to Japan (Shinshu University) on research for a period of three months,
this exposure strengthened my Phd study. Gratitude to Profs Koboyashi, Kimura and Osawa
for welcoming me in their laboratory and equipping me with skills on how to synthesise silicon
Pcs, store and purify detonation nanodiamonds. Special gratitude to Drs. M. Managa and N.
Nwaji for their patience, relentless support in my research. Prof J. Mac, P. Ngoy, K. Lobb Drs
E. Sekhosana, O. Achadu, T. Tshiwawa, Ms Centane and Y. Openda for collaborative work.
Prof Earl Prinsloo for photodynamic therapy studies, Shirley and Marvin for TEM microscope.
Dr J. Britton and Mr F. Chindeka for keeping every instrument in the CNI operational. Ms G.
Cobus for her diligence in running the CNI and simplifying administrative work for S22
students. A special appreciation to my son for giving me a sense of purpose and the
determination My sister M. Matshitse for her support throughout my study. My late Dad for
his limitless selflessness and for teaching me the value of education. Mom for instilling hard
work, resilience and independence. To friends Drs M. Shumba, | Bears, F. Dziike, P. Sén, B.
Mutuma, T. Musyoka, Mr and Mrs M. Maloka, Mr and Mrs Motsoeneng, Ms L. Saad, J. Yasini,
Sheikhs Salim, Hiddrissa , Fudad and especially Ahmed for their prayers, patience and support

throughout my study. Gratitude to National Research Fund (NRF) for the financial support.



Abstract

The syntheses and characterization of symmetric and asymmetric Pcs functionalized at the
peripheral position and sometimes positively charged are reported. The Pcs had either H,,
zinc or silicon as central metals and have pyridyloxy, benzothiozole phenoxy, and respective
cationic analogues as ring substituents. The Pcs were linked to carbon based nanoparticles
such as graphene quantum dots, carbon dots, and detonation nanodiamonds (DNDs) via an
ester, amide bond and/or 1t - it stacking.

The physicochemical characteristics of the Pcs were assessed when alone and when in a
conjugated system. Both symmetrically and asymmetrically substituted benzothiozole Pcs
when quaternised displayed higher triplet and singlet oxygen quantum yields than their
unquaternised counterparts.

Linkage to carbon nanoparticles (especially to detonation nanodiamonds) had an increasing
effect on triplet and singlet oxygen quantum vyield. However, a general decrease in singlet
oxygen quantum vyield on linkage to doped detonation nanodiamonds was associated with
the screening effect of DNDs. Heteroatom doped DNDs-Pc nanohybrids have less singlet
oxygen than Pcs alone due to molecular structural stability associated with strain that is

relatively reduced upon linking Pcs

The In vitro dark cytotoxicity and photodynamic therapy of selected Pc complexes and
conjugates against MCF-7 cells was tested. All studied Pc complexes and conjugates showed
minimum dark toxicity making them applicable for PDT. When Pc complexes are alone, there
is less phototoxicity with >22% cell viability at concentrations < 50 pg/mL relative to
conjugates with <22% cell viability at concentrations < 50 pg/mL. There was no direct
relationship between PDT and singlet oxygen quantum vyields. Nonlinear optical
characteristics of complexes was improved upon conjugation of DNDs. Absorbance, input
energy, percentage loading, central metal, substituent of Pc and nature of interaction
(covalent, noncovalent) are amongst some of the factors that influence nonlinear absorption
properties of materials used in this study. All materials followed reverse saturable absorption
through two photon absorption mechanism at the excitation wavelength of 532 nm.
Aggregates reduce excited state lifetime and Bes under high concentrations/absorbance. A

direct relationship between absorbance and Besf of DNDs nanoconjugated systems at low



concentrations result in increased optical limiting characteristics of materials. The findings
from this work show the importance of linking (nonlinear optics and photodynamic therapy)
and doping (photodynamic therapy) photosensitisers such as phthalocyanines and sometimes
boron dipyrromethenes onto carbon based nanoparticles for the enhanced characteristics in

variable applications.
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Introduction

CHAPTER 1

1. Introduction

1.1. Phthalocyanines (Pcs)

1.1.1. Structure
Phthalocyanines (Pcs) also known as tetrabenzotetraaza porphyrin, are a special class of tetra
pyrrole macrocyclic compounds having similar structure as naturally occurring porphyrin
shown in Figure 1.1 (a) with an addition of four nitrogen atoms in the meso-position as shown

in Figure 1.1 (b) [1, 2].

Non Peripheral (a) |y 15 18

16 17

\_ (a) (b) )

Figure 1.1: (a) Porphyrin (b) Molecular structure of phthalocyanine showing isoindoline unit

and a, B substituent positions on the macrocycle.

Phthalocyanines are made up of four iminoisoindoline units in Figure 1.1 (b). The carbon
atoms of Pcs are numbered according to the IUPAC system as shown in Figure 1.1 (b).
Properties of Pc derivatives can be tuned by either varying the central metal atom [3] and
substituents: position, number, charge and the number of charges [4, 5]. Ligand binding to
the phthalocyanine ring at positions 2, 3, 9, 10, 16, 17, 23, 24, is referred to as peripheral
substitution while at positions 1, 4, 8, 11, 15, 18, 22, 25, is referred to as non-peripheral

substitution. The position of substitution onto the macrocycle structure alters spectroscopic
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characteristics of a Pc [6, 7]. Introduction of non-peripheral (a) and peripheral (B) substituents
reduces aggregation and enhances solubility of the phthalocyanine [6, 7]. All the Pcs used in
the study were peripherally substituted. Pcs are used as traditional dyes and pigments,
industrial catalytic systems, photosensitizers for photodynamic therapy (PDT) of cancer,
materials for electrophotography, ink-jet printing, semiconductors, chemical sensors,

electrochromic devices, functional polymers and liquid crystals [6-8] to mention a few.

1.1.2. Synthesis

Pcs can be synthesised from ortho-phthalic acid derivatives such as anhydrides, imides,
amides and nitriles using phthalamide, phthalic acid, phthalic anhydride, o-cyanobenzamide,
o-dibromobenzene, diiminosoindole and phthalonitrile as examples shown in Figure 1.2, but
phthalonitrile (1,2-dicyanobenzene) derivatives are commonly used to synthesise the Pc in
the laboratories [7, 9]. In this study both phthalonitrile and diiminosoindole precursors were

used depending on the choice of central metal in the cavity the macrocycle.

Figure 1.2: Precursor molecules used in constructing metallophthalocyanine
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Asymmetrically substituted Pcs can be synthesised from methods such as sub-
phthalocyanine, crossed polymer and statistical condensation [10]. However, the statistical
reaction of two differently substituted phthalonitriles or 1,3-diiminoisoindolines [11, 12] is a
commonly used method to prepare asymmetrically substituted Pcs. The method involves a
combination of phthalonitriles in ratio of 3:1 or 9:1 (A:B) or higher depending on reactivity of
phthalonitriles which usually affords a mixture of six compounds but favours the formation
of asymmetrical Pc (A3B) shown Scheme 1.1 [10]. In this study, asymmetric Pcs synthesised

using the statistical condensation method were applied in PDT.

e ed e ed-Lha

Scheme 1.1: Statistical condensation method for synthesis of asymmetric Pcs, MX= metal

salt.
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The cyclization mechanism of phthalocyanines is not yet fully understood. However, several
intermediates formed during the synthesis have been isolated and identified [13]. Based on
the products that were isolated, a mechanism has been proposed of how these complexes are
formed. 1, 5-Diazabicyclo [4. 3. 0] non-5-ene (DBN) and 1, 8-diazabicyclo [5. 4. 0] undec-7-ene
(DBU) are strong non-nucleophilic bases which are used as organic catalysts that acts as
proton acceptors (Scheme 1.2). Alkoxide ion (RO") is a result of the removal of proton by DBU

from alcohol solvent (ROH). DBU is the catalyst base used in this study for tetramization of

QN N ROH ==
)

r
k DBU

Pc.

Scheme 1.2: Mechanism of DBU as a proton acceptor [13]. ROH is for alcohol solvent.

Phthalocyanine cyclization shown in Scheme 1.3, is a three step procedure that entails:

Step (i) Nucleophilic attack of the alkoxide ion on the phthalonitrile to reduce it to imine
intermediate (X).

Step (ii) This is followed by addition-elimination to form a 1-alkoxy-3-iminoisoindolenine
intermediate (Y).

Step (iii) In the last stage, the phthalocyanine molecule is formed by oxidation of the

intermediate product.
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1.1.3. Electronic absorption characteristics of Pc

Scheme 1.3: Mechanism of cyclization of Pc from 1,2-dicyanobenzene [13].

electronic absorption spectrum of the macrocycle [9, 16-18].

Absorption spectral peaks of Pc in the near infrared (670 - 1000 nm) and the ultraviolet (325
- 370 nm) regions of the spectrum correspond to Q and B-bands, respectively [14]. Figure 1.3
shows a broad B band with less intensity due to peak overlap of B: and B, [15]. Solvent,

symmetry, substituents and central metal are amongst some of the factors that affect
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Figure 1.3: Electronic ground state absorption spectra of (a) metallated (ZnPc),
(b) unmetallated Pc (H.Pc) and respective ground state electronic transition between

molecular orbital energy levels (insert) showing the origin of Q and B bands

In metallated Pcs, the single intense Q band is associated with Dayn symmetry due to it - m*
transitions from the a1, of the highest occupied molecular orbital (HOMO) to e of lowest
unoccupied molecular orbital (LUMO) in Figure 1.3 [10, 19, 20]. A split Q band in unmetallated
Pcis a result of the D2n reduced symmetry associated with transitions from a1, (HOMO) to the

non-degenerate byg and bsg (LUMO) in Figure 1.3 (b) [10, 21].

1.1.4. Aggregation

Aggregation of Pcs has a great impact on their optical properties [22]. There are two types of
aggregation in Pcs which occur through face-to-face (H-aggregation) and of edge-to-edge (J-
aggregation) 1 - tinteraction shown in Figure 1.4 to be associated with blue and red shift of
the Q band, respectively. H aggregation is more common. Aggregation reduces photoactivity

of Pcs. Central metal ions with axial ligation increase solubility, reduce aggregation and

7
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change the electronic structure of the molecule [21, 22], the choice of a central metal affects

physicochemical characteristics of the macrocycle [23, 24].

Figure 1.4: it - m interaction can occur through H or J type aggregation.

In summary, careful consideration on the choice of substituent, position of substituent and
central metal (axial ligation) is important in order to reduce aggregation and improve
spectroscopic characteristics of Pc macrocycle [22, 25, 26]. Thus, all Pcs employed in this work
were substituted on the periphery of the macrocycle, unmetalated and metalated with

central metals (such as (Si(OH); with axial ligation or Zn(ll)).
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1.1.5. Pcs used in this work

Table 1.1 shows Pcs which will be used. Complexes 1, 3, 4 - 7 have been published before [5,
24, 27-37], 2 was purchased, the rest are new.

Table 1.1: Pcs used in this study

T S
oL

[25-29, 35]
1-GQDs (- )

(Purchased)

2-GQDs (- )

Physicochemical Physicochemical

N —4r (4 \N
H3c—4N - —
@ o) ®

[5, 30, 31] [5, 36, 37]

3-GQDs, 3-CDs and 3-DNDs (it - nt) 4a, 4b-DNDs (mt - ) and 4c-

Physicochemical and In vitro PDT DNDs(ester)

Photophysics and NLO
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5

[24]

5-DNDs (ester)
Photophysics and NLO

7
[33, 34]

Physicochemical and In vitro PDT

tBu = tert-Butyl

6

[32]

6-DNDs (ester)

Photophysics and NLO

(New)

Physicochemical and /n vitro PDT

Bu

2I°

10
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(New)
9-B@DNDs (it - i)
Physicochemical and In vitro PDT

B, O

31

11
(New)
11-B@DNDs (amide)

Physicochemical and In vitro PDT

4I'

10

(New)

Wl
&

O

10-B, P, N and N&S @ DNDs (amide)

Physicochemical and /n vitro PDT

11
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o
A5

1.2,

Complexes 1, 2, 4b, 7 will be compared for effect of substituents, on the

photophysicochemical properties. Central metal is Zn.

7 and 10, and 8, and 11 will be compared for the effect of symmetry on photophysical

and PDT activity. Central metal is Zn.

Complex 7, 8 and 9 will be compared for the effect of charges on photophysical and

PDT activity. Central metal is Zn.

Complex 3 will be compared for the effect of different carbon nanomaterials on the

photophysicochemical properties and PDT activity. Central metal is Zn

Complex 10 will be studied for the effect of doping on DNDs. Central metal is Zn

Complexes 4c, 5, 6 will be compared for effect of substituent on the photophysics and

nonlinear optical properties. Central metal is Si(OH),.

Complex 4a, 4b and 4c will be compared for the effect of central metals on

photophysical and nonlinear characteristics. (Central metals varied)

Boron dipyrromethenes (BODIPY)

Boron dipyrromethenes (4,4'-difluoro-4-bora-3a,4a-diaza-s-indacenes BODIPY) dyes are a

class of planar heterocyclic, fluorescent dyes [38, 39]. The central six-membered ring of the

BODIPY moiety is almost coplanar with the adjacent pyrrole rings [40]. The meso (position 8),

a (positions 3 and 5), B (positions 1, 2, 6 and 7) and boron centre (position 4) in Figure 1.5,

indicate eight reactive positions of BODIPY core that can be used to modulate its optical

properties [39, 41].

12



Introduction

~N

Meso Position

Pyrrole unit

\-- <& Position

=
N

pru======-=

a Position

U J

Figure 1.5: Molecular structure of BODIPY dye showing pyrrole unit and meso, B, a

substituent positions on the macrocycle.

Slightly polarized heteroatoms on BODIPY dye allows for nucleophilic and electrophilic
reaction sites of the molecule [42]. Therefore, modification in the BODIPY dye structure
through substitution at the meso, peripheral (B) and non-peripheral (a) position of the
molecule allows for halogenation and metalation in order to enhance physicochemical
characteristics of the dye for application in photodynamic therapy (PDT) [40, 43-47].
Improved singlet oxygen generation properties of halogenated styryl-substituted BODIPY
have been previously reported [38, 46]. Hence, halogenated BODIPY dye is used in this study.
Hybrids of BODIPYs with phthalocyanines are very few, and have been shown to have high
singlet oxygen quantum yields [48-53]. There has been a literature report on physicochemical
characteristics of a hybrid structure containing three photosensitising agents such as BODIPY,
MPc and graphene quantum dots (GQDs) [48]. In this study, physicochemical properties of a
composite containing BODIPY, positively charged MPc and detonated nanodiamonds (DNDs)

as a platform for potential use in PDT will be investigated.
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In this study, the physicochemical and In vitro PDT studies of Pc complexes are studied in the
presence of 3,5-di-p-benzyloxystyryl BODIPY dye (Figure 1.6) and DNDs. The BODIPY

employed has been reported [54].

(

Figure 1.6: Structure of 3,5-di-p-benzyloxystyryl BODIPY (12) [54].

1.3. Carbon nanomaterials

1.3.1. Structure

Large surface energy and stability of carbon nanomaterials are the major reasons they are
being vastly researched [55-58]. Hence, zero-dimensional carbon allotropes GQDs, CDs and
DNDs will be used in this thesis, Table 1.2. Modifications of carbon materials with
heteroatoms (N, S, S&N, B, etc.) [59-61] and inorganic/organic dyes (Pc, BODIPY, etc.) [60, 62,
63] have been reported to improve solubility and physicochemical properties. Thus, the
choice of heteroatom dopant greatly influences physical characteristics and applicability of

the nanomaterial.
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Table 1.2: A List of carbon nanoparticles (CNPs) used in this study

Graphene Quantum dots (GQDs): Carbon nanodots (CDs):

Physicochemical and In vitro PDT Physicochemical and /n vitro PDT

Graphite-like surface Graphite-like surface

o sp3 o sp? o sp3 osp2 o8B
Detonation nanodiamonds (DNDs): Boron@Detonation nanodiamonds
Physicochemical and In vitro PDT and  (B@DNDs): Physicochemical and In
NLO vitro PDT

Graphite-like surface

° sp3 o sp? S&N
o sp

Sulf d it Det ti
uitur-—an nitrogen@Detonation Phosphorus@Detonation

nanodiamonds (S&N@DNDs): nanodiamonds (P@DNDs):

Physicochemical and /n vitro PDT Physicochemical and /n vitro PDT

5 4 o 2 o 0 . o > 0 - < < <
H2 ﬂ—J Graphite-like surface
Graphite-like surface
o sp3 o sp2 © N
o sp3 o sp2 s

Sulfur @Detonation nanodiamonds Nitrogen@Detonation

(S@DNDs): Physicochemical and In vitro nanodiamonds (N@DNDs):

PDT Physicochemical and /n vitro PDT
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Graphene quantum dots (GQDs) and carbon nanodots (CDs) are characterized by planar
structures that consists of delocalized 1 electrons of graphene which enables strong n—mn
interactions with other m-conjugated aromatic molecules [56, 57]. Structurally, the carbon
backbone of pristine GQDs and CDs is made up of sp?/sp® hybridized nanographene that is
edge-terminated with functional groups (e.g. hydroxyl, carbonyl, and carboxyl) [64-66]. The
presence of carboxyl and hydroxyl functional groups on GQDs surface and edges enable
partial solubility, covalent attachment, electrostatic interactions, and hydrogen bonding with
other suitable moieties [67]. In this study, GQDs and CDs will be linked to Pcs by it - it or

covalent interaction.

DNDs have tetrahedral network structures, and comprise of a diamond core (sp3), a middle
core (sp?+x) and a graphitized outer layer (sp?) that is often partially oxidized [68]. In their
pristine state, DNDs contain several functional groups present on the surface including amine,
amide, alcohol, carbonyl, and carboxyl [69, 70]. These functional groups facilitate the linking
of DNDs to other molecules. They are 1t - 1t or covalently linked to Pcs in this work. Properties
of DNDs are dictated by the surface functionalities, diamond core or a combination of both
[71-75]. Molecular structures and stability of DNDs doped with various heteroatoms (boron,
nitrogen, oxygen, sulfur) will be calculated using theoretical simulations [59, 76]. Doping
DNDs with respective heteroatoms result in change in orientation of symmetry and stability

[59].

1.3.2. Synthesis

Methods utilised in fabricating various structures of carbon nanomaterials have a great
impact on structural and chemical properties of the fabricated nanomaterials [64, 77-79].
These methods can be subdivided into two groups (top-down and bottom-up approach) as

shown in Figure 1.7.
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\_ /

Figure 1.7: Synthetic approaches for carbon nanomaterial: Top-down and Bottom-up

approach

1.3.2.1. Top-down Approach

Fabricating graphene quantum dots (GQDs), carbon nanaodots (CDs) and detonation
nanodiamonds (DNDs) using the top-down approach can be achieved from carbon materials
such as fullerenes [64, 78, 79] graphene [80], graphene oxide [81-83], carbon nanotubes [84,
85], carbon fibres [86], natural coal [87], carbon black [88], block co-polymer graphite
electrodes [89] and metal organic frameworks (MOFs)-derived mesoporous carbon [90]. The
mechanisms upon which these carbon allotropes are fabricated can occur through cutting
down of a bulky carbon based materials via chemical or physical methods such as acid
oxidation [86, 87], chemical exfoliation [86, 88, 91], hydrothermal [84] or solvothermal
method [82], electrochemical oxidation [80, 85], ultrasonic-assisted [92] or microwave-
assisted [81, 83], chemical vapor deposition (CVD) [89] and laser ablation [93]. The top-down
approach is used in this thesis to fabricate GQDs and CDs (Hummers method) while DNDs

were purchased.
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1.3.2.2. Bottom-up Approach

The bottom-up approach involves uncontrollable synthesis or carbonization from suitable
small organic molecules such as citric acid, polymers, urea, thiourea, etc [60]. The synthesis
of graphene quantum dots using this approach occurs through carbonization method from
small molecules or polymers by dehydration and further carbonization [64, 78, 79]. The
uncontrollable synthesis is not reproducible, and the exact mechanism upon which this

approach is not clear.

1.3.3. Electronic ground state absorbance

Broad peaks of GQDs, CDs and DNDs observed in the ground state absorption spectra in
Figure 1.8(a) — (c), are associated with m—rt* transition of aromatic sp? domains [94]. Changes
in sizes [95, 96] and functional groups [61, 97] on the nanoparticles results in alterations in

the band gap and red or blue shift in absorbance.

O
o

o
IN

Absorbance (a.u.)

o
N
]

1.0 T T | B
300 400 500 600 700 800
Wavelength (nm)

Figure 1.8: Absorption spectra of (a) GQDs, (b) CDs and (c) DNDs in DMSO
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1.4. Nanohybrids

A combination of individual photosensitisers such as carbon nanomaterials (GQDs, CDs and
DNDs), phthalocyanines (H2Pc, ZnPc, Si(OH).Pc) and/or BODIPy dye results in nanohybrids
with improved characteristics comprising of dual synergistic effect from the individual
components. Table 1.3 represents the hybrids employed in this work. All are new except 3-

GQDs [60, 98, 99]. Complexes 7 and 8 were not studied with nanomaterials.
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Table 1.3 Physicochemical characteristics of dyed carbon nanohybirds constructed in this

study for application in PDT and NLO

New New
1-GQDs (rt - i) 2-GQDs (- n)
Physicochemical Physicochemical

[60, 98, 99] New
3-GQDs (n - i) 3-CDs (- )
Physicochemical and In vitro PDT Physicochemical and /n vitro PDT
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New
3-DNDs (- ) 3-DNDs@12 (it - n-Pc and ester bond- BODIPY
Physicochemical and In vitro PDT dye)

Physicochemical and /n vitro PDT

New
43-DNDs (- i) 4b-DNDs (rt - i)
Photophysics and NLO Photophysics and NLO

New

New

4c-DNDs (ester bond) 5-DNDs (ester bond)

Photophysics  and NLO and Photophysics and NLO

Physicochemical and In vitro PDT
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New New
-DNDs@B (rt -
6-DNDs (ester bond) 9 s@B (n - m)

Physicochemical In vitro PDT
Photophysics and NLO ysicochemical and In vitro

Graphite-iike surface
0 5p? osp° OB 0 sp? osp° OB

New New

10-DNDs@B, P, S, N and S&N 11-DNDs@B (amide bond)

(amide bond) Physicochemical and /n vitro PDT

Physicochemical and In vitro PDT

Table 1.4 shows reported physicochemical parameters such as triplet (®:) and singlet (®a)

guantum yields of Pc-carbon nanoparticle hybrids [48, 100-105].
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Table 1.4: Physicochemical characteristics of dyed carbon nanohybirds for application in

PDT and NLO

Nanohybrid

App

Bond (o8 ®da Ref

Carbon nanodots- poly(ethylene glycol) diamine-

folic acid/ZnPc (CD-PEG-FA/ZnPc)

Il poly(ethylene

¥ glycol) (PEG)

Q
i :H‘:j'.
o w@ Folic acid (FA) C

PDT

[105]

Ascorbic acid doped Graphene quantum dots-
tetratrifluoromethyl pyridyloxy ZnPc (GQDs@AA-
ZnPc)

n-m 096 0.74 [100]

Glutathione capped doped Graphene quantum
dots-folic acid-aluminium tetrasulfonated Pc
(GOQD@GSH-FA-AITSPc), BODIPY dye doped GQDs
(BODIPY@GQDs-GSH/ZnPc)

“~ L-glutathione (GSH)
OR
Folic acid (FA)

T-TU 0.73 0.54 [48,

- 0.70 101]
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GQD@biotin-ZnPc, GQD@biotin-ZnPc(+) PDT 0.72 0.47 [102]
0.70 0.54
Rare-earth functionalised upconversion | PDT T-TU - - [103]
nanoparticles -GQDs/Tetramethylrhodamine-5-
isothiocyanate (UCNPs-GQDs/TRITC)
rare-earth doped upconversion nanoparticles (UCNP)
with graphene quantum dot (GQD)
GQD-Octa-(3,6-dibromo-9Hcarbazol) ZnPc (GQD- | NLO T-TU 0.61 - [104]
ZnPc)
Q
o
Nitrogen (N), sulfur (S) NLO Amide, 0.74 - [98,
Not@, N,S&N,@GQDs-ZnPc n-nt  0.77 99]
0.79

/é ° Q Sulfur

e o ° Q Nitrogen
ez ° o
@O 5 a0, o S&N
H
o]
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Table 1.4 shows that GQDs and CDs have been reported in the presence of Pcs for PDT and
nonlinear optics (NLO), DNDs are reported with Pcs for the first time in this thesis. The table
shows that only symmetrical Pcs have been used. This thesis reports for the first time

asymmetrical Pcs. Asymmetry improves triplet state parameters.

1.5. Molecular modelling

Theoretical calculations require fast, efficient and yet accurate quantum-chemical methods
[106]. Wave function and density functional theory-based methods reach their limits
regarding the feasible system size. Semi-empirical methods utilise approximations to avoid
computationally intensive steps, and empirical parameters to obtain the best fit of predicted
results [107]. Semi-empirical methods are an intermediate between molecular mechanics and
ab initio theory. Therefore, the former are considered to be faster than ab initio methods and
more versatile than molecular mechanics methods. Semi-empirical quantum mechanical
(SQM) methods such as GFNn-xTB (extended tight binding) [108-110], DFTB (density
functional tight binding) [59, 111, 112], or PMx [113, 114] to name only a few, have
established themselves as valuable computational tools. However, in this study visualizations
and simulations are conducted in one facet utilising GFN2-xTB as implemented in xTB [108,
109, 115] and DFTB+ using the Slater—Koster parameters: 3ob as implemented in Material
Studio packages [116].

Molecular structures and stability of phthalocyanines [112, 117], DNDs of various sizes [59,
72, 75], DNDs with functional groups [71-73, 75] and dopands [59, 76] have been simulated
using computational approaches. In this work, molecular structure, stability, reactivity and
electronic characteristics of a phthalocyanine in the presence of nanoparticles (using DNDs-

Pc and respective doped nanohybrids as examples) are discussed in detail.
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1.6. Photodynamic therapy (PDT)

PDT is a selective cancer therapy that utilises specific photosensitisers (dyes, nanomaterials
and respective nanocomposites), light of specific wavelength and molecular oxygen to
eradicate diseased cancer cells [118]. A photosensitiser (PS) in the ground state absorbs light,
is electronically excited (*PS", PS»") and undergoes intersystem crossing (ISC) to populate the
triplet state (Figure 1.9). Energy is transferred to ground state molecular oxygen (30,) to
generate singlet oxygen (102) as illustrated in Figure 1.9, also referred to as Type |l
mechanism. Singlet oxygen is the chief cytotoxic species for PDT and can eradicate diseased

cells [118-121].

Figure 1.9: Jablonski diagram showing the transitions between ground state (PS) and

electronic excited states (*PS and 3PS). 1PS = singlet excited state, 3PS = first triplet state.
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Thus, it is important to study the triplet state population and singlet oxygen generating
abilities of potential photosensitizers. In this study, triplet state population and singlet oxygen
generating abilities of Pcs are improved in the presence of nanoparticles (GQDs, GQDs, DNDs)

and a halogenated styryl-substituted BODIPY dye.

1.7. Nonlinear optics (NLO)

Nonlinear optical limiting material strongly attenuate intense potentially dangerous optical
beams, while exhibiting high transmittance for low-intensity ambient light [33, 34, 99].
Optical sensors such as human eyes and other optical elements need protection from intense
laser pulses. Transmittance of optical limiting material is high at normal light intensity and
low under high intensity [33, 34, 99]. This is an indication that under linear absorbance
(Figure 1.10), output energy linearly depends on input energy until a limiting threshold (liim)
is reached. Under nonlinear absorbing conditions (Figure 1.10), output energy is attenuated
to a constant value that causes less damage to the optical sensor. The most important term
to note is lim, it is defined as the input fluence (or energy) at which the transmittance is 50%
of the linear transmittance. Therefore, an ideal optical limiting material or device has the
characteristic capability to attenuate strongly intense optical beam to a threshold level while
maintaining linear transmittance at reduced intensity. In this study, only complexes 4, 5 and
6 are linked to DNDs for enhanced NLO characteristics. Equations for NLO will be discussed in
a relevant Chapter. Pcs have been studied in the presence of GQDs for NLO [99]. This is the
first time DNDs are employed with Pcs for NLO.

27



Introduction

Figure 1.10 Nonlinear optical response of an optical limiter and limitation of output energy to

specified value by an ideal optical limiter.

1.8. Physicochemical properties

These parameters include fluorescence quantum vyield (®f) and lifetime (t¢), triplet quantum

yield (®1) and lifetime (t7) and the singlet oxygen quantum yield (®a).

1.8.1. Fluorescence quantum yield (®¢) and lifetime (tf)

The fluorescence quantum yield (®s) is the ratio of emitted (through fluorescence) relative to
absorbed photons. Comparative methods that entail comparison of emission spectrum of a
sample with that of a standard when excited at the same wavelength are used to calculate ®¢
using Equation 1.1 [122, 123].

F Agpq n?
FgtqA (nstd)z

b = P (1.2)

where n and nsyg are the refractive indices of the solvents for sample and standards,

respectively; F and Ftq) indicate areas under the fluorescence curves for sample and
28



Introduction

standards, respectively and @y and @4y are the fluorescence quantum yield of sample
and standards, respectively; [29]. A and Asiwg are absorbances of respective sample and
standard at the excitation wavelength for sample and standards, respectively. In this study,
®r was calculated using unsubstituted ZnPc as a standard in dimethyl sulfoxide (DMSO)
(e =0.20) [29] for the Pcs, quinine sulfate in H,SO4 (0.05 M) (®r = 0.52) [124] for the GQDs
and CDs, and Rhodamine 6G (®r = 0.92) for BODIPY [124]. The time a molecule spends in
singlet excited state before fluorescing to the ground state is referred to as fluorescence life-
time (t¢) and is quantified with time-correlated single-photon counting (TCSPC) technique in
this work [125]. Metal centre, substituents, solvents and Forster resonance energy transfer

(FRET) are amongst some of the factors that affect ®r and tr values of Pcs [122, 126].

1.8.2. Triplet quantum yield (®+) and lifetime (t7)

Triplet quantum yield (®1) is the ratio of molecules that undergo intersystem crossing (I1SC)
relative to absorbed photons. Triplet quantum yield values are quantified using comparative

methods using Zn phthalocyanine as a standard according to Equation 1.2 [17, 127, 128].

Std
b, = ¢Std AAr.er
T T eraafHd

(1.2)

where, qb“Tgtd is the triplet state quantum yield for the unsubstituted zinc phthalocyanine that

is used as a standard in DMSO (@%td = 0.65) [128]. The change in triplet state absorbance of
sample and standard are respectively defined by AA; and AAitd. AAg and AASY indicates
change in the ground singlet state absorption of samples and respective standard. The molar
extinction coefficients of the triplet state of sample and standard (&7 and £5t%), respectively

were determined according to equations 1.3 and 1.4.

Mg

Er = SS'A_AS (1.3)
std
gftd = gSta 24T (1.4)

IV
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where &5and €3t are the molar extinction coefficients of the ground singlet state,

respectively. The duration (us) for triplet state depopulation is defined as triplet lifetimes.
Triplet lifetimes are achieved by using Origin Pro 8 software to fit triplet decay curve obtained

from laser flash photolysis instrument.

1.8.3. Singlet oxygen quantum yield (®a)

Singlet oxygen quantum yields indicates singlet oxygen species (10,), key cytotoxic species in
PDT, that results from energy transfer from excited triplet state of the photosensitiser and
ground state molecular oxygen (30,) illustrated in Figure 1.9. Singlet quantum yield values
are quantified using comparative chemical methods that utilises singlet oxygen quenchers
such as 1,3 diphenylisobenzofuran (DPBF) or anthracene-9,10-bismethylmalonate (ADMA)
[27, 129]. Respective quenchers react with singlet oxygen generated by the photosensitiser
in oxygenated solution (organic solvents and aqueous) and can be spectroscopically
monitored over predetermined time intervals to assess the singlet oxygen produced by the
photosensitiser (PS). Singlet oxygen quantum yields can be quantified using Equation 1.5.

Std
®p= I Stk (1.5)

RStd | Libs

where <I>§td the singlet oxygen quantum vyield for the standards; unsubstituted zinc

phthalocyanine standard (ZnPc, ®sig = 0.67) in DMSO [130] or aluminium sulfonated

phthalocyanine (AIPcSmix (mixture of sulfonated phthalocyanine derivatives) ®sta = 0.42) in

aqueous solutions [17] for Pcs and Rose Bengal (®sw«a = 0.76 in DMSO) [131] for BODIPY.

R and R5Y are the quenchers photobleaching rate in the presence of the photosensitiser
std

under investigation and the respective standard. I,,s and I, are the rates of light

absorbance respective photosensitiser and standard, respectively equations 1.6 and 1.7

[132].
Al
Iops = “N_A (1.6)
d _ aAl
o5 = N (1.7)
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where o= 1-10%*®, A(A) is the absorbance of the sensitizer at the illumination wavelength, A
is the illuminated cell area (expressed in cm?), | is the intensity of light (expressed in photons

cm2s?t) and Na is the Avogadro's constant [17, 132, 133].

1.8.4. Forster resonance energy transfer (FRET)

Forster resonance energy transfer (FRET) is a non-radiative energy transfer process which
occurs between a photoexcited donor fluorophore upon absorption of higher energy photons
and an acceptor molecule in close proximity to the donor fluorophore [134-136]. The distance
(r(A)) and spectral overlap (J integral) between the donor (GQDs/CDs/DNDs) and acceptor
(Pc) indicated in Equations (1.8 - 1.10) are amongst some of the important factors that

determine the efficiency of the energy transfer.

RS
Erp = zeire (1.8)
R} = 8.8 X 1023 k%" *®f yonor)] (1.9)
J = fponors (A)‘;—'PC(A)AZ}a)L (1.10)

where r is the centre—to—centre separation distance (in A) between donor and acceptor, Ro
(the Forster distance, A) is the critical distance between the donor and the acceptor molecules
at which the efficiency of energy transfer is 50%. k? is the dipole orientation factor, (the value
for the donor-acceptor pairs in a liquid medium is given as 2/3 which are considered to be
isotropically oriented during lifetime), n is the solvent’s refractive index, @pponory is the
fluorescence quantum yield of the donor, fp,nor is the normalized donor emission spectrum,
€p. is the molar extinction coefficient of the MPc (M~1cm™1) and A is the wavelength (nm)
at the absorption maximum of the acceptor (Q-band). FRET variables in this study were
computed using the PhotochemCAD software [135] and the FRET efficiencies (Ef) were

determined experimentally from the fluorescence lifetimes or quantum yields of the donor in

conjugate

the absence (ta) or (®Prponor)) and presence (tp) or (CDF(Donors)

) of the acceptor according to

equations (1.11, 1.12).
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— Ip
Ejp=1-2 (1.11)
¢C0njugate
Epp=1— —2omen 1.12
If ¢F(Dtmm‘) ( )

1.9. Summary of aims

The aim of this work is to improve physicochemical characteristics of the Pc dyes by
constructing carbon nanohybrids with carbon based allotropes (graphene quantum dots,
carbon nanodots, detonation nanodiamonds), and BODIPY dye as potential photosensitisers

for application in photodynamic therapy and nonlinear optics.

» Synthesis of Pc with different charges, symmetry and central metals.

Synthesis and characterisation of carbon allotropes: GQDs, CDs and doped DNDs.
Construction of nanohybrids as indicated in Table 1.3.

Study photophysics and physicochemical characteristics of hybrids.

PDT of hybrids.

YV V V VY V

Study two examples for NLO.
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Chapter 2
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CHAPTER 2

2. Methodology

This chapter entails details of the materials, equipment and experimental procedures used
for the synthesis and characterisation of Pcs, carbon nanoparticles (GQDs, CDs and doped
DNDs), and respective nanohybrids (combination of carbon nanoparticle and dye (Pcs and/or

BODIPY)), together with applications in PDT and NLO.

2.1. Materials

2.1.1. Solvents

Dimethyl sulfoxide, (DMSO, spectroscopy grade), 1—pentanol, quinoline, DMSO-ds, CDCls and
ludox solution were obtained from Sigma Aldrich®. Absolute ethanol (EtOH), methanol
(MeOH), acetone, nitric acid (55%), sulphuric acid, tetrahydrofuran (THF) and
dimethylformamide (DMF), were obtained from SAARCHEM®. Ultra—pure water was obtained
from a Milli-Q Water System (Millipore Corp, Bedford, MA, USA) or Type |l water from ELDGA,
Veolia water PURELAB, flex system (Marlow, UK).

2.1.2. Chemical reagents

Detonation nanodiamonds (DNDs) were obtained from Nanocarbon Research Institute Ltd.
Graphene oxide (GO), quinine sulphate, phosphoric acid, mercaptosuccinic acid, boronic acid,
urea, thiourea, zinc (ll) acetate dihydrate, 1,8-diazobicylo[5.4.0]Jundec-7-ene (DBU),
unsubstituted zinc phthalocyanine (standard or 2), methyl iodide, 1,2—dicyanobenzene, N,N’-
dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide (NHS), 1,3-diphenylisobenzofuran
(DPBF), anthracene-9,10-bis-methylmalonate (ADMA), Triton X 100, potassium hydroxide
pellets, trifluoro acetic acid (TFA), 4-(benzo[d] thiazol-2-yl) phenol (a), and potassium

permanganate were purchased from Sigma—Aldrich. The syntheses of 4-nitrophthalonitrile (c)
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[137], 4-[4-(benzo[d]thiazol-2-yl)phenoxy] phthalonitrile (e) [34], 4-(4-
aminophenoxy)phthalonitrile (f) [138], and aluminium sulfonated phthalocyanine (AIPcSmix-
mixture of sulfonated phthalocyanine derivatives) [139], 3, 9(10), 16(17), 23(24)-
[sulfophthalocyano] zinc (11) (1) [25-29, 35], 3, 9(10), 16(17), 23(24)-[4-(N-methylpyridyloxy)
phthalocyanato] zinc (ll) tetraiodide (3) [5, 30, 31], 3, 9(10), 16(17), 23(24)-[(4-pyridyloxy)
phthalocyanato] zinc (1) (4a) [37], 3, 9(10), 16(17), 23(24)-[(4-pyridyloxy) phthalocyanato]
zinc () (4b) [5, 371, 3, 9(10), 16(17), 23(24)-[(4-pyridyloxy) phthalocyanato] silicon
dihydroxide (complex 4c) [36], 3, 9(10), 16(17), 23(24)- [(4-pyridyloxy) phthalocyanato] silicon
dihydroxide (5) [24] and 3, 9(10), 16(17), 23(24)-[(butyl) phthalocyanato] silicon dihydroxide
(6) [32], 3, 9(10), 16(17), 23(24)-[(4-benzo[d]thiazol-2-ylphenoxy)phthalocyaninato] zinc (ll)
(7) [33, 34] and 3,5-di-p-benzyloxystyryl BODIPY (12) [54] have been reported in the

literature.

3, 9(10), 16(17), 23(24) [(3-methyl-benzothiazoliumphenoxy) phthalocyaninato] zinc (ll)

tetraiodide (9)

2.2.  Synthesis

2.2.1. Phthalonitriles
2.2.1.1. 3-N-methyl-2-(4-hydroxyphenyl)benzothiazolium iodide (b), Scheme 3.2

A mixture of methyl iodide (1.42 g, 10 mmol) and 4-(benzo[d] thiazol-2-yl) phenol (a) (0.8 g,
3.5 mmol) was refluxed at 120° C for 5 h with constant stirring. The reaction mixture was
allowed to cool to room temperature and subsequently precipitated using hexane (20 mL).
The precipitated solid was isolated by filtering under reduced pressure and washed with
hexane (3 x 20 mL). The solid was dried in enclosed fume hood to yield (b) 0.92 g (71%) as a
light yellow solid. IR(ATR cm™) vmax 2999.16 (C-H from Ar-H stretch), 1514.54 (C-N stretch),
1448.15 (Ar C-C stretch), 780.21 (CS stretch). *H NMR (600 MHz, DMSO) & (ppm) 10.99 (s, 1
H), 8.43 (dd, ) =7.9, 8.1 Hz, 2 H), 8.02 - 7.75 (m, 4 H), 7.13 (d, J = 7.5 Hz, 2 H), 4.25 (s, 3 H),,
13C NMR (75 MHz, CDCls) 6 (ppm) 163.42, 158.41, 140.24, 131.00, 130.41, 129.24, 128.73,
128.04, 125.56, 124.73, 117.55, 116.88, 114.92, 55.01. Elemental Analysis: calculated for
C14H12NOS, C, 68.70; H, 3.99; N, 6.16; O, 7.04; S, 14.11, Found: C, 68.68; H, 3.97; N, 6.17; S,
14.15.
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2.2.1.2. 2-(4-(3,4-dicyanophenoxy)phenyl)-N-methylbenzo[d]thiazolium iodide (d),
Scheme 3.2

A mixture of (b) (0.6 g, 2.5 mmol) and 4-nitrophthalonitrile (c) (0.43 g, 2.5 mmol) in dry DMF
(20 mL) was stirred in a 100 mL round bottom flask at 50 °C, under inert atmosphere for 1 h.
Dry K2CO3(3 g, 21 mmol) was added and the reaction mixture was allowed to stir undisturbed
at ambient temperature for 72 h. The reaction mixture was cooled to room temperature and
subsequently precipitated using hexane. The precipitate was filtered under reduced pressure
to yield brownish yellow solid. Yield: 0.38 g, (35%), IR (ATR cm™) Vmax 3000.21 (C-H from Ar-H
stretch), 2931.21 (C-H from CH; stretch) 1561.33 (C-N stretch), 1497.20 (Ar C-C stretch)
778.11 (C-S stretch), *H NMR (600 MHz, DMSO-dg) 6 (ppm), 8.20 (d, J = 8.0 Hz, 2H, Ar-H), 8.19
—8.14 (m, 2H, Ar-H), 8.07 (d, J = 8.1 Hz, 1H, Ar-H), 7.96 (s, 1H, Ar-H), 7.56 (t, ) = 7.9 Hz, 2H, Ar-
H), 7.48 (t, ) = 7.6 Hz, 1H, Ar-H), 7.38 (d, J = 8.1 Hz, 2H, Ar-H), 3.85 (s, 3H, CHs). 13C NMR (75
MHz, CDCl3) 6 179.67,169.22, 167.08, 153.71,137.79, 135.34, 134.28, 129.51, 128.98, 127.44,
126.40, 125.43, 122.93, 122.03, 121.56, 50.20, Elemental Analysis: calculated for C2;H14N30S*
C,71.72; H, 3.83; N, 11.41; S, 8.70, Found: C, 71.66; H, 3.91; N, 12.09; S, 9.50.

2.2.2. Phthalocyanines
22.21. 3, 16(17)-(3-methyl-benzothiazoliumphenoxy) 9(10), 23(24)-

(benzothiazoliumphenoxy) phthalocyaninato] zinc (ll) diiodide (8), Scheme 3.1

A solution of methyl iodide (1.42 g, 10 mmol) and complex 7 (0.1 g, 0.07 mmol) in DMF was
heated at reflux temperature for 72 h with constant stirring. The reaction mixture was allowed
to cool to room temperature and subsequently precipitated using ethanol (20 mL). The
precipitated solid was isolated by centrifugation under reduced pressure and washed with
ethanol and diethyl ether. Light green solid was dried in enclosed fume hood. Yield: 0.16 g,
(40%), IR (ATR cm™ ) vmax 3005.52 (C-H from Ar-H stretch), 2931.21 (C-H from CH, stretch),
1559.38 (C=N stretch), 1497.20 (Ar C=C stretch) 759.02 (C-S stretch). 'H NMR (600 MHz,
DMSO-ds), (6, ppm): 8.25-8.17 (m, d, J = 8.2 Hz, 3H, Ar-H), 8.16 —8.12 (m, 7H, Ar-H), 8.12-8.05
(m, 10H, Ar-H), 7.98-7.87 (m, 7H, Ar-H), 7.64-7.57 (m, 7H, Ar-H), 7.55-7.48 (m, 10H, Ar-H), 4.70

(s, 6H, CHs). Elemental Analysis: calculated for CsgHsoN120454Zn?*: C, 68.45; H, 3.67; N, 10.92;
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S, 8.33, Found: C, 67.01; H, 3.52; N, 10.07; S, 9.11. UV-Vis, Amax/nm (log €): (DMSO), 677(5.03),
614 (4.96), 314 (5.01). MALDI-TOF-MS: Calculated: 1507.13; Found: 1508.72 [M + 1]*

2.2.2.2. 3,9(10), 16(17), 23(24) [(3-methyl-benzothiazoliumphenoxy) phthalocyaninato]
zinc (Il) tetraiodide (9), Scheme 3.2

A mixture of zinc acetate (0.20 g, 1.09 mmol), (0.2 g, 0.54 mmol) of (d), DBU (0.2 mL) and 1-
pentanol (10 mL) was heated at reflux temperature for 24 h under argon atmosphere. The
reaction mixture was precipitated using methanol and collected through centrifugation. The
product was washed several times with methanol, ethanol and the light green product was
dried under enclosed fumehood. Yield: 0.16 g, (40%), IR (ATR cm™?) Vmax 3005.52 (C-H from Ar-
H stretch), 2931.21 (C-H from CH; stretch), 1559.38 (C=N stretch), 1497.20 (Ar C=C stretch)
759.02 (C-S stretch). 'H NMR (600 MHz, DMSO-ds), (6, ppm): 8.25-8.17 (m, d, J = 8.2 Hz, 3H,
Ar-H), 8.20 — 8.11 (m, 7H, Ar-H), 8.03-8.00 (m, 10H, Ar-H), 7.98- 7.85 (m, 7H, Ar-H), 7.66-7.56
(m, 7H, Ar-H), 7.49-7.40 (m, 10H, Ar-H), 4.52 (s, 12H, CHs). Elemental Analysis: calculated for
CssHs6N1204S4Zn*: C, 68.67; H, 3.67; N, 10.92; S, 8.33, Found: C, 69.32; H, 3.49; N, 11.07; S,
7.89. UV-Vis, Amax/nm (log €): (DMSO), 679 (5.23), 617 (4.46), 318 (4.97). MALDI-TOF-MS:
Calculated: 1536.27; Found: 1537.04 [M + 1]*

2.2.2.3. 9(10), 16(17), 23(24) [(benzo[d]thiazole-2-yl)phenoxy), 3 (aminophenoxyl)
phthalocyaninato] zinc (ll) (10), Scheme 3.3

A mixture of (e) (1 g, 2.83 mmol), 4-(4)-aminophenoxy)phthalonitrile (f) (0.22 g, 0.94 mmol),
zinc acetate (0.4 g, 2.19 mmol), DBU (3 drops) and 1-pentanol (10 mL) was refluxed at 160 °C
for 18 h under nitrogen atmosphere. On cooling, methanol was added and the precipitate
was collected through centrifugation. The product was washed with methanol, ethanol and
diethyl ether. Column chromatography showed several fractions using tetrahydrofuran and
methanol (98:2) as eluents. The desired A3B product was identified through mass
spectrometry and 'H NMR. The purified product was dried in enclosed fume hood. Yield 0.18g

(15%).
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IR Umax /em™]: 1595 (N-H), 2906, 2956 (C—H), 2350 (C=N), 1395 (C-N), 1099 (CS), 938 (Zn-N).
1H NMR (600 MHz, DMSO) & 8.13 (dd, J = 10.4, 8.8 Hz, 6H, Ar-H), 8.08 — 7.99 (m, 8H, Ar-H),
7.93(d,J=2.5Hz, 4H, Ar-H), 7.91-7.82 (m, 3H, Ar-H), 7.63 (dd, J =9.2, 6.5 Hz, 3H, Ar-H), 7.53
(dd, J=8.7, 2.6 Hz, 4H, Ar-H), 7.50 = 7.41 (m, 4H, Ar-H), 7.31 - 7.22 (m, 8H, Ar-H), 6.61 (s, 2H,
amino-H). Elemental Analysis for C77H42N1204S3Zn: calculated: C, 67.98; H, 3.09; N, 12.35; S,
7.07, Found C, 68.72; H, 2.23; N, 11.58, S, 6.77. UV-Vis (DMSO), [Amax (log €): 681 (6.96), 624
(2.10). MALDI TOF-MS, calc 1358.19, found 1360.32 [M + 2].

2.2.2.4. 9(10), 16(17), 23(24) [(3-methyl-benzothiazoliumphenoxy), 3 (aminophenoxyl)
phthalocyaninato] zinc (ll) triiodide (11), Scheme 3.3

Positively charged mono substituted Pc (11) in Scheme 3.3 was obtained as follows: (d) (1 g,
2.83 mmol), (f) (0.22 g, 0.94 mmol), zinc acetate (0.4 g, 2.19 mmol), DBU (3 drops) and 1-
pentanol (10 mL) was refluxed at 160 °C for 18 h under nitrogen atmosphere. On cooling,
methanol was added, and the precipitate was collected through centrifugation. The product
was washed with methanol, ethanol and diethyl ether. Column chromatography showed
several fractions using tetrahydrofuran and methanol (98:2) as eluents. The desired As3B
product (11) was identified through mass spectrometry and NMR. The purified product of
yield: 0.18g (13%) was dried in enclosed fume hood.

IR Umax /cm]: 1595 (NH,), 2916, 2837 (C—H), 1395 (CN), 1099 (CS), 938 (Zn-N). 'H NMR (600
MHz, DMSO) & 8.25 (dd, J = 10.2, 8.5 Hz, 8H, Ar-H), 8.12 (d, 8.5 Hz, 6H, Ar-H), 8.05 (d, J = 2.7
Hz, 3H, Ar-H), 7.91 — 7.88 (m, 3H, Ar-H), 7.65-7.59 (M, 8H, Ar-H), 7.49 (dd, J = 8.5, 2.8 Hz, 4H,
Ar-H), 7.35 —-7.30 (m, 8H, Ar-H), 5.50 (s, 2H, amino-H), 3.60 (s, 6H, N-methyl-H), 3.30 (s, 3H,
N-methyl-H). Elemental Analysis: calculated: C, 68.34; H, 3.66; N, 11.96; O, 4.55; S, 6.84;
Found C, 68.02; H, 3.99; N, 11.08, S, 5.95 %).UV-Vis (DMSO), Amax (l0g €): 682 (5.73), 609 (5.37),
312 (1.35). MALDI TOF-MS, CgoHs1N1204S3Zn?* calc 1403.26, found 1403.88.
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2.2.3. Graphene quantum dots (GQDs) and carbon nanodots (CDs)

GQDs were synthesised following the top-down approach from GO sheet as the source of
carbon, and using KMnO4 and H,SO4 as oxidative cutting agents. GO (1 g) was suspended in
60 mL (98 %) H2SO4 for 2 h in an ice-water bath, and 50 wt% KMnQO4 was slowly added with
stirring for 0.5 h. The mixture was then heated to 50 °C for 1 h in order to shear the carbon
precursor. The reaction mixture was quenched by pouring ice containing small amounts of
hydrogen peroxide (H20,), followed by 70 mL millipore water to obtain a yellow transparent
solution. The mixture was sonicated for 10 min, then the pH was tuned to basic using 1 mol
L't NaOH solution in an ice bath until black flocculent deposit formed, which was then dialyzed
for 72 h using a dialysis membrane (MW 1.5 kDa) to remove excess salts yielding 39.1% GQDs.
Different sizes of GQDs were synthesised by increasing the oxidation duration and
temperature as follows: (2 h; 50 °C), (6 h, 70 °C) and (10 h; 50 °C) for GQDs,, GQDss and
GQDs1o, respectively. Three different batches of GQDs (Batch 1-(B1), Batch 2-(B;) and Batch 3
(Bs)) were synthesised under conditions of GQDs; represented as B1, B2, and B3. Carbon
nanodots were synthesised and purified the same way as GQDs, except the amount of KMnOg4

was increased to 70% and time in the presence of H,SO4 was increased to 12 h.

2.2.4. Doping of nanodiamonds (DNDs)

Boron doped detonation nanodiamonds (B@DNDs) were synthesised with alterations
following literature methods as follows [60]: boronic acid (0.12 g, 1 mmol) and DNDs (2.4 g)
were dissolved in water (100 mL), and stirred to form a clear solution. Then the solution was
transferred into a 400 mL Teflon lined stainless autoclave. The sealed autoclave was heated
to 160 °C for 4 h. The final product was collected by adding ethanol into the solution and
centrifuging at 5000 rpm for 15 min. Similarly, P@DNDs, N@DNDs, S@DNDs and S&N@DNDs:
were prepared as described above for B@DNDs, using masses of 0.10 g, 0.06 g, 1.65 g, 0.08 g
for phosphoric acid, urea, mercaptosuccinic acid and thiourea, respectively, in place of

boronic acid.
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2.2.5. Conjugation
Conjugation of nanohybrids between nanoparticle and phthalocyanine/BODIPY occurs
following non-covalent (i - t interaction, Scheme 3.4) and covalent bond (Schemes 3.5 -

ester Pc, 3.6 - ester BODIPY, or 3.7 — amide Pc).

2.2.5.1. m-nlinteraction
Interaction of complexes (1-3, 4a, 4b, and 9), Scheme 3.4

Conjugation of graphene quantum dots (GQDs: GQDs»(B1), GQDs»(B2), GQDs2(B3), GQDss and
GQDs10) for complexes 1-3, CDs and DNDs to 3 and DNDs to 4a, 4b, 9, occurs through non-
covalent linkage. Complexes 1 (0.01 g, 0.012 mmol) or 2 (0.01 g, 0.002 mmol) or 3 (0.01 g;
0.01 mmol), or 4a (24 mg, 0.03 mmol) or 4b (27 mg, 0.05 mmol) or 9 (0.02 g, 9.56 mmol) and
were each separately mixed with GQDs (10 mg, for 1-3) or CDs (20 mg for 3), or DNDs (20 mg
for 3, 4a, 4b, 9) in 5 mL of DMSO and sonicated for 4 h, followed by overnight stirring for 48
h. Thereafter, the conjugates were centrifuged at 3000 rpm for 10 min in ethanol to
precipitate the conjugate out of the solution and remove unreacted Pc derivatives or GQDs,
CDs and DNDs. The resulting nanoconjugates were left to dry in a fume hood for 72 h.

Represented as NPs - Pc (mt - 1)

2.2.5.2. Ester bond, Schemes 3.5, 3.6

Respective phthalocyanines (4c, 5, 6) or BODIPY (12) were covalently linked to the DNDs
surface through ester bond, Schemes 3.5, 3.6, as follows: DNDs (20 mg) were dissolved in
DMSO (3 mL), followed by addition of DCC (0.02 g, 0.098 mmol) to activate the carboxylic acid
moiety. The reaction mixtures were stirred for 48 h and followed by addition of 4c (25 mg,
0.03 mmol) or 5 (25 mg, 0.04 mol) or 6 (25 mg, 0.03 mol) or 12 (0.008 g, 0.01 mmol) and NHS
(0.015 g, 0.13 mmol) and the reaction mixtures were further stirred for 48 h. It is important
to note that non-covalent interaction are also possible when covalently linking 4c, 5, 6, 12

and DNDs. Thereafter, the mixtures were centrifuged at 3500 rpm for 5 min in ethanol to
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precipitate the DNDs-Pc conjugates out of the solution and remove unreacted Pc derivatives
or DNDs. The resulting DNDs-4a, DNDs-5 and DNDs-6 nanoconjugates were left to dry in a
fume hood for 72 h. Note that for complex 12 only, the resulting conjugate (DNDs-12) was
precipitated out from solution with trifluoroacetic acid (TFA) and ice. The precipitates were
washed several times with water, centrifuged, and then dried in the fume hood. Represented

as Pc-DNDs ester.

2.2.5.3. Construction of 3-DNDs-12 (Scheme 3.6)

Complex 3 (0.01 g; 0.01 mmol) was adsorbed onto DNDs-12 (10 mg) or DNDs (10 mg) through
Tt - 1t stacking in 3 mL DMSO. The resulting mixture was ultrasonicated for 4 h, followed by
stirring for 96 h. The resulting conjugates were precipitated out of solution with ethanol to
ensure that uncomplexed DNDs-12, DNDs and Pc were eliminated. The solid product was then
dried under vacuum and are represented as 3-DNDs-12. It should be noted that in the
presence of complex 12, 3 is written before DNDs as 3—DNDs-2. In the absence of complex

12, DNDs-3 is used.

2.2.5.4. Amide bond, Scheme 3.7

Covalent linkage of doped DNDs nanoparticles to complex 10, was carried out from first
sonicating 20 mg of heteroatom doped nanodiamonds (DNDs) (S@DNDs, N@DNDs,
S&N@DNDs, B@DNDs and P@DNDs) for 4 h and left to stir at room temperature for 72 h in
order to activate respective nanoparticles using DCC (0.02g, 0.097 mmol) and NHS (0.015g,
0.130 mmol). This was followed by addition of complex 10 (20 mg, 0.01 mmol, in DMSO) and
further stirring for 48 h at room temperature. Thereafter, the mixtures were centrifuged at
3000 rpm for 10 min in ethanol to precipitate respective nanoconjugates (DNDs-10, N@DNDs-
10, S@DNDs-10, B@DNDs-10, P@DNDs-10 and S&N@DNDs-10) out of the solution and
remove unreacted Pc derivatives and DNDs. The resulting nanoconjugates were left to dry in
a fume hood for 72 h. Complex 11 was linked similarly to B@DNDs only using the same

amounts.
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2.3. Equipment

¢ Dynamic light scattering (DLS)
Malvern Zetasizer Nanoseries, Nano-ZS90 particle distribution samples were investigated
using dynamic light scattering (DLS) and zeta potential to provide information about the

average size distribution and zeta potential of molecules in solution [140, 141].

R

+ Transmission electron microscope (TEM)
Zeiss Libra 120 model transmission electron microscope (TEM) at 80 kV was used to

investigate the morphology of nanoparticles and respective hybrids.

*»+ UV-Visible spectroscopy (UV-Vis)
Ground state electronic absorption spectra was recorded with Shimadzu UV-2550
spectrophotometer. Varian Eclipse spectrofluorimeter with 360 — 1100 nm filter was

employed for recording excitation and emission spectra.

+»+ Time correlated single photon counting (TCSPC)
Fluorescence lifetimes were measured using a time correlated single photon counting (TCSPC)
setup (Fluo Time 300, Picoquant GmbH) in Figure 2.1 with a diode laser as an excitation
source: LDH-P-670 driven by PDL 800-B, 670 nm, 20 MHz repetition rate, Picoquant GmbH,
for the Pcs; and a diode laser LDH-P-485 with 10 MHz repetition rate, 88 ps pulse width for
GQDs and CDs. Thermoelectrically cooled photomultiplier tube (PMT) (PMA-C 192-N-M,
Picoquant GmbH) under entrancing angle and integrated electronics (PicoHarp 300E,
Picoquant GmbH) were used to detect fluorescence. The specific emission wavelength with
spectral width of about 4 nm was selected through a monochromator. Ludox solution
(DuPont) standard with full width at half-maximum (FWHM) of about 300 ps was used to
calibrate and indicate the response function of the system. All fluorescence decay curves were

measured at the wavelength of emission maxima. The data were analysed with the FluoFit
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software (Picoquant®). Statistical significance of the results was kept at p = 0.05. The support

plane approach was used to estimate the errors of the decay times [136].

Figure 2.1: Schematic representation of time correlated single photon counting (TCSPC) set—

up. PMT = Monochromator Photomultiplier Tube

+»» Matrix-Assisted spectrometry (MS)

Mass spectra data were collected on a Bruker AutoFLEX Ill Smart-beam TOF/TOF mass

spectrometer using a-cyano-4-hydrocinnamic acid as the matrix in the positive ion mode.

+ Elemental analyses
Elemental analyses of Pcs were analysed using a Vario-Elementar® Microcube ELIII CHNS

instrument analyzer.
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¢ Nuclear magnetic resonance spectroscopy (NMR)
'H NMR spectra will be recorded on a Bruker AVANCE Il 600 MHz NMR spectrometers using
tetramethylsilane (TMS) as an internal reference about the structure of novel phthalocyanines

synthesised.

+»+ X-ray photoelectron spectroscopy (XPS) analysis
X-ray photoelectron spectroscopy (XPS) analysis will be conducted using an AXIS Ultra DLD
(supplied by Kratos Analytical) using Al (monochromatic) anode equipped with a charge
neutralizer, the following parameters were used: the emission was 10 mA, the anode (HT)
was 15 kV and the operating pressure below 5 x10° Torr. A hybrid lens was used and
resolution to acquire scans was at 160 eV pass energy in slot mode. The centre used for the

scans was at 520 eV (width of 1205 eV) with steps at 1 eV and dwell time at 100 ms [98].

+ Energy dispersive X-ray spectroscopy (EDX)
Elemental compositions of the NPs and the nanoconjugates were qualitatively determined
using energy dispersive X-ray spectroscopy (EDX), INCA PENTA FET coupled to the VAGA

TESCAM operated at 20 kV acceleratin voltage.

+» X-ray diffraction (XRD)
X-ray diffraction (XRD) analysis was performed on a Bruker D8 Discover diffractometer,
equipped with a Lynx Eye detector, under Cu-Ka radiation (A=1.5405 A). Zero background
silicon wafer slide was utilised as a sample holder. The data analysis was carried out using Eva
(evaluation curve fitting) software. The XRD patterns were fitted through background
subtraction obtained when correcting the baseline of each diffraction pattern and obtaining

the full-width at half maximum value from respective spectra.
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¢ Fourier-transform infrared spectroscopy (FT-IR)

FT-IR spectra were recorded using Bruker alpha model FTIR spectrometer with platinum-ATR.

Rl

¢ Raman spectroscopy
Raman spectra were recorded with Bruker vertex 70-Ram Il Raman spectrometer (1064 nm

Nd:YAG laser and liquid nitrogen cooled germanium detector).

R

+» Thermogravimetric characterization technique (TGA)

Thermogravimetric analysis (TGA) was carried out using a Perkin Elmer TGA 800
thermogravimetric analyser at a heating rate of 20 °C min™ in a high-purity nitrogen and air
atmosphere. The resultant data was analysed with Pyris Version 13.1.1 software. The TGA
technique is used to calculate the mass loading ratio [142]. This involves comparing the mass
in the TGA pan after decomposition of the conjugate with that of the Pc before the
conjugation. Equal masses (mg) for Pc and respective conjugate were weighed separately in
the TGA pan and then heated in argon to 850 °C. This was followed by comparing the masses

of the Pc in a conjugate with that of the Pc before the conjugation.

+» Laser flash photolysis
Triplet state quantum yields were determined using a laser flash photolysis system consisting
of an LP980 spectrometer with a PMT-LP detector and an ICCD camera (Andor DH320T-
25F03). The signal from a PMT detector was recorded on a Tektronix TDS3012C digital storage
oscilloscope. The excitation pulses were produced by a tunable laser system consisting of a
Nd:YAG laser (355 nm, 135 mJ/4-6 ns), pumping an optical parametric oscillator (OPO, 30
mJ/3-5 ns) with a 420 to 2300 nm (NT-342B, Ekspla) wavelength range. Triplet lifetimes were
determined by the exponential fitting of the kinetic curves using the ORIGIN 6 Professional
software. The absorbance value used for triplet state studies was fixed at 1.5 and the solution

degassed by bubbling argon for 30 min prior to measurements.
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¢ Singlet oxygen
Singlet oxygen quantum vyield is determined using chemical methods that utilises indirect
methods to determine singlet oxygen quantum yields. The method involves of quenching of
the absorption of a molecule sensitive to the singlet oxygen such as DPBF in organic solvents
or ADMA in aqueous solution. The amount of quenching is related to the quantity of singlet
oxygen species of a sample being analysed. Experimental setup of this is illustrated in
Figure 2.2 [143]. Photo-irradiations for singlet oxygen studies were done using a General
Electric Quartz line lamp (300W). A 600 nm glass cut off filter (Schott) and a water filter were
used to filter off ultraviolet and infrared radiations, respectively. An interference filter (Intor,
700 nm with a band width of 40 nm) was additionally placed in the light path before the
sample. Light intensities were measured with a POWER MAX5100 (Molelectron detector
incorporated) power  meter. Light intensity was determined to be
2.87 x 10*° photons s cm™. For singlet oxygen studies, a solution (2 mL) composed of
photosensitizer (about 10® M, based on the Pc) and ADMA or DPBF (10 M) was irradiated in

a 1 cm path length cell.

Figure 2.2: Schematic illustration of the set-up of an indirect detection of singlet oxygen

¢ Theoretical calculations
Molecular stabilities were determined for structures of complex 10 (alone), 1 nm

nanodiamond (core obtained from crystallographic data), and its conjugates were build with
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the 3D atomistic document of material studio library [116]. The minima used for all structures
were obtained from the conformer generation module in material studio [116]. Following
construction of systems in Materials Studio, geometry optimizations were carried out within
extended tight binding (xtb) using GFN2-xTB with an electronic temperature of 300K [108,
109, 115]. Highest occupied molecular orbital-lowest unoccupied molecular orbital (HOMO-
LUMO) gap values were extracted from the difference between the highest occupied and
lowest unoccupied Kohn-Sham orbitals from the xtb output. The molecular orbital densities

were visualized using the density functional based tight binding (DFTB+) surfaces [116].

2.4. Photodynamic therapy

2.4.1. Materials for photodynamic therapy (PDT)

Complexes 3,7-12 and conjugates were used as examples for PDT studies. Michigan Cancer
Foundation-7 (MCF-7) breast cancer cell lines were obtained from Cellonex. Trypsin
ethylenediaminetetraacetic acid (EDTA), trypan blue, Dulbecco's phosphate-buffered saline
(DPBS) and Dulbecco's modified Eagle's medium (DMEM) were obtained from Sigma Aldrich.
Heat-inactivated fetal calf serum (FCS), neutral red cell proliferation reagent (WST-1), and 100
ug/mL-penicillin-100 unit/mL-streptomycin-amphotericin B mixture were obtained from

Lonza (Biowest).

The stock concentrations of each drug was prepared by dissolving each in DMSO (1%) and
making the volume up with supplemented media. All nanomaterials and respective
conjugates are partially soluble in water but not all Pc complexes are soluble in water. Hence,
1% DMSO in water was used for complete solubility. The cells were incubated for 24 h with
1% (v/v) of DMSO in supplemented media in order to assess the effects of DMSO, at a
concentration of 0 ug/mL of the drug (labelled control) in Chapter 6. The surviving cells were

subsequently quantified using the WST-1 cell proliferation assay 24 h after the treatment.
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2.4.2. Dark and PDT toxicity studies

The MCF-7 cells were cultured in 75 cm? vented flasks (Porvair®) in a humidified atmosphere
incubator with ~5% CO; at 37 °C (Heal Force®). A Zeiss® AxioVert. Al Fluorescence LED (FL-
LED) inverted microscope was used for routine microscopy. Photo-irradiations for PDT studies
were performed using a General Electric Quartz line projector lamp (300W). A 600 nm glass
cut off filter (Schott) and water filter were used to cut off ultraviolet and far infrared
radiations, respectively. An interference filter (Intor, 700 nm with a band width of 40 nm) was
placed in the light path before the sample. Light intensities were measured with a POWER
MAX5100 (Molelectron detector incorporated) power meter and found to be 2.87 x 10%°
photons s* cm for PDT studies. An illumination kit, with a capacity to hold a 127.76 x 85.48
mm 96 well tissue culture plate for in vitro PDT studies was used. The cell viability was

measured using the WST1 cell proliferation neutral red reagent as described above.

2.4.3. Statistical analysis

The data obtained from the three independent (n=3) triplicate experiments were analysed
with a 3-way factorial ANOVA (analysis of variance) to determine the statistical differences
between the in vitro cytotoxicity and photodynamic effect of the photosensitizers on MCF-7

cancer cells. p-value of <0.05 was considered significant

2.5. Nonlinear optics

Z-scan analysis were performed using frequency doubled Nd:YAG laser (Quanta-Ray, 1.5 J/10
ns fwhm pulse duration) as the excitation source. The laser was operated in a near Gaussian
transverse mode at 532 nm (second harmonic) with low repetition rate of the lasers to
prevent cumulative thermal nonlinearities, details have been provided before [144]. Z-scan
profiles were determined at absorbances: 0.1, 02, 0.3, 0.4, 1 and energies 20, 30, 60, and

80 ) when DNDs were conjugated with complexes 4a, 4b, 4c, 5 and 6.
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Chapter 3

3. Synthesis and characterization

This chapter entails synthesis and the characterization of phthalocyanines (Pcs), carbon

nanomaterials (GQDs, CDs, DNDs, doped DNDs) and respective nanohybrids.

3.1. Phthalocyanines (Pcs)

The syntheses of complexes 1 [25-29, 35] and 3-7 have been published before [5, 30-37] and
2 is purchased. The characterization of new complexes 8-11 will be discussed in detail in the

following subsections.

3.1.1. Synthesis of symmetric phthalocyanine complexes 8 and 9

The synthesis of tetrakis[(4-benzo[d]thiazol-2-ylphenoxy)phthalocyaninato] zinc (II) (7) has
been previously reported [33, 34] and was used as the starting material for the synthesis of
the quaternary derivative 3, 16(17)-(3-methyl-benzothiazoliumphenoxy) 9(10), 23(24)-
(benzothiazoliumphenoxy) phthalocyaninato] zinc (Il) diiodide (8). The well-known method of
quaternization [145-147] was used for the synthesis of complex 8 (Scheme 3.1) using methyl

iodide as the quaternizing agent.
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Scheme 3.1: Synthesis of complex 8

The MALDI-TOF and *H NMR mass spectra analysis showed that only partial quaternization of

complex (7) resulted in complex (8) (Figures 3.1, 3.2). This could be due to either that the

guaternary compound precipitates out of the solution or due to evaporation of the methyl

iodide (bp = 42 °C) at the high reaction temperatures. Even though the scheme shows a cis

arrangement, this is just a representation, the two quaternized groups could be in any other

location. To afford a fully quaternized derivative (complex (9)), Scheme 3.2, a different

synthetic route to obtain the quaternary phthalonitrile derivative was followed. This involves

the quaternization of 4-(benzo[d] thiazol-2-yl) phenol (a) to yield (b), followed by coupling

with 4-nitrophthalonitrile (c) to result in (d).

55



Synthesis and Characterization

4 )
N
S O,N Z
CO-Crov o T+ "G
DMF, 120° | ® NY
(a) 5hrs (b) (c)
K2003’ 48 hrs
DMF, r.t
s =5 "
> N
(o) L
Ne g
%\WN\ g < DBU, 30 hrs
b Pentanol
z
)):‘ N n\N / Zinc acetate ! (d)
\ N,
L O
? D
!
SAE
¥ ?
\_— — J

Scheme 3.2: Synthesis of complex 9

The structure and purity of all the complexes were confirmed using UV-Vis, IR, mass spectra

(Figure 3.1), 'H NMR (Figure 3.2) and elemental analyses, which agreed with the proposed

structure as described in experimental section.
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Figure 3.1: MALDI-TOF mass spectra of (A) 8 and (B) 9

For complex 8, the aromatic protons of the benzothiazole moiety appeared between 8.25-
7.48 ppm and gave 44 protons on integration. Evidence of quaternization was confirmed by
the appearance of protons from methyl group around 4.7 ppm which gave 6 protons on

integration (Figure 3.2)
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Figure 3.2: 'H NMR of complex 8 (a) and 9 (b) in DMSO-de

The *H NMR spectra of complex 9 is similar to that of 8 with only minor differences in chemical
shifts of the aromatic benzothiazole moiety. Full quaternization of complex 9 was confirmed

with the appearance of methyl group protons at 4.52 ppm integrated into 12 protons.

3.1.2. Complexes 10 and 11

The synthesis of complex 10 and 11 (Scheme 3.3) was accomplished by statistical
condensation of 4-[4-(benzo[d]thiazol-2-yl)phenoxy] phthalonitrile (e) (for 10) or
phthalonitrile (d) (for 11) with 4-(4-aminophenoxy)phthalonitrile (f) in the presence of zinc

acetate and 1-pentanol.
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Scheme 3.3: 9(10), 16(17), 23(24) [(benzo[d]thiazole-2-yl)phenoxy) 3 (aminophenoxyl)
phthalocyaninato] zinc (II) (10) and the corresponding quaternary analogue 9(10), 16(17),
23(24) [(3-methyl-benzothiazoliumphenoxy) 2(3) (aminophenoxyl) phthalocyaninato] zinc (Il)
triiodide (11). (i)=Pentanol, DBU, 160°C, 18 h.

The FTIR, *H NMR, UV-Vis and elemental analysis data all agreed with the proposed structure
in Scheme 3.3. The protons of the terminal amino substituent, observed at 6.61 and 5.50 ppm
respectively for 9(10), 16(17), 23(24) [(benzothiazoliumphenoxy) 3 (aminophenoxyl)
phthalocyaninato] zinc (ll) triiodide (10) and 9(10), 16(17), 23(24) [(3-methyl-
benzothiazoliumphenoxy) 3 (aminophenoxyl) phthalocyaninato] zinc (ll) triiodide (11), in the
IH NMR spectra in Figure 3.3 (a, b) of complex 10 and 11 integrated into 2 protons. The
protons due to methyl group in the quaternary complex 11 resonate at 3.60 ppm and 3.30
ppm integrating to give a total of nine protons. The aromatic protons for the complexes were
found between 8.13 —7.22 ppm for 10 and 8.25-7.30 for 11 and integrated to give anticipated

number of protons.
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Figure 3.3: 'H NMR for complexes in DMSO-ds (a) 10 and (b) 11

The existence of multiple heavy isotopes with an increase in the molecular mass generally
leads to a decrease in the relative abundance of the monoisotopic peak; hence the isotopic
distribution model has been shown to be the accurate method of assigning molecular mass
in large molecules [148]. The isotopic mass distribution of complex 10 and 11 was simulated
and compared with the experimental MALDI-TOF measured masses. The observed mass of

the complexes are in agreement with the calculated values (Figure 3.4)
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Figure 3.4: MALDI-TOF mass spectra of 10 and 11

3.1.3. UV-Vis spectra for all Pcs

The UV-Vis absorption spectra of complex 8 and 9 showed the Q band maxima at 677 and 679
nm, which are blue-shifted from 681 nm for complex 7 (Figure 3.5 A), Table 3.1. The blue-
shifting could be attributed to increase in energy gap between the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) because of reduced
electron density from the nitrogen of the benzothiazole following quaternization. Similar
blue-shifting has been reported [149] when 2-morpholinoethoxy phthalocyanine zinc(Il) Pc
was quarternized. It should be noted that Q band for 4a show spectra similar to 4b, and 4c
does not show the normal splitting of the Q band that is typical of free-base phthalocyanines
(appendix, Figure 1A), showing instead a single sharp Q-band. The lack of splitting of the Q-
band in complex 4a (appendix, Figure 1A) is a result of the basicity of the solvents. It has been
documented that in basic solvents such as DMSO, the inner pyrrole hydrogens are acidic
enough to dissociate and the Pc becomes symmetrical and thus possesses an un-split Q band

[19, 150].
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Figure 3.5: Absorption spectra of complexes (A): 7, 8, 9 in DMSO; (B): 9, 10, 11 in DMSO; and
(C): 9, 10, 11 in water containing 1% DMSO.

In water made up of 1% DMSO used for cells, most complexes 9-11 (as examples) are highly
aggregated (Figure 3.5 C), Figure 2A in appendix for 3. The broad band near 630 nm is due to
aggregation. Aggregation in Pcs is due to m—t stacking interaction of the aromatic rings [19]
resulting in broad or split Q bands, with the low energy band being due to the monomer and
the high energy band due to the aggregate. Cofacial stacking mode of Pcs (the so-called H
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stacks) give rise to a blue shift of the Q-band (due to the aggregate) relative to the Q-band of
the monomer (low energy peak). The other stacking mode (very rare in phthalocyanines) in
which the molecules are offset relative to each other leads to slipped stacks (J-stacks) gives

rise to a red shifted Q-band [19].
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Table 3.1: Absorption spectra of complexes and respective conjugates in DMSO

Complexes and Conjugates Aabs (nm)P
GQDs»(B1) 360
1 679
GQDsz(B1)-1 (- m) 672
2 672
GQDsz(B1)-2 (mt - m) 678
3 683
GQDs3(B1)-3 (t - i) 683
GQD2(B2) 450
GQD»(B2)-3 (- m) 681
GQDs 430
GQDe-3 (m - m) 682
GQD1o 350
GQD10-3 (- M) 683
GQDs»(B3) 336
GQDs»(B3)-3 (r - n) 682
CDs 366
CDs-3 (- ) 686
DNDs-3 (1t - i) 686
3-DNDs-12 (rt - it and ester) 683
4a 675
DNDs-4a (mt - i) 675
4b 675
DNDs-4b (mt - i) 673
4c 684
DNDs-4c (ester) 666 (610)
5 670
DNDs-5 (ester) 687
6 677
DNDs-6 (ester) 681
7 681
8 677
9 679
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B@DNDs-9 677
10 678
DNDs-10 (amide) 690
B@DNDs-10 (amide) 690
P@DNDs-10 (amide) 678
N@DNDs-10 (amide) 688
S@DNDs-10 (amide) 690
S&N@DNDs-10 (amide) 688
11 680
B@DNDs-11 (amide) 682
12 649
DNDs-12 (ester) 679
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3.2. Carbon nanomaterials

Synthesis and characteristics thereof of carbon nanomaterials: graphene quantum dots

(GQDs), carbon nanodots (CDs) and heteroatom doped DNDs will be discussed in this section.

3.2.1. GQDs, CDs and DNDs

GQDs synthesised for two hours (GQDs;) consist of three batches: Batch 1 = B1 (used with
different Pcs); Batch 2 = B2 (used with different sizes of GQDs); and Batch 3 = B3 (compared
with other nanomaterials). The conditions are shown in Table 3.2. GQDs size cannot be
controlled from batch to batch, hence the different batches with different characteristics. The
graphene oxide (GO) sheets were chopped into pieces by KMnO4/H,SO4 under various
reaction conditions following literature method to form GQDs (various sizes) and CDs

containing carboxyl and hydroxyl functionalities [151].

Table 3.2: Synthesis conditions for GQDs

GQDs Temperature KMnO4 Oxidation Application
time (h
) (%) (h)
GQDs3(B1) 50 50 2 Compares Pcs charges:
Complexes 1-3
GQDs3(B2) 50 50 2 Compares GQDs sizes:
GQDsgand GQDs1o
GQDs3(B3) 50 50 2 Compares types of CNPs:
CDs and DNDs
GQDss 70 60 6
GQDs10 80 80 10
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The synthesised GQDs, CDs and doped DNDs were characterized using TEM, DLS,
zetapotential, XPS, FTIR, XRD, UV-Vis, laser Raman and TGA techniques. TEM micrographs
showed that carbon nanoparticles alone are monodispersed (Figure 3.6 (a)-(c)). Sizes of
GQDs; (B3), CDs and DNDs determined by TEM as indicated by inserts in Figure 3.6 (3.3, 7.1,
2.3 nm) and DLS (5.1, 7.5 and 2.9 nm), Figure 3.7, respectively (Table 3.3)

Figure 3.6: TEM micrographs of (a) DNDs, (b) GQDs; (B3) and (c) CDs

Similar sizes have been previously reported [151-154]. Slight discrepancies in particle sizes
determined by TEM relative to DLS (Figure 3.7) could be attributed to interference of the

dispersant into the hydrodynamic diameter, resulting in shifts to higher values [155].

Figure 3.7: DLS size distribution of (a) GQDs: (B3), (b) CDs and (c) DNDs
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Zeta potential is a key indicator of the stability of colloidal dispersions. The magnitude of the
zeta potential indicates the degree of electrostatic repulsion between adjacent, similarly
charged particles in a dispersion. When the zeta potential is small, attractive forces may
exceed repulsion, resulting in aggregation [156]. Relative to DNDs, zeta potential of
GQDs (B3)and CDs showed negative values as expected due to the predominant carboxylic
acid groups in the latter two [156]. It has been reported that DNDs from NanoCarbon
Research Institute, Japan (where we obtained the DNDs) are positively charged colloidal

species [157], also confirmed by zeta potentials in this work.
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Table 3.3: Absorption spectra of complexes and respective conjugates in DMSO

Complexes and DLS TEM Loading | Raman 3
Conjugates (nm) | (nm) (ng/mg) | ratio Ip:lc | (mV)
GQDs; (B1) 2.2 1.5 0.40 -12.5
1 -10.8
GQDs; (B1)-1 (- m) 3.8 3 1.30 -23.6
2 -11.6
GQDs; (B1)-2 (- ) 10.2 4 0.87 -2.9
3 21.6
GQDs; (B1)-3 (- m) 14.2 10.5 | 14 1.60 0.33
GQDs: (B2) 2.6 0.40 -5.8
GQD,(B2)-3 (- m) 14.2 10 1.60 99.2
GQDss 3.3 0.45 -131.1
GQDe-3 (- m) 18.2 5 3.36 163.1
GQDs10 5.1 1.09 -7.7
GQD10-3 (- M) 25.5 3 0.43 -4.2
GQDs:(B3) 5.1 33 0.18 -12.5
GQDs; (B3)-3 (- m) 16.0 299 0.20 7.8
CDs 7.5 7.1 0.97 -10.4
CDs-3 (- m) 65.3 829 0.10 0.6
DNDs 2.9 2.3 0.01 13.0
DNDs-3 (1t - 1) 7.2 42 0.22 10.9
3-DNDs(mt - 1) 3.9 31 0.15 -48.9
3-DNDs-12 (mt - m, ester) 7.5 6.5 334 0.33 -58.3
4a 1.2
DNDs-4a (m - i) 7.5 470 0.67 2.02
4b 13
DNDs-4b (rt - ) 28.2 500 0.17 1.8
4c 1.9
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DNDs-4c (ester) 325 800 0.18 2.4

5

DNDs-5 (ester) 78.8 38 1.48 10.6
6

DNDs-6 (ester) 68.1 3 0.52 17.2
7 -35

8 17.2
9 13.8
B@DNDs 4.8 1.58 4.9
B@DNDs-9 (rt - i) 78.8 887 0.80 17.1
10 -30
DNDs-10 (amide) 28.2 6 0.43 -13.3
B@DNDs-10 (amide) 46.5 57 1.82 -3.3
P@DNDs 50.8 0.15 12.9
P@DNDs-10 (amide) 78.8 814 1.16 -10.6
N@DNDs 3.8 0.63 28.2
N@DNDs-10 (amide) 54.0 110 1.85 -1.4
S@DNDs 7.8 0.09 9.23
S@DNDs-10 (amide) 30.8 0.14 0.12 -9.2
S&N@DNDs 37.8 1.62 27.2
S&N@DNDs-10 (amide) 43.8 11 4.85 -0.5
11 10.6
B@DNDs-11 (amide) 68.1 792 1.00 12.9
12 1.5 64.7
DNDs-12 (ester) 4.5 4.1 282 0.25 -48.6
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FTIR spectra shows that DNDs have N (Figure 3.8 (a)) while GQDs and CDs do not (Figure 3.8
(b) and (c)). This is because DNDs contain several functional groups present on the surface

such as amine, amide in addition to alcohol, carbonyl, and carboxyl [157].
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Figure 3.8: FTIR spectra of (a) DNDs (b) GQDs3(B3) (c) CDs

XPS results in Table 3.4 show that GQDs>(B3) and CDs have high oxygen content, confirming
the presence of more oxygen functionalities when compared to DNDs. The larger carbon
content and low oxygen content of the DNDs suggest more sp? hybridization. CDs and

GQDs;(B3) have about the same carbon and oxygen content.
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Table 3.4: Apparent XPS surface atomic % composition of carbon, oxygen and nitrogen for

GQDs, CDs, and DNDs.

Sample Atomic concentration (%)
C o N

GQDs2(B3) 62.09 37.49

DNDs 95.48 3.04 1.48

CDs 61.41 37.80

High-resolution C1s spectrum of the DNDs reveals the presence of four components at 282.8,
283.6, 285.8 and 286.9 eV assigned as indicated in Figure 3.9 (a). Figure 3.9 (b) showed the
following bonds of C=C (284.05 eV), C—0 (285.96 eV) and C=0 (288.77 eV) typical of GQDs

[100]. Peaks for GQDs2(B3) and CDs are about the same energies but different intensities.
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Figure 3.9: XPS High resolution C 1 s spectra of (a) DNDs, (b) GQDs»(B3), (c) CDs

The XRD pattern for DNDs, Figure 3.10 (a) showed crystalline phases at (111), (221) and (311)
correlating with 45, 73 and 92° (NISTnumberA51588) [158]. Broad peaks in Figure 3.10 (b)
and (c) at 26=28° corresponding with (002) for GQDs,(B3) and CDs could be attributed to the
amorphous nature and disordered carbons in the materials [159-161]. The shifts of XRD peaks
for GQDs,(B3) and CDs to a lower 26 values compared with the DNDs, maybe due to the
oxygen-containing groups (including carbonyl, carboxyl, hydroxyl, and epoxy groups)

introduced on the edges and basal planes to increase interlayer distance [86].
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Figure 3.10: XRD pattern of (a) DNDs (b) GQDs2(B3) (c) CDs

Figure 3.11 shows UV-Vis absorption spectra for DNDs, GQDs; (B3) band CDs dispersed in
DMSO. CDs and GQDs; (B3) showed broad peaks at 366 and 336 nm, respectively in Figure
3.11. Similar broad absorption peaks have been previously reported to be due to m—m*
transition of aromatic sp? domains [94]. In addition, previous studies have shown that change

in size of nanoparticles results in change in band gap resulting in red or blue shift in

absorbance [95, 162].
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Figure 3.11: Absorbance spectra of (a) DNDs, (b) GQDs2(B3), (c) CDs in DMSO.

Also, larger nanoparticles are usually red-shifted, hence CDs (A= 366 nm) with a larger size
than GQDs3(B3) (A= 336 nm) shows a red shifted spectrum (Table 3.1). DNDs did not show a
clearly defined peak. The absorption spectra of nanoparticles could be attributed to a
combination of size, functional groups, degree of surface oxidation and graphitic nature of

the nanomaterial (carbon backbone connected to functional groups).

DNDs did not show photoluminescence properties. Emission spectrum of CDs at 587 nm in
Figure 3.12 (b) was more red shift than GQDs»(B3) (370 nm) in Figure 3.12 (a) when both were
excited at 310 nm. The mechanism of photoluminescence of carbon nanoparticles could be
due to synergistic model which stipulates coexistence of quantum confinement effect;
surface traps, type of carbon material and edge states as explained in a review by Gan, et al.
[163]. Functional groups (such as COOH or OH in GQDs;(B3)) and the quality of carbon
nanomaterials (amorphous or graphitic) act as continuous defect states that are responsible

for the emissions [163, 164].
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Figure 3.12: Emission spectra of (a) GQDs2(B3), (b) CDs when both NPs are excited at 310 nm
in DMSO.

Thermogravimograms of GQDs;(B3), CDs and DNDs conducted in the temperature range of
50-800 °C in air are shown in Figure 3.13 to indicate thermal stability. In comparison with
DNDs (99% mass loss) at 800 °C, the TGA curves of GQDs and CDs revealed a decreased weight
loss of 15% and 7%, respectively. Various structural forms of carbon have different oxidation
behaviour depending on the available reactive sites [165-167]. For instance, amorphous and
graphitised carbons tend to be oxidised at different temperatures due to their varying
activation energy for oxidation [168]. Functional groups with reducing ends are generally
known to decrease thermal stability of nanoparticles [71-73]. Thus, the loss of mass for DNDs,
GQDs»(B3) and CDs observed in Figure 3.13, could indicate thermal stability associated with
interplay between size and extent of functionalisation of nanoparticles, with the larger CDs

showing the largest stability at 7% and the smallest DNDs showing the lowest stability at 99%.
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Figure 3.13: Thermogravimetric analysis (TGA) curves for samples (a) DNDs, (b) GQDs> (B3)
and (c) CDs is heated at 20 °C min™* from 50 to 800 °C in air

In this study laser Raman spectral technique (Figure 3.14.) was used to determine the quality
of as-synthesised DNDs, GQDs> (B3) and CNDs. The disorder (D) sp® defects and graphitic (G)
sp? peaks from in plane vibrations were observed at approximately (1289; 1595 cm™) at laser
energy of 25 mW, (1280; 1591 cm™) and (1278; 1627 cm™) for DNDs, GQDs; (B3) and CDs
alone. Thus, the D bands of the GQDs; (B3) and CDs alone shift to lower wavenumbers
compared to DNDs. The G band for CDs is shifted to higher wavenumbers compared to DNDs,
while the G band for GQDs; (B3) is slightly blue shifted compared to that for DNDs. Raman
band shifts have been attributed to factors such as the nature, diameter and strain of

nanoparticles [169, 170].

The Ip:ls (sp:sp?) ratio is generally considered as a quality parameter to determine the extent
of functionalization of the carbon nanomaterials. This is because the G-band is not affected
by defects, whereas the D-band is enhanced by the presence of sp? defects in the sp? lattice.
CDs have the largest size and defects (0.97) relative to GQDs»(B3) (0.18) and DNDs (0.01) as

calculated from the Ip:lg ratio in Table 3.3. The larger carbon composition of 95.48% in DNDs,
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compared to 62.09% (GQDs: (B3)) and 61.41% (CDs) in Table 3.4 increased defects in the
former. Increases or decreases in Ip:lg ratios of GQDs have been previously reported to be
due to size-dependent edge-state variation of GQDs [171]. Thus, decrease in Ip:lg ratio of
DNDs, GQDs; (B3) compared to CDs is associated with increased carbon quantity and

decreased nanoparticle sizes.
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Figure 3.14: Raman spectra at laser power of 25 mW for (a) DNDs, (b)GQDs: (B3), (c) CDs
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3.2.2. Different sizes of GQDs

Three different sizes of GQDs were synthesised (following literature methods [151])
depending on the time allowed for the GO cutting process using KMnOa4/H,S04. The GQDs are
labelled according the oxidizing time in H,SO4. Table 3.2 for GQDs;, 2 h was used at 50%
KMnOa. In this section, (GQDs2(B2) were employed. The temperature was raised to 70 °C,
KMnOa to 60 wt% and oxidizing time of 6 h was used for GQDse. For GQDs10, temperature was
raised to 80 °C, KMnOQ4 to 80 wt% and oxidation time was 10 h, Table 3.2. The increase in the
oxidation time, temperature and amounts of the oxidants resulted in increase in the sizes of

the GQDs as has been reported before [172].

Table 3.5 shows that the sizes decrease (DLS) as follows: GQDs10 > GQDsg> GQDs»(B2). Studies
have indicated that changing either concentration of oxidant, time or temperature have
effects on any of the following: quality, quantity, morphology, and photoluminescence
properties of QDs [86, 172-174]. Hence Zhang et. al. [173] and Fan et al [151] showed that
accurate size control of QDs could be obtained when temperature, time and concentration of
the oxidant were varied simultaneously. Thus in this work, time, temperature and %KMnOQO4

were simultaneously varied in order to increase the size of the GQDs.

GQDsshow relatively higher stability compared to the rest of the GQDs in Table 3.5, as judged
by larger zeta potential of -131.1 mV compared to GQDs,(B2) at -5.8, GQDs1o at -7.7 mV.
GQD1o which has the largest DLS size and GQD»(B2) with least DLS size, are both the least
stable relative to GQDs with moderate size but the largest zeta potential. Thus, there is no

specific relationship between colloidal stability of GQDs and size of the nanoparticle.
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Table 3.5: Physical characteristics of different sizes of GQDs and respective conjugates

Sample?® Aabs DLS size Loading 3 Raman ratio
(hm) (nm) (ng)/(mg) (mV) Io/ls
b
GQD,(B2) 450 2.6 5.8 0.40
GQD,(B2)-3 (n-n) 681 14.2 10 99.2 1.60
GQDs 430 3.3 -131.1 0.45
GQD¢-3 (- ) 682 18.2 5 163.1 3.36
GQD1o 350 5.1 -7.7 1.09
GQD10-3 (1t - ) 683 25.5 3 4.2 0.43

The XPS wide scan spectra (Figure 3.15 A: (a) —(c)) showed all the expected elemental
compositions of GQDs at respective binding energies with Cls at approximately 284 eV and
530 eV for O1s, for GQDs; (B2), GQDss, GQDs10 respectively. High-resolution C1s spectrum of
the GQDs (Figure 3.15 B) indicates the existence of Cls in different chemical environment.
Peaks corresponding to GQDe in Figure 3.15 B (b) were shown at different bonding states of
C=C (284.05 eV), C-0 (285.96 eV) and C=0 (288.77 eV) typical of GQDs [100]. Peaks for

GQD2(B2) and GQDioare about the same energies as GQDss but different intensities.
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Figure 3.15: (A) Wide scans of (a) GQD3(B2), (b) GQDs (c) GQD1o and (d) GQDe-3 conjugate,
(B)High resolution C1s spectra of (a) GQD2(B2), (b) GQDs, (c) GQD1o, and (d) GQDe-3 (as an

example)

Various sizes of graphene quantum dots (GQDs): GQD,(B2), GQDs and GQD1p showed that

increasing sizes of GQDs decreases the atomic concentrations of oxygen (Table 3.6).

Table 3.6: Apparent XPS surface atomic composition and corresponding binding energies of

different GQDs sizes

Sample Atomic concentration (%) |Binding energies (eV)
C o) Cls O1s
GQD2(B2) 43.20 56.23 283 529
GQDe 61.41 37.80 284 530
GQD1o 62.09 37.49 285 531
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Inserts in Figure 3.16 (a) — (b) shows UV-Vis absorption spectrum of GQDs dispersed in water.
Broad absorption peaks are observed between 350 nm and 450 nm, inserts in
Figure 3.16 (a-c). A general blue shift in the absorbance of the GQDs alone from 450 nm to
350 nm, Figure 3.16 (a-c)), Table 3.5 was observed with increase in size. Increase in sizes of
semiconductor quantum dots [173] and GQDs [96] were previously reported to red shift the
absorbance. However, it has been suggested that blue shifts in the GQDs absorption spectra
are due to a decrease in oxygen functionalities rather than size [175]. This could be the case
in this work since XPS results (Table 3.6) shows less oxygen functionalities for the larger GQDs,

with blue shifted absorbance spectra.

Typical excitation-dependent photoluminescence (PL) spectra for GQDs; and GQDss
(Figure 3.16 (a-b)) showed a decrease in intensity, red shifting and broadening of emission
peaks upon increasing the excitation wavelength, consistent with previous reports [151, 175].
For GQD1o in Figure 3.16 (c), an increase in intensity and red shifting of the emission
wavelength upon increasing excitation wavelength was observed. Increase in intensity with
red shift of the emission spectra have been reported for GQDs to be due to degree of
oxidation [163], a trend consistent with CNDs (carbon nanodots) [164]. However, in this work,
there is little difference in oxygen content for GQDss and GQDs1o (Table 3.6), yet they show
different spectral behaviour. This PL emission behaviour confirms that no individual model
can explain the mechanism of excitation-dependency behaviour of synthesised graphene
guantum dots. Different emissions have been previously reported to originate from graphite
sheets of different size, symmetry, and defects [176]. Therefore, synergistic model could be
used to explain the mechanism of photoluminescence of GQDs. This model stipulates
coexistence of quantum confinement effect; surface traps and edge states as explained in a
review by Gan, et al. [163]. Following the theory that functional groups (such as COOH or OH
in GQDs) and the quality of carbon nanomaterials (amorphous or graphitic) act as continuous
defect states that are responsible for the emissions, it is likely that they are also responsible

for the excitation-dependent emission behaviour [151, 163] observed in this work.
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Figure 3.16: PL emission spectra of (a) GQD»(B2), (b) GQDs, and (c) GQD1o) as the excitation

wavelength is increased from 310 nm. Inserts = UV-Vis absorption spectra in DMSO solvent
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3.2.3. Heteroatom doped DNDs

Sizes of B, P, N, S and S&N@DNDs alone as determined by dynamic light scattering (DLS) are
4.8,50.8, 3.8, 7.8, 37.8 nm, respectively (Figure 3.17 (a)-(e)), Table 3.7. DLS size increases on

doping. DLS sizes increases with the atomic radius of respective doped atoms [177].
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Figure 3.17: DLS of (a) B@DNDs, (b) P@DNDs, (c) N@DNDs, (d) S&N@DNDs (e) S@DNDs

DNDs maintained the positive charge even after doping with various heteroatoms such as B,

P, N and S&N, as confirmed by zeta potential values in Table 3.7.
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Table 3.7: Zeta potential for doped DNDs in water.

Sample DLS Zeta potential Raman ratio
(nm) (mV) Io/le
10 - -30.0 -
DNDs 2.9 43 0.01
B@DNDs 4.8 4.9 1.58
P@DNDs 50.8 12.9 0.15
N@DNDs 3.8 28.2 0.63
S@DNDs 7.8 9.3 0.09
S&N@DNDs 37.9 27.2 0.16

Characteristic FTIR peaks for B@DNDs, P@DNDs, N@DNDs, S&N@DNDs identified by

characteristic vibrational bands of B, O=P-OH, —C=N-, S=0 and N-H at 1091, 1639, 1632, 1090

and 1472 cm™ respectively Figure 3.18. The C=0 band at 1732 cm™ is a result of stretching

carboxylic group vibrations in the DNDs [178].
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Figure 3.18: FTIR spectra of (a) B@DNDs, (b) P@DNDs, (c) N@DNDs and (d) S&N@DNDs

Figure 3.19 (a) shows UV-Vis absorption spectra of N, and S&N@DNDs (as examples)
dispersed in DMSO. DNDs show broad peaks, as stated above while the undoped DNDs did
not show peaks. The broad peaks observed for doped DNDs are due to m—mt* transition of
aromatic sp?> domains [179]. Emission spectra of N and S&N doped DNDs showed peaks at
465 and 434 nm for respective nanoparticles as shown in Figure 3.19 (b). The mechanism of
photoluminescence of doped DNDs and respective nanohybrids could be attributed to surface
traps as a result of dopant effect on DNDs, which act as continuous defect states that are
responsible for the emissions. In addition, previous studies have shown that doping of DNDs
alters sizes, molecular structure and band gap that result in changes in optical properties of
the material [180, 181]. Hence, doped DNDs showed fluorescence characteristics, while

undoped did not.
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Figure 3.19: (a) Absorbance and (b) photoluminescence emission spectra of N at 465 nm and

S&N@DNDs at 434 nm when both were excited at 290 nm in DMSO.

The disorder of (D, sp3) defects and graphitic (G, sp?) bands are observed at approximately
(1320; 1540 cm™), (1325; 1596 cm™), (1275; 1596 cm™?), (1329; 1596 cm™?), (1214; 1596 cm™?)
and (1249; 1596 cm™) in Figure 3.20 for DNDs, B@DNDs, P@DNDs, N@DNDs, S@DNDs, and
S&N@DNDs, respectively. Structural distortion of graphitic carbon due to different bond
lengths induced by co-doping are indicated in the Raman spectra by shifts of the G band [182].
Shifts in Raman band have been attributed to factors such as nature, diameter and strain of
nanoparticles [169-171]. Raman bands for DNDs at laser power 30 mW in this section shifted
to (1320; 1540 cm?), relative to (1289; 1595 cm™) when laser energy was 25 mW in section
3.2.1. Shift to lower frequencies (blue shift) of G bands was observed with increasing laser
power [183]. The extent of doping and functionalizing DNDs is determined from Ip: Ig (sp3:5p?)
ratio in Table 3.7, because the G-band is not affected by defects, whereas the D-band is, as
stated above. Heteroatom doping of DNDs resulted in an increase in Ip:lg ratio for all the
dopands. However, B@DNDs showed the most intense defective peak (D) in Figure 3.20 (b),
hence higher Ip:lg ratio. Doping of boron atoms onto the nanodiamond has been previously
reported to increase defects on the nanodiamond surface through residual graphite oxidation

[184]. Hence the large Ip:lg ratio for B@DNDs.
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Figure 3.20: Raman spectra for nanoparticles and respective conjugates of (a) DNDs, (b)

B@DNDs, (c) P@DNDs, (d) N@DNDs, (e) S@DNDs, and (f) S&N@DNDs.

3.3. Phthalocyanine carbon nanohybrids

3.3.1. Tt Congugates

Conjugates of complexes 1,2,3 with GQDs;(B1); 3 with CDs, 4a, 4b with DNDs and 9 with B@DNDs
were studied here for mm interaction. Scheme 3.4 shows the noncovalent attachment of complex 3
using different sizes of GQDs as an example. Similar behaviour is observed for all the complexes in this

section. Table 3.3 compares all the data.
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Scheme 3.4: Non-covalent interaction of different sizes of GQDs (GQD; (B2), GQDs and GQD1o) to

complex 3.

3.3.1.1. Fixed size GQDs;(B1)

This section entails a fixed size of graphene quantum dots (GQDs;(B1)) with complexes 1, 2
and 3. A general increase in DLS particle size was observed in Figure 3.21 upon conjugation of
GQDs; (B1) to zinc Pcs complexes (1, 2 and 3) due to aggregation, Table 3.3. m—mt stacking
interaction of the aromatic rings is known for Pcs [19, 34]. This could occur between Pcs in

neighboring GQDs.
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Figure 3.21: Transmission electron microscope (TEM) images of (a) GQDs2(B1) and (b)

GQDs3z(B1)-3 and their respective size distribution

The GQDs and Pc nanoconjugates were studied using atomic force microscopy (AFM). In
Figure 3.22 A and B (curves (a) and (b)) show topological views of the GQDs»(B1) alone and
GQDs,(B1)-3 conjugate (as an example). Respective graphs in Figure 3.22 (curves (c)) are
topographic height profiles. The height profile of GQDs2(B1) in Figure 3.22 A(c) gives
approximately 1.6 nm. This suggests that most GQDs synthesised had single to few layers of
graphene sheets, considering the theoretical thickness of graphene layer of 0.34 nm [151].
An increase in topographic height to 3.6 nm was observed in Figure 3.22 B(c), indicating
conjugation between GQDs;(B1) (negatively charged) and positively charged (3). The DLS sizes
are slightly larger than the AFM ones. As stated above the sizes determined by DLS have been
reported to be larger than those determined by AFM since DLS results tend to be skewed

toward larger particles [155, 185].
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Figure 3.22: Atomic force microscopy (AFM) images showing the morpholology and
topographic of (A) GQDs2(B1) and (B) GQDs2(B1) -3 (as an example). (a) General overview 20

um (b) closer view at 2 um, and (c) topographic height graphs.

Table 3.3 shows the zeta potentials of the GQDs2(B1), ZnPc derivatives and their conjugates.
It should be noted that zeta potential of complex 2 (neutral) indicates a negative charge
however, the complex is not soluble in water. Upon conjugation with GQDs, the conjugate
(GQDs2(B1)-2) is slightly water-soluble. The conjugate between negatively charged GQDs»(B1)
and 1 gave a high zeta potential of -23.6 mV, showing stability (Table 3.3). The high zeta
potential also means GQDs»(B1)-1 is the least aggregated. However, there is a possibility of
electrostatic repulsion since both GQDs;(B1) and 1 are negatively charged when comparing
1,2, and 3.
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In the presence of GQDs,(B1), there were some blue shift (1), no shift (3) and red shift (2) in
Q bands of complexes shown from UV-Vis spectra in Figure 3.23 (Table 3.1) as an indication
of interaction of Pcs [186]. Red shifts and flattening have also been observed in porphyrins-

graphene oxide nanoconjugates [162].

The loading of the Pc complexes onto the GQDs was investigated following a literature report
[187-190] using absorption instead of fluorescence. Similar masses (mg) of Pc and GQDs2(B1)-
Pc conjugate were weighed and dissolved in the same volume of the solvent. This was
followed by comparing the Q band absorbance intensity of the Pc complex in the conjugate
with that of the initial Pc before the conjugation. There was larger Pc loading for GQDs(B1)-
3 (14 mg) relative to GQDs3(B1)-2 (4 mg) and GQDs;(B1)-1 (3 mg), Table 3.3. There is a
possibility of Pcs stacking onto each other. n-7 stacking of the aromatic ring is known for Pcs
[19, 34]. The largest Pc loading for GQDs-3 could be due to the presence of both =n-x and
electrostatic interactions since GQDs are negatively charged while complex 3 is positively

charged.
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Figure 3.23: UV-Vis spectra of GQDs; (B1) nanohybrids relative 1, 2 and 3 alone in DMSO.

3.3.1.2. Different size GQDs

This section discusses different sizes of graphene quantum dots: GQDs;(B2), GQDss and
GQDs1o with complex 3. XPS spectra showed (N 1s) peak in the wide scan spectra of GQDe-3,
(Figure 3.15 A: (d) as an example) absent in GQDs alone. The C1s XPS high resolution spectra
of the GQDs-3 conjugate (Figure 3.15 B: (d)) showed subpeaks with corresponding binding

energies of C=C (283.17 eV), C-N (284.22 eV) and C=0 (287.17 eV). The presence of C-N peak
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could be associated with the existence of complex 3 in the conjugate. As stated above (Table
3.6) there was a decrease in the % atomic concentration of oxygen as the size of the GQDs
increased. The % oxygen for GQDs (37.80%) decreased further in the presence of complex 3.
The decrease in % oxygen in the presence of complex 3 may suggest that GQDs are beneath
the complex and hence the oxygen functionalities of the GQDs are not exposed and the

oxygen on the complex (3) is not enough to offset the hidden oxygens of the GQDs.

GQDs and respective conjugate (GQDs-3) show relatively high stability compared to the rest of the
GQDs and conjugates in Tables 3.5. GQD10-3 which has the largest DLS size, is the least stable as shown
in Tables 3.3 and 3.5 as judged by its low zeta potential. Small particles have high zeta potential and
are more stable [189]. Hence GQDs;-3 and GQDss-3 are more stable. A positive zeta potential is
observed in Table 3.3 and 3.5 for the conjugates of GQDs,(B2) and GQDs with complex 3. This is
important for application of these conjugates in cell studies because positive conjugates are preferred

for ease of penetration of the negatively charged cell wall.

The XRD patterns for GQDs showed a peak at approximately 26 = 28°, Figure 3.24 (a). Upon
conjugation to 3, only GQD10-3 had a significant shift in the 20 value. Shifts to lower 20 values
have been previously reported to be due to increased interlayer spacing from defects that
enhance the interlayer distance [86]. A shift to higher 20 values may then imply decreased

interlayer spacing.
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Figure 3.24: XRD spectra of (a) GQDs alone, (b) Complex 3 alone, (c) GQD»-3, (d) GQDs-3, and
(e) GQD10-3.

On conjugation to the Pc, the Raman G bands shift to higher wavenumbers in all cases
compared to corresponding GQDs alone. The conjugation also results in the shifting of the D
band to higher wavenumbers except for GQD10-3 which shift to smaller values compared to
corresponding GQDs alone. Shifts in the Raman frequencies are often indicative of strong -

electron interactions in hybrid materials [171].

Conjugation of complex 3 to GQDs;(B2) and GQDss resulted in increased GQDs defects as
judged by increase in Ip:lg ratio, compared to corresponding unbound, GQDs>(B2) in Figure
3.25. Table 3.2, 3.5. This increase in disorder could have been due to the increased number
of Pc molecules loaded onto the small sized GQD nanoparticles, to cause more stress/strain

onto the nanoparticle. The increase or decrease in Ip:lg ratio of GQDs has been previously
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reported to be due to size-dependent edge-state variation of GQDs [190]. Interestingly, for
GQD1o there was a decrease in Ip:lg ratio upon conjugation. A decrease in the Ip:lg ratio has
been reported for graphene oxide in the presence of a phthalocyanines [190]. Loading was
determined from spectra as outlined in section 3.3.1.1. Since GQD1o have less Pcs loaded, this

indicates that Pcs loaded onto GQDs would have less strain/stress and decreased defects.

Large nanoparticles have less surface coverage than the small nanoparticles because of fewer

exposed sites. Hence the decrease in the loading with increase in size, Table 3.3, 3.5.
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Figure 3.25: Raman spectra for (a) GQD;, (b) GQD:-3, (c) GQDs, (d) GQDe-3, (e) GQD1o and (f)
GQD10-3.
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3.3.1.3. Types of carbon nanomaterials (GQDs, CDs and DNDs)- 1t - 1t conjugates

Complex 3 was non-covalently linked to carbon based nanoparticles: detonation
nanodiamonds (DNDs), carbon nanodots (CDs) and graphene quantum dots (GQDs2(B3)) to

form nanosembles of DNDs-3, GQDs;(B3)-3 and CDs-3, respectively.

There were slight red shifts in the Q band of complex 3 upon conjugation of carbon
nanoparticles. CDs: (683 to 686, red shift), GQDs,(B3): (683 to 682, no significant shift) and
DNDs: (683 to 686, red shift), Figure 3.26, Table 3.1. Red shifts have also been observed in
porphyrins-graphene oxide nanoconjugates and were attributed to molecular flattening

[162].

1.0
=0.8-
j.j —— DNDs-3
O —— GQDs,(B3)-3
= 0.6+ —(:Ds-32
= — 3
20.4-
<€
0.2 1
0.0 -

300 400 500 600 700 800
Wavelenghth (nm)

Figure 3.26: Absorbance spectra of complex 3 and its conjugates in DMSO
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Thermogravimograms of complex 3, GQDsz(B3)-3, DNDs-3 and CDs-3 conducted in the
temperature range of 50—-1000 °C in air are shown in Figure 3.27 to indicate thermal stability.
Upon grafting complex 3 onto DNDs, less weight loss in the DNDs-3 nanoconjugate (94%)
compared to DNDs alone (99%) at 1000 °C is shown in Figure 3.27, thus indicating
improvement in thermal stability of nanoparticle (DNDs) associated with adsorption of Pc
(complex 3). Similar improvement in thermal stability of nanoparticle single walled carbon
nanotubes (SWCNTs) upon functionalisation of Zn monocarboxy phenoxy phthalocyanine
(ZNnMCPPc)-spermine has been previously reported [191]. However, GQDs»(B3)-3 (38%) and
CDs-3 (35%) showed an increased weight loss when compared to GQDs»(B3) (15%) and CDs
(7%) alone. Similar thermal decomposition behaviour has been previously reported when GO
sheets were functionalised with Fe phthalocyanine, with the additional weight loss being
associated with the decomposition of the phthalocyanine [192, 193]. However, other studies
have shown that charge influences both geometry and stability of flat clusters [194]. Another
possible explanation for this change in thermal stabilities of nanoparticles and respective
conjugates might be due to interaction between the carbon network in nanoparticles
(consisting of sp3 and sp? bonds) and H and N and embedded metal from Pc which determines
the stability of the final system [94]. Carbon nanoparticles comprise of a complex interplay of
different carbon phases [156]. For instance, carbon structure fragments can be surrounded
by a shell consisting of graphene-like carbon (sp?), disordered sp> carbon and surface state
carbon, as well a number of functional groups on the surface DNDs [195], which will result in

differences in stability.
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Figure 3.27: Thermogravimetric analysis (TGA) curves for samples heated at 20 °C min™* from

50 to 1000 °Cin air

Mass loading ratios were calculated from TGA, using GQDs;(B3), DNDs, and CDs
decomposition as a point of reference following previously reported method [142]. Mass
loading of complex 3 were 299, 829, and 42 ug Pc per mg of the nanoparticle (NP) for
GQDs; (B3)-3, CDs- 3, and DNDs-3, respectively. There is a higher mass loading for the larger
carbon nanoparticles. However, the nature of the functional groups on the NP may also affect

the mass loading in addition to the size.

Raman Ip:lg ratio in Table 3.3 decreased for CDs-3 and increased for DNDs-3 and
GQDs»(B3)-3 compared to NPs alone. Increase in defect is judged by increase in Ip:lg ratio,
compared to corresponding unbound nanoparticles, Table 3.3. Increases or decreases in Ip:lg
ratios of GQDs has been previously reported to be due to size-dependent edge-state variation

of GQDs [171].
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3.3.2. Ester bonds

Complexes 4c, 5, 6, 12 were employed since they have OH for linking to COOH of DNDs, as
shown in Schemes 3.5, 3.6. Detonation nanodiamonds have been reported to contain
carboxyl and hydroxyl moieties on the surface [70, 178, 196]. Thus, COOH groups on DNDs
were used for covalent linking to complexes 4c, 5, 6 and 12 using DCC and NHS as activating
and coupling agent, respectively. The ester bond occurred through esterification reaction
between the carboxylic moiety on the DNDs and the hydroxyl moieties of complexes. For
complex 12, formation of DNDs-12 was followed by adsorption of complex 3 (Pc) to form

3-DNDs-12 in Scheme 3.6.
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Scheme 3.5: Ester covalent linkage between of complex 5 to DNDs (as an example) resulting

in DNDs-5 nanohybrid.
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The FTIR spectra following ©-mt stacking of 4b as well as covalent linkage of complex 4c to
DNDs are shown in Figure 3.28. A slight shift in C=N peak from 1670 cm™ (for Pc alone) to
1656 cm? (for the conjugate, using complex 4b and its conjugate as examples in Figure 3.28A)
is observed. The peak broadening around 3200 cm™ is associated with OH stretching in the
DNDs. For complex 4c (Figure 3.28 B) both n-t and ester bond formation are possible. Figure
3.28 B(c) shows the FTIR spectrum upon covalent linkage of complex 4c to DNDs. The DNDs
alone showed high intensity OH signal at 3386 cm™, C=0 stretching at ~ 1700 cm™ as a
shoulder to the adsorbed water OH bending at 1636 cm™ [178]. The C-H peak is observed at
610 cm™. The OH and C=N signals of 4c were observed at 3007 and 1510 cm™. A drastic
reduction in intensity and shift to lower wavenumbers for DNDs peaks at 3386 cm™ to 3324
cm was observed upon covalent linkage of 4c to DNDs, suggesting conversion of most OH
group in COOH in DNDs to ester bond hence decreasing the OH signal. The splitting of the
C=0 peak around 1600 cm™ in the conjugate can be associated with the presence of RCOOR’
stretch arising from the linkage of 4c to the DNDs, indicating covalent bonding from hydroxyl
group of the Pc to the carboxylic moiety of the DNDs. Moreover, shifts in the C=N peak
positions from 1510 cm™ in the Pc to 1438 cm™in the conjugate (DNDs- 4c) (Figure 3.28 (c))

also confirms the functionalisation of DNDs by complex 4c.
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Figure 3.28: FTIR spectra of (A) non-covalent interaction: (a) 4b and (b) DNDs — 4b and (B)
covalent linkage: (a) 4c alone, (b) DNDs and (c) DNDs- 4c.

The XPS wide scan spectra showed all the expected elements for DNDs (Figure 3.29 A (a)), 4c
and DNDs- 4c (Figure 3.29 A (a)-(b)) at respective binding energies with Cls (285 eV), N 1s
(398 eV ) and O1s (530 eV). There are additional Si2p peaks for 4c (Figure 3.29 A(b)) and the
conjugate (Figure 3.29 A (c)) due to the presence of the central Si atom in the phthalocyanine.
Table 3.4 shows that DNDs consist mainly of C (95.46 %) with some O (3.04%) and N (1.48%).
The %0 and %N increase in the presence of the Pc since the Pc has both these elements. High
resolution spectra obtained for the C1ls component are shown in Figure 3.29B ((a)-(c)) for
DNDs, 4c and respective conjugate. Upon the deconvolution of the Cls spectra, Figure 3.29B
(a), the DNDs reveals the presence of four components at 282.8, 283.6, 285.8 and 286.9 eV

assigned. Pc alone (Figure 3.29B (b)) also has four components. The Cls spectrum of the
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DNDs-4c nanohybrid was deconvoluted into five peaks (282.7, 283.7, 285.1, 286.4 and 288.2
eV), Figure 3.29 B (c). The new peak at 288.2 eV is assigned to COOR, due to the ester bond
between the hydroxyl moiety of 4c and carboxyl moiety in DNDs. Hence, XPS proves the

formation of the ester bond linkage
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There was aggregation for DNDs—4c and blue shifted peak is observed in Figure 3.30 A
(Appendix Figure A1) which was not observed for 4c alone, suggests H aggregation. It is most
likely that the presence of both the ester and 1 - m bonds in DNDs—4c¢ could have resulted in
more association between the Pcs hence resulting in aggregation. Aggregation was confirmed
for DNDs—4c since there was a decrease in the peak due to the aggregate (high energy peak)
as the concentration was decreased, Figure 3.30 B, and a slight increase in the peak due to
the monomer (low energy peak). There was no aggregation for all the other ester bonded

complexes (appendix, Figure 1A).

Figure 3.30: Absorbance (A) is for 4c alone, DNDs-4c, (B) Spectral changes for DNDs—4c as

the concentration was decreased in DMSO.

Qualitative verification of the elemental composition of the DNDs-Pc conjugate was
investigated using EDX as shown in Figure 3.31 (a)-(c). The EDX spectra of DNDs alone showed
the presence of C and O peaks as expected (Figure 3.31 (a)). The N peak is not observed for
DNDs alone since C and N are next to each other in the periodic table, and presence of major

carbon composition in these samples overlaps with the nitrogen peak, which could be found
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in small percentages when compared to carbon. However, XPS has proven the presence of N
(Table 3.4). DNDs conjugated to complex 4c showed Si, C, N and O indicative of the presence
of SiPc (Figure 3.31 (b)). Similarly, nanoconjugates of DNDs-5 and DNDs-6 showed the

presence of Si, C, N and O peak.

Figure 3.31: EDX spectra for (a) DNDs, (b) 4c, and (c) DNDs-4c
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3.3.3. Ester followed by nt - nt (Pc/BODIPY)

Complex 12 (BODIPY) was linked to DNDs by ester followed by 1 - it of Pc, (Scheme 3.6).

~

\ J

Scheme 3.6: Ester covalent linkage complex 12 and detonated nanodiamonds (DNDs)
resulting in DNDs-12 nanoconjugate systems andm — 1t interaction between complex 3 and

DNDs-12 to form 3-DNDs-12.
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Ester linkage between DNDs and complex 12 was confirmed using FTIR (Figure 3.32). The
covalent linkage between DNDs and BODIPY was confirmed by an emergence of ester bond
around 1627 cm™ (Figure 3.32 (c)). The FT-IR spectrum of complex 12 in Figure 3.32 (a)
indicated the presence of ROH and B-N at 2897 and 1440 cm™. While COOH, C=0 and C-H at
3384, 1624 and 625 cm'?, respectively, Figure 3.32 (b), were observed for DNDs. Slight shifts
of C=0, B-N, ROH and COOH to 1562, 1444, 2922 and 3328 cm™ were observed upon linkage
of the BODIPY to the DNDs. Shifts in the IR bands confirm structural change [197].
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Figure 3.32: FTIR spectra of (a) Complex 12, (b) DNDs, and (c) DNDs-12 showing formation of

ester bond.
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Zeta potential is an important parameter in the fabrication of supramolecular structures as a
high zeta potential confers colloidal stability. Therefore, zeta potential values of
nanoconjugated assembles intended for biomedical applications gives an indication of
aggregation tendencies in aqueous media [198]. Previous studies have shown that
temperature, pH and sample concentration are amongst other factors that can influence the
zeta potential [199]. In this study, temperatures (11, 22, 37, 60 and 80 °C), pHs (2, 4, 7, 10 and

13) and concentrations (5, 10, 20, 40 and 50 pg/mL (m/v)) were employed.

Zeta potential was carried out in water instead of cultured medium because previous studies
on nanoparticles have shown that cultured media contains albumin protein which is
negatively charged in neutral pH and can adsorb to the surface of the nanoparticle to

influence their zeta potential [200, 201].

Figure 3.33 (a) illustrates the zeta potential measurement as a function of pH for DNDs
nanoparticles with or without complex 12 and/or 3 conjugation. Zeta potential values of DNDs
increased (became more positive or more negative) upon conjugation (DNDs-12, 3-DNDs and
3-DNDs-12) for pH = 2, 4 and 7. Similar increases in zeta potential upon functionalisation of
the NDs to doxorubicin (DOX) and TAT (HIV trans-activator of transcription protein) have been
previously reported [202]. High zeta potential values, irrespective of charge, infer stability
[203]. High zeta potential values following hybrid formation points to improvement in the
dispensability of the resulting supramolecular structures, signifying high colloidal stability.
When the zeta potential is small, attractive forces may exceed this repulsion, resulting in
aggregation [156]. Thus, Figure 3.33 (a) shows higher stability for 3-DNDs-12 when compared
to DNDs-12, 3-DNDs and DNDs alone at pHs 2, 4 and 7. To find a suitable concentration of the
drug for electrostatic stabilization of the colloids, different concentrations of 3-DNDs-12 were
investigated in aqueous medium prior to in vitro cell studies. Suspensions that have a
measured zeta potential above 30 mV or below -30 mV are considered stable because these

particles will presumably maintain their repulsive forces while dispersed [204, 205].
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Figure 3.33: Zeta potential of (a) DNDs and conjugates as function of pH when concentration
(50 pg/mL) and temperature (27 °C) are kept constant; (b) 3-DNDs-12 at different
concentrations, but under constant temperature of (37°C) and neutral pH (7), and
(c) 3-DNDs-12 under constant concentration (50 pg/mL) and neutral pH (7) as the

temperature of the aquesous medium changes.
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Figure 3.33 (b) shows general stability of 3-DNDs-12 (-51, -44, -39, -32 and 183 mV) for various
drug concentrations (5, 10, 20, 40 and 50 pg/mL), respectively, in aqgueous media. 3-DNDs-12
showed the most stability at high concentration of 50 pug/mL when both pH (7) and
temperature (37 °C) remained constant. Therefore, high concentrations of the nanoconjugate
resulted in high zeta potential value. Similar increases due to zeta potential with increase in
concentration as obtained in Figure 3.33 (b), have been previously reported as an indication

of neutralisation of surface charges in a solution [199, 203]

Figure 3.33 (c) shows zeta-potential measurements as a function of the temperature of the
solution at approximately 11, 22, 37, 60 and 80 °C for 50 pug/mL concentrated solution at pH
7. The behaviour of constructed 3-DNDs-12 nanoconjugate system was investigated in order
to understand the effect of temperature on the nanohybrid. It is observed that zeta potential
increases as the temperature is increased indicating stability of the compound. This behaviour
is consistent with experimental results from previous studies [199]. Therefore, an increase in

body temperature will not compromise the stability of the drug but rather improve it.

Zeta potential values for conjugates (DNDs-12, 3-DNDs and 3-DNDs-12) showed that they are
stable because they are > 30 mV, while DNDs and complex 3 alone are unstable in solution

[205].

Figure 3.34 (a) and (b) shows UV-Vis absorption spectra of DNDs, Pcs, BODIPY and their
conjugates, separately dispersed in DMSO and water, respectively. The broad absorption
band of DNDs in both solvents, have been discussed above [206]. Absorption maxima for
complexes 3 at 683 and 12 at 649 nm has been previously reported [5, 54]. There was a red
shift (and broadening) in the spectrum of BODIPY (12) upon conjugation to DNDs. Similar red
shifts and peak broadening upon conjugation of complex 12 to nanoparticles has been
previously reported [207]. In water, extensive aggregation occurred as judged by peak

broadening shown in Figure 3.34 (b) of the dyes, typical of Pcs in aqueous media [19].
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Figure 3.34: UV-Vis spectra of DNDs, 3, 12, DNDs-12, 3-DNDs and 3-DNDs-12 in (a) DMSO and
(b) water (in 1% DMSO).
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3.3.4. Amide bond (only asymmetric complex 10 and 11)

Asymmetric complexes (10 - no positive charge, 11-three positive charges) are covalently linked to
boron doped DNDs to result in B@DNDs-10 and B@DND-11. Scheme 3.7 shows 1 - 1t conjugation is
also possible in B@DNDs-11 as an example. Complexes 10 is linked with different heteroatoms doped
DNDs (B@DNDs, P@DNDs, N@DNDs, S@DNDs and S&N@DNDs) through amide bond using B@DNDs

as an example in Scheme 3.7.

\ YN B@DNDs,DCC,
R NHS,DMSO, 72 hr

\ o sp

Scheme 3.7: Synthetic route B@DNDs-11 which also represents B@DNDs-10.
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TEM micrographs of B@DNDs alone and in the presence of complex 10 as an example is

shown Figure 3.35 due to aggregation following conjugation.

Figure 3.35: TEM micrographs of (a) DNDs alone and (b) DNDs-10 conjugate (as an example)

There was an increase in DLS size upon conjugation to 28.2, 46.5, 78.78, 54.0, 30.8, and 43.8
nm for DNDs-10, B@DNDs-10, P@DNDs-10, N@DNDs-10, S@DNDs-10 and S&N@DNDs-10,
respectively, compared to corresponding DNDs in Table 3.3. Zeta potential of all conjugates
showed negative values as expected due to the presence of the partially electronegative

nitrogen from amide groups of the Pc.

Surface functional groups of nanomaterials intended for biomedical application are crucial for
their hydrophilicity and dispersibility in water and various bio-fluids. Thus, the chemical
groups of the nanoconjugates were determined using FTIR spectroscopy (Figure 3.36). The
C=0 and O-H bands at 1630 and 3377 cm™ are a result of stretching carboxylic and hydroxyl
group vibrations in the B@DNDs and are observed in the nanohybrids with Pcs in Figure
3.36(b, c). The vibrational band due to B-C was observed at 1095 cm™ (Figure 3.36(a)).
Broadening and blue shift in this peak from 1095 to 1018 cm™is observed for all nanohybrids,

Figure 3.36(b, c), implying formation of new materials [208]. The FTIR spectra for Pcs (10,11)
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showed similar bands: Zn-N [209], C-S, C=N peaks at 938, 1099, and 1395-1500 cm™ are
associated with stretching and bending structure of the Pcs (Figure 3.36(d)). Upon covalent
linkage of complex 10 and 11 to B@DNDs, the primary amine at 1595 cm™ for complexes
10,11 collapsed into a shoulder peak at 1719 cm™ in respective nanohybrids indicative of
conversion of primary amine to secondary amine due to formation of amide bond between

respective complexes and the B@DNDs (Figure 3.36).

c=0
B-C
OH
N-H C=0 C-S
C=H
OH
B-C
’ B-C
NH =N
c=0 l Py
= Zn-N
OH C=H s
C=H
/ "] \
C=N NH; C-S Zn-N
=N

Figure 3.36: FTIR spectra of (a) B@DNDs, (b) B@DNDs-10, (c) B@DNDs-11, (d) 10
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Figure 3.37shows the X-Ray diffractometer (XRD) patterns for complex 10 and conjugates. Pc
(10) at 26 = (15-30)° is typical of Pc alone [210], the peak is broad due to amorphous nature
of the Pc. For all the doped DNDs the peaks at 45, 73 and 92° are due to 111, 221 and 311
plane of DNDs [179]. Figures 3.37 (a, c, e, g) and (i) (the latter two planes are very weak), and
they showed no significant shift following linking. The broad weak peak for the Pc can be seen

in the conjugates.

(a)
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Figure 3.37: XRD spectra (a) B@DNDs alone, (b) B@DNDs—-10, (c) P@DNDs alone, (d)
P@DNDs—-10, (e) N@DNDs, (f) N@DND-10, (g) S&N@DNDs, (h) S&N@DNDs-10, and (i)

Complex 10 alone.

117



Synthesis and Characterization

The increase in absorption above 600 nm to is due to absorption by DNDs, Figure 3.38.
Broadening and splitting in Q bands shown in Figure 3.38, is attributed to aggregation
associated with Pcs in the nanoconjugated system, there is more aggregation in water, Figure
3A (Appendix). There is more enhancement together with broadening of the Q band for the
co-doped S&N@DNDs-10. Thus co-doping of DNDs attenuates the Pc spectra. Red shift in Q
band of Pc upon linking to respective DNDs was observed for all conjugates, except for
P@DNDs. As stated above, red shifts have also been reported for porphyrin-graphene oxide
nanoconjugates and were attributed to molecular flattening [162]. There was a blue shift in
Q-bands of conjugates: P@DNDs-10, N@DNDs10 and S&N@DNDs10, relative to undoped
DNDs-10 (Table 3.1). A blue-shift in Q band of phthalocyanine doped metal oxide has been
previously observed and was said to be dependent on molecular orientation [211]. Hence,
shift in Q bands of conjugates is associated with the molecular orientation of Pc doped DNDs.
Also, it was shown previously that the strong n—mt attraction leads to the formation of ground
state complexes of Pcs with carbon nanomaterials, resulting in spectral shifts [212]. Thus
differences in spectral shifts between conjugates of doped compared to undoped DNDs could
be a result of differences with interaction, with stronger interaction in the presence of the

dopants.
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Figure 3.38: Absorbance spectra of a selection of conjugates and complex 10 in DMSO.

When alone, complex 10 starts to decompose at approximately 300°C, while the DNDs alone
and conjugates start at a higher temperature of ~ 500 °C (Figure 3.39). Considering the
temperature where degradation starts, the conjugates are less stable compared to DNDs
alone, except for P@DNDs-10. Except for DNDs-10 and S@DNDs-10, the Pc alone is less stable
compared to DNDs alone and the conjugates, where degradation starts Figure 3.39. The
decreased stability of the conjugates compared to DNDs is a result of the low stability of the

Pcs at ~ 500 °C. Beyond 650 °C, the Pc is more stable than the conjugates and DNDs alone.

TGA was used to determine the loading as discussed above. Respective masses of Pcs loaded
onto B@DNDs constituted 887, 57 and 792 ng Pc per mg of B@DNDs in conjugates of
B@DNDs-9, B@DNDs-10, and B@DNDs-11 (Table 3.3). Positively charged nanohybrid
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B@DNDs-11 with improved colloidal stabilities have higher Pc loading than B@DNDs-10.
Masses of complex 10 loaded onto DNDs are as follows: 57, 814, 110, 0.14, 11, and 6 pg Pc
per mg of the DNDs in respective conjugate: B@DNDs-10, P@DNDs-10, N@DNDs-10,
S@DNDs-10, S&N@DNDs-10, and DNDs-10. The largest loading is for P@DNDs-10 which also
has the largest DLS size. An increase in colloidal stability (high zeta potentials) of hybrids can
be associated with high drug loading [209]. Hence, increase in colloidal stabilities of

constructed nanohybrids is associated with the size and Pc loading.

Figure 3.39: Thermogravimetric analysis (TGA) curves for samples thermograms of DNDs,
doped DNDs, complex 10 alone and their respective conjugates at 20 °C min from 50 to

850 °Cin air.
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Laser Raman spectral technique was used to determine the effect of DNDs doping by
heteroatoms and conjugation to the Pc (Figure 3.40). On conjugation to the Pc, the D bands
shifted to lower wavenumbers for most of the DNDs. Shifts in the Raman frequencies of DNDs-
Pc hybrids have been previously reported to indicate strong m-electron interactions in hybrid
materials [182] due to change in size [170], structural alterations [213] and strain effect on
nanoparticles [170, 214]. Heteroatom doping and complex 10 conjugation on DNDs in
Figure 3.40 resulted in increased defects as judged by increase in Ip:lg ratio because the G
band is not affected by defects. This increase in disorder could have been due to the Pc

causing stress/strain onto the nanoparticles [171].

Figure 3.40: Raman spectra for nanoparticles and respective conjugates of (a) DNDs,
(b) DNDs-10, (c) B@DNDs, (d) B@DNDs-10, (e) P@DNDs, (f) P@DNDs-10, (g) N@DNDs,

(h) N@DNDs-10, (i) S@DNDs, (j) S@DNDs-10, (k) S&N@DNDs, and (I) S&N @DNDs-10
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3.4. Summary

The synthesis and characterizations of complexes (8 - 12) and conjugates of (1 - 12), carbon
nanoparticles (GQDs, CDs and doped DNDs) and the respective conjugates were presented in
this chapter. The Pcs were characterized using *H NMR, mass, UV-Vis, FTIR spectroscopies and
elemental analysis to confirm the respective substituted Pcs. Complexes 1 - 12 showed
monomeric Q-band in DMSO and broadening of the Q band in water due to aggregation
(Figure 3A, appendix). Characteristics of complexes and carbon nanoparticles conjugated
systems interacting through = — m, ester and amide linkage was characterised using TEM, DLS,

zeta-potential, UV-Vis, Laser Raman, AFM, TGA, EDX, XRD and XPS.

Characteristic Q band of complexes alone varied with respect to symmetry, substituent in the
macrocycle, central metal, charge and solvent effect. Carbon nanoparticles varied in character
depending on the type of nanoparticle, size, functional groups and heteroatoms dopands
connected to the carbon frame. Respective nanoconjugate systems possessed increased sizes
accompanied with unique characteristics compared to individual components. Nature of
interaction between complexes and nanoparticle did not play a major role in altering
characteristics of the conjugate. Larger sizes of nanomaterials, such as CDs, had the second
largest Pc loading and the least colloidal stability. DNDs with the least size, relative to GQDs
and CDs, showed the least complex loading with the most colloidal stability. However,
heteroatom doping of DNDs resulted in increased Pc loading accompanied with reduced

colloidal stabilities.

Zeta-potential varied with respect to drug concentration, temperature and pH of solution and
was used to indicate colloidal stabilities of drugs. No specific trend in colloidal stability could
be assigned to the nature of interaction (covalent and noncovalent), loading or Ip:lg ratio. Zeta
potential was used to indicate surface charge of complexes loaded onto the nanoparticle.
Loading studies were investigated using thermogravimetric and spectroscopic techniques.
TGA was also used to indicate thermal stability. Loading and size, indicated by Ip:lg ratio, have

improving effect on thermal stability of conjugates relative to their individual components.
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Chapter 4

4. Physicochemical characteristics

The chapter discusses the physicochemical characteristics (fluorescence quantum vyields,
triplet quantum vyields, lifetimes and singlet oxygen quantum vyields) of phthalocyanines or
BODIPY dye when alone and when conjugated to nanoparticles. Fluorescence and triplet
guantum yields were determined in DMSO not in water due to aggregation. Aggregates are
known to convert electronic excitation energy to vibrational energy, resulting in decrease in

fluorescence quantum yield of molecules [215], which will also affect triplet state parameters.

4.1. Fluorescence quantum yields (®¢) and lifetimes (t¢)

Time-resolved emission spectra (decay traces and fits) are shown in Figure 4.1 for 4c alone
and DNDs-4c (as examples). Pc complexes alone showed a mono—exponential decay profiles
indicative of one fluorescence lifetime. Biexponential decay profile were obtained when
fitting nanoconjugates indicating two lifetimes which could be due to the orientation of the

Pc complex around the nanoparticle. Average lifetimes are shown in Table 4.1.

Figure 4.1: Time-resolved emission data (decay traces and fits) for (a) complex 4c (b) DNDs-

4c (as example).
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Fluorescence quantum yield of CNPs (Dr(cnps)) represent quantum yields when exciting where

carbon nanoparticles (CNPs) and ®@rppc) where Pc absorb (Table 4.1).

Table 4.1.: Photophysics and photochemistry properties for nanoparticles and its conjugates

in DMSO
Sample Aabs (nm)  D(enes) Trienes) (NS)  Prpe) Tr(pc) (NS)
1 679 0.16 3.28
2 672 0.20 3.44
3 683 0.18 2.74
GQDs,(B1) 360 0.11 5.02
GQDs3,(B1)-1 672 0.08 2.72 0.30 3.32
GQDs3,(B1)-2 678 0.02 3.00 0.25 3.59
GQDs»(B1)-3 683 0.02 3.31 0.17 2.70
GQDs;(B2) 450 0.18 4.02
GQDss 430 0.24 4.80
GQDs10 350 0.11 2.56
GQDs»(B2)-3 681 0.06 1.00 0.02 0.04
GQDs6-3 682 0.08 2.33 0.01 0.02
GQDs10-3 683 0.09 2.52 0.02 0.03
GQDs;(B3) 336 0.11 5.02
GQDs»(B3)-3 682 0.06 0.04 0.14 1.00
CDs 366 0.10 2.56
CDs-3 686 0.04 0.03
DNDs-3 686 0.15 2.69
3-DNDs-12 683 0.10 2.61
4a 675 0.57 3.07
4b 675 0.17 2.70
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4c 684 0.19 2.77
DNDs- 4a 675 0.08 2.58
DNDs- 4b 673 0.08 2.69
DNDs- 4c 666 (610) 0.02 2.69
5 670 0.67 5.02
6 677 0.38 5.09
DNDs-5 687 0.05 5.17
DNDs-6 681 0.38 5.09
7 681 0.24 2.86
8 677 0.03 1.85
9 679 0.06 2.83
10 678 0.23 2.74
DNDs-10 690 0.16 2.44
B@DNDs <0.01

B@DNDs-10 690 0.01 0.04 0.11 1.00
P@DNDs <0.01

P@DNDs-10 678 0.02 0.11

N@DNDs <0.01

N@DNDs-10 688 0.02 2.56 0.17 2.56
S@DNDs <0.01

S@DNDs-10 690 0.01 0.96 0.15 2.12
S&N@DNDs <0.01

S&N@DNDs-10 688 0.02 2.00 0.17 2.69
11 680 0.10 1.82
B@DNDs-11 682 0.08 0.01
12 649 0.53 3.87
DNDs-12 675 0.11 2.64
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4.1.1. Effect of Pc central metal

Comparison of complexes 4a, 4b and 4c alone, shows that 4a has the largest ®r value
of 0.57, while 4b and 4c have values of 0.17 and 0.19, respectively in Table 4.1. The
high value for 4ais due to the lack of a central metal. Heavy metals such as Zn enhance
the intersystem crossing to the triplet state, hence lowering fluorescence [216]. The
shortening of lifetimes was observed for 4b, 4c compared to 4a corresponding to

decrease @ values.

4.1.2. Effect of Substituent

A comparison of SiPcs alone (4c, 5 and 6) in Table 4.1 showed the highest ®¢ for complex 5
(without substituent) relative to substituted complexes (4c and 6), suggesting that
substituents quench ®@¢. Complexes 2, 4b, 7 gave ®©¢ of 0.20, 0.17 and 0.24, respectively, the
lowest being for 4b. Electron donating characteristics of Pcs are known to encourage
intersystem crossing. Sulfur in complex 7 substituent is expected to enhance intersystem
crossing to the triplet state. However, it is not clear why complex 7 has a larger fluorescence

guantum vyield relative to 2.

4.1.3. Effect of number of charges

The fluorescence quantum yields (®f) for benzathiozole substituted zinc complexes 7, 8, and
9 were found to be 0.24, 0.03, and 0.06, respectively (Table 4.1), suggesting enhancement of
intersystem crossing and deactivation of the excited singlet in the quaternary complexes 8
and 9 compared to 7, tr values followed the same trend. A further decrease in the ®f of
asymmetrically charged Pc (11) when compared to an uncharged Pc (10) is an indication that

quartenization reduces ®f, with a corresponding shortening of 1.
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4.1.4. Effect of symmetry on complexes

Complexes 7 and 10 with fluorescence quantum yields of 0.24 and 0.23 in Table 4.1 did not

show any significant effect of symmetry.

4.1.5. Pc versus BODIPY

Relative to the phthalocyanine macrocycle (complex 3 (®r = 0.18)) in Table 4.1, complex 12
(0.53) has a high fluorescence quantum yield, typical of BODIPYs [217] .

4.1.6. Effect of carbon nanomaterials

4.1.6.1. Size

Fluorescence quantum vyields decreased for the largest and smallest GQDs: GQDs10-3 (9%),
GQDss(B2)-3 (8%), compared to GQDs2(B2)-3 (6%) when exciting where GQDs absorb
(Table 4.1). Fluorescence quantum yields of complex 3 and GQDs alone are quenched when
conjugated together due to FRET. When exciting where Pcs absorb, noticeable differences are

observed in Table 4.1.

4.1.6.2. Type of nanomaterial

Fluorescence quantum vyield values for GQDs2(B3) (11%) and CDs (10%) were similar in
Table 4.1. However, the fluorescence lifetimes were longer for GQDs2(B3) at 5.02 ns
compared to CDs at 2.56 ns. Increase or decrease in the fluorescence lifetimes may depend
on defects within GQDs and CDs structures. Defects are known to reduce lifetimes by causing
disruption in conjugated lattice of the carbon nanomaterials [218]. No fluorescence was

observed for undoped DNDs. Fluorescence quantum yield values for all the doped DNDs alone
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were less than 1%, but insignificantly increased to 1% and 2% for the conjugates, Table 4.1,
on exciting where DNDs absorb. Fluorescence lifetimes could not be determined for doped
DNDs alone due to low fluorescence. Carbon nanomaterials such as GQDs, CDs, and DNDs are
electron donating, hence will encourage intersystem crossing to the triplet state, reducing tr
and ®¢ of the Pc in a conjugated system. Hence the presence of GQDs, CDs and DNDs in

complex 3 (as an example) showed less tr and ©r.

As with fluorescence quantum vyields, following conjugation, there was an improvement in
the fluorescence lifetimes where DNDs absorb, hence they could be determined except for
P@DNDs-10 conjugate. The increase in ®r and tr when exciting where DNDs absorb, suggest
stabilization of the excited states of DNDs by Pcs [219]. Complex 10 alone showed ®¢ of 23%
which decreased upon conjugating to DNDs. The t¢ values of the Pc shortened in the presence
of DNDs for complex 10. Increase or decrease in the fluorescence lifetimes may depend on
the geometry or distance between nanoparticles and Pcs in conjugates [219, 220]. Low &k

value for DNDs—4c is as a result of aggregation.

4.1.6.3 FRET

FRET occurs when there is an efficient overlap between the emission (Figure 4.2) spectra of
the nanoparticle (donor) and absorption for the Pcs (acceptor). This decrease in fluorescence
parameters may be ascribed to quenching between carbon nanomaterials and respective Pcs
due to Forster resonance energy transfer (FRET) and other factors that influence the decrease

in nanoparticles emission in addition to FRET [134].
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Figure 4.2: Emission spectra of (a) GQDs2(B3), (b) CDs when excited at 310 nm and absorption

spectra of (c) complex 3, respectively, in DMSO.

Photoinduced electron transfer (PET) from a donor and acceptor molecule and inter charge
transfer (ICT) between functional groups and GQDs are amongst some of the processes that
might induce quenching of GQDs in the constructed GQDs-MPc nanoconjugate systems. FRET
efficiencies (Ef ) were estimated using fluorescence quantum yields and equation (1.12) to be
0.28, 0.81 and 0.80 for GQDsz(B1)-1, GQDs;(B1)-2 and GQDs2(B1)-3, respectively
(Table 4.2 A). The low FRET efficiency for GQDs;(B1)-1 could be explained by the fact that
similarly charged surfaces are likely to repel each other by increasing the distance between
donor (GQDs) and acceptor (complex 1) molecules. Similarly, oppositely charged surfaces are
likely to attract hence the high FRET efficiency for GQDs»(B1)-3. A high Es value was also
observed for GQDs;(B1)-2 even through complex 2 is neutral. FRET efficiencies are 0.22 and
0.43 for GQDs,(B3)-3 and CDs-3 respectively (Table 4.2A). The larger values for the latter due

to the red shifted emission spectrum, which overlaps better with the absorption spectrum of
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complex 3, Figure 4.2. CDs-3 in Table 4.2A also has a larger J integral and a smaller distance

between the donor and acceptor, Table 4.2.

Table 4.2A: FRET parameters of carbon nanosembles in DMSO

Sample Eff

GQDs;(B1)-1 0.28
GQDs;(B1)-2 0.81
GQDs»(B1)-3 0.80
GQDs»(B3)-3 0.22
GQDss-3 0.24
GQDs10-3 0.11
CDs-3 0.43

Table 4.2B: FRET parameters of carbon nanosembles in DMSO

Sample Ef J(103cm®) R(A)
DNDs-3 - - -

GQDs2(B3)-3 0.22 1.58 38.95
CDs-3 0.43 84.5 34.02
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4.2. Triplet state quantum yield (®1) and lifetime (t7)

The triplet quantum vyield (®1) refers to the fraction of molecules that undergo intersystem
crossing to the metastable triplet excited state resulting in enhanced triplet state population.
Ideally, a high triplet quantum yield will result in a high singlet oxygen quantum yield which is
a prerequisite for good photosensitizers intended to be used in PDT applications. The triplet
decay curve (Figure 4.3) of all complexes (1-12) follow a second order decay kinetics which is

known for Pcs at high concentration due to triplet-triplet recombination [221].
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Figure 4.3: Triplet decay curve of complex 8 at 510 nm at A = 1.5 in DMSO (as an example),
red solid line indicates theoretical fit.

4.2.1. Effect of Pc central metal

Of the complexes 4a - 4c alone, complex 4a gave the lowest @t value of 0.20
corresponding to the high ®r values since the two are competing processes. The higher
®r values for 4c and 4b also correspond to their lower ®f values. The highest value of

®+is obtained for 4c at 0.70 in Table 4.3.
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4.2.2. Effect of Pc substituent

Comparing SiPcs alone in Table 4.3, complex 5 gave the lowest @ value of 0.24 corresponding
to the high @, also the shortest tr. ®F and @ are competing processes, where one is low the
other is high. Higher @t values for complex 4c (0.70) and 6 (0.30) also correspond to their
lower ®f. Comparing neutral Pc complexes with Zn central metal (2, 4b,7), 2 has the largest
®r(0.65), followed by 7 (0.56), suggesting quenching by substituents in 4b at ®r=0.33. Triplet

lifetimes (tr) is longest for 2.

4.2.3. Number of charges and quaternization

Following quaternization, significant enhancement in triplet quantum yield was observed
from 0.56 in complex 7 to 0.92 and 0.85 in 8 and 9, indicating efficient intersystem crossing
to populate the triplet state for the latter (Table 4.3). Triplet lifetimes of 139 and 142 us for
complex 8 and 9, are longer than 130 ps for complex 7. High @+ for 8 and 9 corresponds to
low @ Therefore, quaternization improves @1 but decreases ®¢. The partially quaternized
complex 8 showed higher @1 than the fully quaternized 9. Complex 8 with two quaternized
groups will be of lower symmetry than complex 9 with four quaternized groups. Positively
charged complex 11 relative to 9 has a much larger triplet quantum yield, showing that a
combination of quaternization and asymmetry improves triplet quantum yields. It is known
that low symmetry phthalocyanines possess better photophysical behaviour than their

corresponding symmetrical analogue [222].
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4.2.4. Effect of carbon nanomaterial

Triplet quantum yield (®r) values generated increased with NP conjugation due to increased
intersystem crossing. There is a lowering of the @t value for DNDs—4c compared to 4c
alone, this could be due to aggregation as shown by the UV-Vis spectra in appendix
(Figure 1A). Complexes 5 and 6 showed an increase in @7 values in the presence of DNDs, as
a result of electron donating ability of DNDs to SiPcs. There is lengthening of triplet lifetimes
of Pcs in the presence of NPs in some cases, probably as a result of the protection of the Pcs

by the DNDs [220]. A decrease in tris usually expected with the increase in ®1[223].

4.2.5. Type of complexes (Pc and BODIPY)

The triplet quantum yield of BODIPY (12) was undeterminable due to its short lived excited
state. However, phthalocyanine (complex 3, as an example) showed (®r=0.73) in Table 4.3
and increased slightly in the presence of DNDs for 3-DNDs (®r = 0.75) and 3-DNDs-12
(Pr=0.76).
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Table 4.3: Photophysics and photochemistry properties for nanoparticles and its conjugates
in DMSO

Sample (o2 Tr (Ks)
1 0.48 254
2 0.65° 350°
3 0.73 326
GQDsz(B1)-1 0.67 531
GQDs;(B1)-2 0.73 263
GQDs,(B1)-3 0.76 249
GQDsz(B3)-3 0.79 386
CDs-3 0.79 389
DNDs-3 0.75 302
3-DNDs-12 0.76 228.9
4a 0.20 119.9
4b 0.33 176.4
4c 0.70 198.7
DNDs- 4a 0.39 98.9
DNDs- 4b 0.33 176.4
DNDs- 4c 0.42 404.5
5 0.24 114.5
6 0.30 372.8
DNDs-5 0.37 198.8
DNDs-6 0.45 393.8
7 0.56 130
8 0.92 139
9 0.85 142
10 0.73 124
11 0.90 132
DNDs-12 0.75 301.5

2 from reference [17, 128]
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4.3. Singlet oxygen quantum yields

4.3.1. Spectra and basics

Singlet oxygen species are generated through an energy transfer process between excited
triplet state of MPc (3MPc*) and ground state molecular oxygen (303). Complexes 4(a)-(c), 5
and 6 alone and in conjugates with DNDs will be investigated for nonlinear optical limiting
characteristics. Hence singlet oxygen will not be determined for these complexes and is not
necessary. Singlet oxygen quantum yields were attempted in DMSO and water (1% DMSO)
for the complexes (1, 3, 7, 8, 9, 10 and 11) and conjugates. Singlet oxygen quantum yield

values in water are essential for complexes to use as photosensitizers

Photo-bleaching studies showed change in absorption spectra of DPBF in DMSO
(Figure 4.4 (a)) and ADMA in water (Figure 4.4 (b)) for GQDs»(B1)-1 (as an example). The
decrease in absorption peak at 417 nm indicates quenching of DPBF in the presence of singlet
oxygen species. While the decrease in absorption peaks between 350 nm - 410 nm indicated
guenching of ADMA. In both cases, there was no change in absorption at the respective Q

bands, an indication of stability of as-synthesised GQD-conjugates under photo-irradiation.

Figure 4.4: Change in absorption spectra of (a) DPBF in DMSO and (b) ADMA in water.

(1 % DMSO) Conjugate: GQD»(B1)-1 (as an example).
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4.3.2. Effect of water

A dramatic drop in the ®x values in water was observed in Table 4.4. This could be due to the
fact that oxygen has higher solubility in many organic solvents compared to water [224],
which could be responsible for low singlet oxygen generation in water. Also in water

containing 1% DMSO, the values are low since water is known to quench singlet oxygen [29].

4.3.3. Effect of NPs

4.3.3.1. Type of NPs
GQDs3»(B3)-3 and CDs-3 showed higher ®, compared to DNDs-3 in water (Table 4.4). The

improved ®, in GQDs;(B3)-3 and CDs-3 could be associated with higher oxygen atomic

concentration relative to DNDs-3 in Table 3.4 which is known to enhance ®,[225].

4.3.3.2. Size of GQDs

Nanoconjugate GQDss-3 (0.27) showed the largest singlet oxygen quantum yield in water
made up of 1% DMSO relative to GQDs>(B2)-3 (0.17) and GQDs10-3 (0.11). The presence of
defects may affect the generation of active oxygen species [225, 226]. The most loaded
nanoconjugate systems (GQDs2(B2)-3 in Table 4.4 was not necessarily the most singlet

oxygen species producing.

4.3.3.3. Doping of DNDs

S&N@DNDs-10 and N@DNDs-10 gave larger singlet oxygen quantum yield (at 0.66 and 0.55,
respectively in DMSO) when compared to B@DNDs-10 and P@DNDs-10 (0.52 and 0.44,
respectively in DMSQO), Table 4.4. This is not surprising as it has been previously reported that
graphitic carbon nanomaterials with N atoms creates charged sites that enhance the
adsorption of O, and performance of a photocatalysts [153]. The introduction of nitrogen not

only increases the charge mobility of the graphitic lattice, but also lowers the energy band
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gap [153]. Hence, S&N@DNDs-10 and N@DNDs-10 showed better singlet oxygen quantum
yields. The singlet oxygen quantum yields of the conjugates are however smaller than that for
the Pc alone (except for S&N@DNDs-10 where they are the same with the Pc alone). A very
low singlet oxygen quantum yield was obtained for S@DNDs-10. The decrease in singlet
oxygen quantum yields could be due to the screening effect caused by DNDs which could have
prevented the interaction of the excited triplet state of the nanoconjugates and the ground

state molecular oxygen discussed above [227].
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Table 4.4: Photophysics and photochemistry properties for nanoparticles and its conjugates
in DMSO and water (made up of 1% DMSO).

Sample Solvent Loading (ug.mg?) ®a
1 DMSO 0.32
H20 <0.01
2 DMSO 0.67¢
3 DMSO 0.41
H20 0.03
GQDs;(B1)-1 DMSO 3 0.34
H20 0.05
GQDs,(B1)-2 DMSO 4 0.44
H20 0.02
GQDs,(B1)-3 DMSO 14 0.41
H20 0.23
GQDs;(B2)-3 H,0 10 0.17
GQDss(B2)-3 H,0 5 0.27
GQDs10(B2)-3 H,0 3 0.11
GQDs;(B3)-3 DMSO 299 0.41
H20 0.27
CDs-3 DMSO 829 0.42
H20 0.13
DNDs-3 DMSO 42 0.62
H20 0.05
3-DNDs-12 DMSO 334 0.73
H20 0.50
7 DMSO 0.33
8 DMSO 0.76
H20 0.08
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9 DMSO 0.77
H20 0.23
10 DMSO 0.65
H20 0.10
DNDs-10 DMSO 6 0.21
H20 <0.01
B@DNDs-9 DMSO 887 0.39
H20 0.12
B@DNDs-10 DMSO 6 0.21
H20 <0.01
B@DNDs-10 DMSO 57 0.52
H.O0 0.31
P@DNDs-10 DMSO 814 0.44
H.0 0.25
N@DNDs-10 DMSO 110 0.55
H.0 0.06
S@DNDs-10 DMSO 0.14 0.13
H.0 0.02
S&N@DNDs-10 DMSO 11 0.66
H.0 0.09
11 DMSO 0.80
H20 0.15
B@DNDs-11 DMSO 11 0.55
H20 0.18
12 DMSO 0.32
H20 0.24
DNDs-12 DMSO 282 0.68
H20 0.36
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4.4. Summary

The photophysical properties of the Pc complexes and their conjugates were studied in
DMSO. It is only ®a that was investigated in water made up of 1% DMSO. Fluorescence and
triplet quantum yields are competing processes that are affected by substituents, central
metal, charge, symmetry of Pc complex and choice of complex (Pc or BODIPY). Carbon
nanomaterials utilised their electron donating ability in order to enhance ®ain water for 3
and 10. No specific trend in the size, type and doping on the carbon nanomaterial could be
deduced in improving characteristics of nanohybrids. Percentage loading of complex onto
carbon nanoparticles did not follow any specific pattern to improve characteristics of the

nanohybrid.
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Chapter 5

5. Molecular modelling

The chapter utilises theoretical models to calculate molecular stabilities of Pc complex 10 and

nanoparticles (DNDs and doped DNDs) alone; and in a conjugate.

5.1. Visualizations and simulations

Figure 5.1 (A-C) is an example of visualized electron density distribution at two different iso
values of Pc complex 10 and S&N@DNDs alone and in a conjugated system obtained using

visual molecular dynamics (VDM) from the xtb calculation output.

Figure 5.1: 1 is an example of electron density at the first iso value of 0.002 and 2 is second
iso value 1 x e visualized using visual molecular dynamics (VMD) [228] from the xtb
calculation output for (A) S&N@DNDs, (B) Complex 10 alone and (C) S&N@NDNs-10

conjugate.
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5.2. Molecular stability

Structural stability and electronic properties of Pc complex 10 and doped DNDs (B, P, S, N and
S&N) alone and in a respective conjugate are determined by considering molecular energies
(Kcal.mol) and Highest occupied molecular orbital (HOMO)- Lowest unoccupied (LUMO)
gaps (eV) before and after conjugation. The ability of HOMO orbital to donate electrons is an
indication of its nucleophilic character and the HOMO energy is related to ionization potential.
LUMO is electrophilic because it has the ability to accept electrons. Hence LUMO energy is
related to electron affinity. The energy difference between HOMO and LUMO orbitals is
referred to as the energy gap. The size of HOMO-LUMO energy gap has considerable chemical
effects and gives information on molecular stability and reactivity; the smaller the energy gap,
the more unstable (chemically reactive) and the more reactive is the molecular structure with
7 orbital arrangement [229, 230]. Previous theoretical studies using DFT simulation on DNDs
have shown that stability upon functionalisation depends on the size, shape, facet and
functional group of DNDs [71-73]. The major facet for DNDs used in this study shown by XRD
in Chapter 3 (Figure 3.10) is [111]. DFT simulations on functionalizing DNDs [111] facet with
NH> functional moieties has been reported to have a stabilizing effect on the energy of DNDs
[72]. Hence, visualisation and simulation were done on one facet using GFN2-xTB (extended
tight binding) as implemented in xtb [72, 108, 109, 115] and DFTB+ (density functional tight
binding) using the Slater—Koster parameters: 3ob as implemented in Material Studio package
[116]. Chemical doping, functional groups and increase in size of DNDs are amongst some of
the greatest factors that have been reported to affect HOMO-LUMO energy gaps (structural
stability) of DNDs [59, 72, 75, 231]. Table 5.1 shows a visual representation and HOMO-LUMO

energy gaps of the DNDs, Pc and respective conjugated systems.
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Table 5.1: HOMO and LUMO molecular orbitals of complex 10, (a) N@DNDs, and N@DNDs-
10, (b) S&N@DNDs and S&N@DNDs-10, (c) P@DNDs and P@DNDs-10 calculated using DFTB+

simulation.
Code Molecular structure Highest ocuppied | Lowest
molecular obital | unocuppied
(HOMO) molecular  obital
(LUmO)
10
Total Energy: HOMO = -9.17 eV LUMO =-9.05 eV
-126 660.98 kcal/mol
(a)
N@DNDs
Total | oMo =-12.99ev | LUMO=-9.87 eV
Energy:
-947 053.51 kcal/mol
N@DNDs -10
Total Energy: HOMO =-9.51 eV LUMO =-9.37 eV
-1 076 494.56 kcal/mol
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(b)

S&N@DNDs

Total Energy:
-953 133.46 kcal/mol

HOMO =-10.22 eV

LUMO =-9.89 eV

S&N@DNDs- 10

Total Energy:
-1 082 462.12 kcal/mol

HOMO =-9.50 eV

LUMO =-9.37 eV

()

P@DNDs

Total Energy:
-946 694.96 kcal/mol

HOMO =-12.98 eV

LUMO =-9.87 eV

P@DNDs-10

Total Energy:
-1 076 230.72 kcal/mol

HOMO = -10.83 eV

LUMO =-10.76 eV
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Pc complex 10 has a decreasing effect on HOMO-LUMO gaps of DNDs, Table 5.2. Large
HOMO-LUMO gaps of approximately 6.6-7.5 eV have been previously reported to affect the
electronic structure of DNDs due to hydrogen ends on the surface of the nanoparticle [75].
Hydrogenated DNDs are electron rich because of the sigma-dangling bonds on their surfaces
[74]. However, carboxyl and nitrogen functional groups have a dramatic decreasing effect on
HOMO-LUMO band gap [75]. Pc complex 10 is a macrocyclic structure that is comprised of
nitrogen (Chapter 1). Hence the decrease in HOMO-LUMO gaps and improved PDT activity in
conjugated systems. Nitrogen, oxygen, and sulfur heteroatoms doping on DNDs results in
structural changes from the Td to the trigonal Csv point group [59]. Reactivity and structural
instability as indicated by HOMO-LUMO energy gaps of conjugated systems for DNDs-10 (0.07
eV), B@DNDs-10 (0.09 eV) and P@DNDs-10 (0.07 eV) are smaller than N@DNDs-10 (0.14 eV),
S@DNDs-10 (0.14 eV)and S&N@DNDs-10 (0.13 eV). Boron is reported to be the most stable
dopant because it undergoes the least change in structural symmetry despite its structural
and bond length alterations [59]. Hence B@DNDs-10 conjugated system is a better PDT agent

as discussed in the next Chapter.
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Table 5.2: Comparison of the electronic properties from xtb of DNDs, Pc, dopands and

respective conjugates.

5.3. Summary

Sample Band Gap
(ev)
DNDs 3.02
10 0.12
DNDs-10 0.07
B@DNDs 3.12
B@DNDs- 10 0.09
P@DNDs 3.11
P@DNDs- 10 0.07
N@DNDs 3.12
N@DNDs- 10 0.14
S@DNDs 0.35
S@DNDs- 10 0.14
S&N@DNDs 0.33
S&N@DNDs-10 0.13

Theoretical calculations and visualization were performed on complex 10, DNDs and

respective dopands alone and when in a conjugate. The HOMO-LUMO gaps were used to

indicate molecular reactivity and structural instability of conjugated nanosystems on a

molecular level. Conjugating Pc complex 10 to DNDs for all conjugated systems decreased the

HOMO-LUMO energy gaps of DNDs. Theoretical calculations have shown that conjugated

systems have better reactivity and molecular instability relative eto individual components of

the conjugate. The least energy gaps in conjugates of DNDs-10 (0.07 eV) and P@DNDs-10

(0.07 eV) is an indication of high molecular instability and reactivity, relative to B@DNDs-10

(0.09 eV).
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Chapter 6

6. Photodynamic therapy (PDT)

The chapter discusses the effect of Pc complexes (3, 7 - 12) alone, nanoparticles alone (GQDs,
CDs, DNDs) and respective conjugates as examples of PDT agents used to eradicate diseased
Michigan Cancer Foundation (MCF-7) breast cancer cell lines. In 1% (v/v) DMSO in
supplemented media used for PDT study it was observed that approximately 99.3+1% of the

cells were still viable, suggesting negligible effect on the cells (Figures 6.1 - 6.6).

An efficacious photosensitizer has been previously reported to be sensitive to the cell type,
cellular uptake, localization, drug concentration and irradiation time [232-235]. Only
concentration was changed in this work in order to study the effects of individual
photosensitiser when compared to the conjugates. Various concentrations (5-50 pg/mL) of
the DNDs, Pc and conjugates were irradiated with 13.5 Jem™ for the optimized 300 s to
evaluate the photodynamic therapy activities [234]. The photo-irradiation was done using
light from a general electric quartz lamp (following the use of filters) since quartz lamps have

been shown to be effective light sources for PDT [233, 234].

6.1. Dark toxicity

Dark toxicity studies of complexes were performed in vitro on MCF-7 cancer cells by
quantification of surviving cells using the WST-1 cell proliferation assay 24 h after the
treatment with 0-50 pg/mL concentrations (Figures (6.1 - 6.6)) A. Toxicity tests confirmed
that the conjugates were not toxic up to 50 pug/mL leaving at least 99 + 3% of cells viable, in
appendix Table Al. These results confirm what have been previously reported [191, 236].
Some Pcs alone (7, 8, 9) showed dark toxicity. In vitro dark toxicity is not desirable for
photosensitizers aimed for use in PDT. There was no statistically significant difference in the
percent viability of the cells as the drug concentration increases. Upon analysis of the
triplicate replicate data of each concentration, no statistically significant difference was

observed as the p-value was found to be greater than 0.05.
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6.2. Photodynamic therapy (PDT)

The phototoxicity of complexes, NPs and respective NPs-Pc conjuagates were found to
increase with increase in concentration as evidenced by decrease in cell viability in
Figures (6.1 - 6.6) B. Table 6.1 tabulates singlet oxygen quantum yields in water (1% DMSO)
and DMSO with percentage of viable MCF-7 breast cancer cell lines at the highest drug dose
of 50 pug/mL.

6.2.1. Effect of quaternization and number of charges

Comparing neutral complex 7 with charged complexes 8 and 9, showed low PDT activity with
cell viability of more than 50% at the highest tested concentration for the former
(Figure 6.1 B). Similarly, complex 11 has better PDT activity than complex 10. This could be
due to low permeability into the cell due to the absence of positive charge in complexes 7 and
10, positively charged photonsensitizers show higher PDT activity [237-239]. Quaternary
complexes 8, 9 and 11 showed higher phototoxicity at all concentrations with only
30.74% + 3, 21.56% * 3 and 19.48% + 0.02 cell viability at the highest tested concentration of
50 pg/mL (Table 6.1). Complexes 8, 9 and 11 have singlet oxygen quantum yields of 0.08, 0.23
and 0.28 respectively in water (Table 6.1). Hence complexes 9 and 11 showed higher
photodynamic activity than 8 in terms of percentage viability. A comprehensive analysis of
twenty-two cancer cell lines taken from different body parts showed that all the cells
specifically bind to positively charged nanoprobes, suggesting that the cancer cells have
negative net charge [239]. The general enhancement in PDT activity of the quaternary
complexes could be attributed to introduction of positively charged sites which specifically
bind to cancer cells and increases cell permeability. Thus, the higher PDT activity of 9 and 11
could arise from the increased a combination of positively charged sites and asymmetry in
the complexes leading to greater spread of singlet oxygen within the cell. Positively-charged
photosensitizers cause more cell damage than neutral or anionic photosensitizers [240],

hence 11 and 9 are better than 10.
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Table 6.1: Percentage viability drug toxicity at 50 pg/mL and singlet oxygen quantum yields in
water and DMSO.

()
PDT drug H,0 DMSO % viability at
50 pg/mL
Complexes
3 0.03 0.41 34.24
7 - 0.33 55.64
8 0.08 0.76 30.74
9 0.23 0.77 21.56
10 0.10 0.65 25.53
11 0.28 0.80 19.48
12 0.24 0.32 93.20
Carbon nanoparticles (CNPs)
DNDs - 31.00
B@DNDs - 28.89
P@DNDs - 25.53
N@DNDs - 29.46
S&N@DNDs - 33.00
GQDs - 32.99
CDs - 32.24
Carbon nanoconjugates (CNPs-Pc)
GQDs>(B3)-3 (rt - ) 0.27 0.41 31.40
CDs-3 (- ) 0.13 0.42 30.11
DNDs-3 (rt - 1) 0.05 0.62 29.10
DNDs-12 (ester) 0.36 0.68 28.22
3-DNDs-12 (it - m, ester)  0.50 0.73 21.43
B@DNDs-9 (it - ) 0.12 0.39 6.23
B@DNDs- 10 (amide) 0.21 0.52 6.52
B@DNDs- 11(amide) 0.35 0.55 5.46
P@DNDs- 10 (amide) 0.25 0.44 7.19
N@DNDs- 10 (amide) 0.06 0.55 22.45
S&N@DNDs-10 (amide) 0.09 0.66 7.63
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The marked increase in PDT activity with increase in concentration indicate probable increase
in the cellular uptake of complexes as concentration rises. Indeed, the plot of concentration
against cell uptake (Figure 6.1 C - E) shows a concentration dependent uptake of the
photosensitizer complexes by the cells up to 20 pg/mL for complex 9, and subsequently
followed by a low uptake. For complexes 7 and 8, the uptake was up ~ 10 ug/mL. Hence,
complex 9 shows higher cellular uptake than 7 and 8. The low uptake has been reported to

arise due to an altered transport mechanism(s) at higher concentrations [241, 242].
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Figure 6.1: (A) Dark toxicit and (B) PDT plots for complex 7, 8 and 9. Controls were prepared
in 1% DMSO and cultured media. Cellular uptake of complexes: (C) 7, (D) 8 and (E) 9 as a

function of concentration.
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6.2.2. Effect of symmetry

Complexes 7 and 10 have percentage cell viability of 55.64% + 0.3 and 25.53% + 0.02

(Figure 6.2 B). Showing the importance of low symmetry complexes.
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Figure 6.2: (A) Dark toxicity and (B) PDT plots for complexes 9, 10 and 11. Control conducted
in 1% DMSO in growth media.
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6.2.3. Effect of Pc and BODIPY

This section discusses the PDT effect of positively charged Pc complex (3), BODIPY (12) and

the effect of interaction between complexes (3 and/or 12) and DNDs in nanohybrids.

Photosensitizers showed significant cytotoxicity on MCF-7 with cell viability at the highest
tested concentration (50 pg/mL) for DNDs (31.00% + 2), 12 (93.20% + 2), 3 (34.24% + 7),
DNDs-12 (28.22% +3), DNDs-3 (29.10% + 2) and 3-DNDs-12 (21.43% + 5) in Figure 6.3 B, D,
Table 6.1. Thus, 3-DNDs-12 exhibited the highest phototoxicity towards MCF-7 with only
21 + 5% cell viability at the highest tested concentration of 50 pg/mL. Complex 3 alone in
Figure 6.3 D showed low PDT activity with cell viability of 234%, while BODIPY 12 showed

>93% at the highest tested concentration.

For BODIPY 12 (which had a reasonably high singlet oxygen quantum yield (0.24) in water,
(Table 6.1), the low PDT activity could be due to low permeability into the cell due to the
absence of positive charge on the photosensitiser. As stated above, positively charged
photosensitisers show higher PDT activity [237-239]. Compared to DNDs-12, DNDs-3 showed
relatively low PDT activity, irrespective of the positive charge of complex 3, due to its low
singlet oxygen quantum yield properties in water (Table 6.1). The nature of interaction
between complex 12/3 and the DNDs has an influence in its properties as a conjugate.
Covalently linked nanosystems between Pc and carbon nanostructures have been previously
reported to show better physicochemical properties when compared to non-covalently linked
nanosystems [62]. This could be attributed to phase separation between non-covalently
linked nanosystems due to absence of a covalent bond between DNDs and complex 3.
Enhanced PDT activity of 3-DNDs-12 could arise from synergistic effect of positively charged
site from Pc (3), BODIPY (12) and DNDs from zetapotential in Table 3.3, leading to greater

spread of singlet oxygen within the cell.
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Figure 6.3: (A) Dark toxicity and (B) PDT plots for DNDs, DNDs-3, DNDs-12, 3-DNDs-12.
Controls were prepared in 1% DMSO and cultured media. (C) Dark toxicity and (D) PDT for
complexes 3 and 12 alone. Control (0 mg/mL) conducted in 1% DMSO in growth media.

Irradiation time 300 s at 13.5 J/cm?.
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6.2.4. Different type of NPs

The MCF-7 cancer cells were treated with different concentrations (5-50 pug/mL) of DNDs,
GQDs3z(B3), CDs, 3, DNDs-3, GQDs2(B3)-3 and CDs-3. The conjugates: DNDs-3, CDs-3 and
GQDs»(B3)-3, Table 6.1, exhibited higher PDT activity at 29.10% + 0.02, 30.11% + 0.02 and
31.40% + 0.23 cell viability at the highest tested concentration of 50 ug/mL, compared to
complex 3 alone at 34 + 0.55%. Carbon nanoparticles alone (DNDs, CDs and GQDs) showed
lower PDT activity as shown by respective cell viability of 31.00% + 0.17, 32.24% * 0.01 and
32.99 + 0.01% when compared to respective conjugates. DNDs-3 showed the highest PDT
activity than the other carbon nanoparticles (CNPs), Figure. 6.4 B, Table 6.1. Combining
carbon nanoparticles with complex 3 for PDT slightly improved PDT activity. Irrespective of
low singlet oxygen quantum vyields in water, the slight increase in PDT activity of DNDs-3 in

Figure 6.4 could be due synergistic effect of positively charged DNDs.
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6.2.5. Doped DNDs with complex 10

DNDs-10 and S@DNDs-10 in Table 6.1 were not employed for PDT studies due to the low
value of singlet oxygen quantum yield of 0.21, <0.01 and 0.13, 0.02 in DMSO and water,
respectively. Photodynamic therapeutic properties and application in MCF-7 breast cancer
cell lines of N@DNDs-10, S&RN@DNDs-10, P@DNDs-10 and B@DNDs-10 conjugates will be

discussed in this section.

The conjugates N@DNDs-10 exhibited low PDT activity (as % viability) at 22.45% + 0.56 when
compared to S&N@DNDs-10, P@DNDs-10, B@DNDs-10 with higher PDT activity of
7.63% + 0.71, 7.19% + 0.29, and 6.52% +* 0.76, respectively (Figure 6.5B, Table 6.1) at the
highest tested concentration of 50 pg/mL. Complex 10 (at 25.53% + 0.60) and doped DNDs
alone (N@DNDs, S&N@DNDs, P@DNDs and B@DNDs) showed the least PDT activities of
29.46% * 0.19, 33.00% * 0.09, 25.53% + 0.60 and 28.89% * 0.18, respectively, (Table 6.1).
Upon covalently linking Pcs to doped DNDs, significantly higher PDT activity was observed
compared to the Pc complex 10 alone (26 + 0.60%) with ®, = 0.10 in water. Thus, a
combination of doping DNDs with respective heteroatom and loading with complex 10
showed improved PDT activity. Higher PDT activities in B and P@DNDs-10 could be attributed
to combination of ®,and molecular chemical reactivity (structural instability) associated with
strain that is relatively reduced upon linking asymmetric Pcs to doped DNDs with relatively

small HOMO-LUMO energy gaps (Chapter 5).
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Figure 6.5: (A) Dark toxicity and (B) PDT plots for doped nanodiamonds and respective
phthalocyanine conjugated hybrids. Control conducted in 1% DMSO in growth media. Please
note that DNDs are filled bars and the corresponding conjugates are empty bars with the

same color outline as the DNDs.
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6.2.6. B doped

B@DNDs Pc complex hybrids had high @, in water and good PDT activity. Hence, were
employed for PDT studies together with different Pcs (9, 10, 11) to obtain respective
nanoconjugated systems (B@DNDs-9, B@DNDs-10, B@DNDs-11). B@DNDs were
noncovalently (m - i) interacted with symmetric and positively charged complex 9. Complex
10is an asymmetric and neutral whereas 11 is asymmetric and positively charged. Complexes

10 and 11 were covalently linked to B@DNDs through amide bond.

Nanohybrids (B@DNDs-9, B@DNDs-10, and B@DNDs-11) showed high PDT activity of
6.23% + 0.41, 6.52% + 0.76, and 5.46% * 0.86 cell viability when compared to B@DNDs
(28.89% + 0.18%) and complexes (9, 10, 11) alone, 21.56% * 0.4, 25.53% + 0.60, and
19.48% + 0.02 respectively in Table 6.1 at the highest tested concentration of 50 pgmL™.
B@DNDs-11 (¢, = 0.35) showed the most PDT activity when compared B@DNDs-9 (¥, =0.12)
and B@DNDs-10 (¢, = 0.21) in Table 6.1. This can be attributed to a combination of

asymmetry, charge and singlet oxygen quantum vyields.

Complexes 10 and 11 showed increased singlet oxygen quantum vyield in the presence of
B@DNDs in water, but decreased ®, in complexes 9. Thus, the mechanism may not only
involve singlet oxygen. In the presence of nanoparticles, intracellular localization of
phthalocyanines will improve through the enhanced permeability and retention effect, which
is known for nanoparticles [243], resulting in improved PDT activity of the conjugates despite
the decrease in singlet oxygen quantum yields compared to Pcs alone. Also, B@DNDs-11 gave

the best PDT results due to combination of charge and asymmetry from of the Pc.
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Figure 6.6: (A) Dark toxicity and (B) PDT plots for boron doped nanodiamonds and respective

phthalocyanine conjugated hybrids. Control conducted in 1% DMSO in growth media. Please
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6.3. Summary

Phototoxicity of complexes, NPs and respective nanohybrids increased with increase in
concentration from 0 to 50 pg/mL and there was no toxicity in the absence of light, except for
some Pcs alone. Positively charged complexes and respective nanohybrids are taken up more
readily by MCF-7 breast cancer cell lines. In symmetric complexes (7, 8, 9), increasing the
number of positive charges improves singlet oxygen quantum yields and PDT toxicity of the
drug. In conjugated systems, the number of positive charges on symmetric complexes have
no specific effect on singlet oxygen quantum yields but rather permeation effect applicable
in PDT activity. Conjugated systems possess enhanced PDT activities when compared to their
individual components. Furthermore, DNDs have better PDT characteristics relative to CDs
and GQDs. An even further enhancement in PDT characteristics upon heteroatom doping of
DNDs and conjugating with a Pc complexes (especially asymmetric and positively charged).
Therefore, a combination of singlet oxygen quantum yields, asymmetry, positive charge and

heteroatom doped DNDs have an enhancing effect on PDT activity of DNDs-Pc conjugate.
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Chapter 7

7. Nonlinear optical limiting (NLO)

The chapter discusses the NLO characteristic effect of individual complexes with different
central metals, substituent, DNDs and in a conjugated system. Complexes 4a, 4b, 4c, 5, 6 and

respective conjugates are employed.

7.1. NLO parameters

The major disadvantages of the Z-scan technique is associated with the challenge of
separating various nonlinear optical mechanism (excited state absorption (ESA), two photon
absorption (TPA), nonlinear scattering and nonlinear refraction) associated with reverse
saturable absorption (RSA) or saturable absorption (SA) processes. Suitable equations for
analysis of Z-scan data were developed to overcome this challenge. Elaboration of results
from such analysis is based on the nature of material and the laser beam (pulse width and
rate of repetition) utilized. Optical limiting capability of materials used in this study is
measured using nonlinear absorption coefficient (B). Multi-photon absorption is associated
with materials that have zero linear absorption at laser wavelength of 532 nm. Effective value
(Bef) is determined and indicates the degree of nonlinear absorption and depends on the
population of molecules in the first excited triplet state (T1) because sequential TPA and ESA
only occur when a laser with nanosecond pulse is used. The Begvalues are calculated by fitting
the Z-scan data to the transmittance. Hence, the nonlinear optical behavior of the synthesised
complexes were investigated by using the open aperture Z-scan technique and the data were

analyzed in the manner reported by Sheik-Bahae et al [244, 245] using equation (7.1):

1
T(Z) - 1+[§effleff(100/(1+(Z/ZO)2))

(7.1)

where T(z is the normalized transmittance of the sample, loo is the intensity of the light on
focus, Bef is the two-photon absorption coefficient, z, is the diffraction length of the beam, z
is the sample position with respect to input intensity and . ¢ is the effective length for two

photon absorption in a sample of path length L and is determined using equation (7.2).
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1_e—al

Loy = (7.2)

where a is the linear absorption coefficient. Since equation (7.1) is not generally suited to
directly fit experimental data, a numerical form of equation (7.1) which is equation (7.3), was

employed to fit the experimental data.

“4(2) ~92) 92 ~42)

s
T = 0.363e(560) + 0.286e(T20) + 0.213e(7562)+ 0.096¢(T55) + 0.038elwn)  (7.3)

The excited state cross-section (8exc) was obtained by fitting the Z-scan experimental data to

equation (7.4):

_ In(1+(q/(1+x?))
TNorm - q/(1+X2) (7-4)
where q is a dimensionless parameter that is given by equation 7.5:
abexc
q=—, “Folesy (7.5)

where Tnorm is the normalized transmittance, Fo (J/cm?) is the total fluence on axis, h is the

Planck’s constant, v is the frequency of the laser beam, and x = z/zo.
Imaginary third-order susceptibility (Im[x®)]) values were calculated using equation (7.6) [246,
247]:

Im[)(JS — M (7.6)

2n

where n is the linear refractive index, and c is the speed of light, €¢ is the permittivity of free

space and A is the wavelength of the laser.

The second order hyperpolarizability (y), which indicates the nonlinear absorption per mole
is related to the imaginary third order susceptibility by equation (7.7).

— Im[Xs]

- f4CmolNA (77)

14

where Cmol is the molar concentration of the active species in the triplet state, f (the Lorentz
local field enhancement factor) = n2 + 2)/3 (where n is the refractive index of the sample), and

Na is the Avogadro’s constant.
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7.1.1. Effect of central metal

Nonlinear absorption behaviour in this section was investigated using an open aperture Z-

scan technique with an excitation pulse of 10 ns at input energy of 30 W at 532 nm. Linear

absorption coefficient (ao) for the Pc molecules are presented in Table 7.1. The ag values of

investigated Pcs and respective conjugates in Table 7.1 show remarkable differences at the

same absorbance (A) of 1 in DMSO. Linear absorption (ao) = A/L where L is the path length of

the cuvette. Absorbance depends on the concentration of the material. Hence ao will change

with material concentration.

Table 7.1: Nonlinear optical properties of DNDs, 4a, 4b and 4c and respective nanoconjugates

with DNDs in DMSO (where appropriate) at absorbance of 1 at energy of 30 u .

Sample @ Bess Im[X3] Y k (@) liim D
(cm?) %

(cm GW?)  (esu) (esu) (Jem??) (DMSO0)
DNDs 11.52 22.0 1.43x 108 1.27x 1028 - - -
4a 13.10 41.0 1.50x 108 1.33x 1028 22.3 - 0.20
DNDs-4a (- i) 17.95 58.5 2.04x 108 1.89x 1028 55.6 - 0.39
4b 10.43 42.8 1.53x 108 1.82x 1028 354 - 0.33
DNDs-4b (mt - i) 31.7 60.9 2.13x 108 2.62x107%8 87.0 - 0.49
4c 2.59 136 3.17x 108 4.22x 1028 342 0.39 0.70
DNDs-4c (ester) 1.73 125 2.91x10% 3.88x102% 306 0.47 0.42
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ap values have been previously reported to be sensitive to structural modification and Pc
interactions [248]. The average linear transmittances of 4a, 4b, 4c and respective conjugates
of 4a and 4b is =98% (Figure 7.1). However, conjugate of DNDs-4c showed a lower

transmittance of =94%.
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Figure 7.1: Linear transition plots of Pcs and respective conjugates
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Z-scan profiles of Pcs alone and nanoconjugate systems (DNDs-4a, DNDs-4b and DNDs-4c) in
Figure 7.2, show typical RSA characteristics and the measurements showed nonlinear
absorption (NLA) behaviours. A higher reduction in transmittance shown by an enhanced dip
in RSA profile was observed when 4a and 4b were in the presence of DNDs than when alone
(only a very small increase for the unmetalated derivative, showing the importance of
metalation), suggesting that the nanohybrids could be potential optical limiting materials. The
opposite was the case for DNDs—4c compared to 4c¢, where the latter showed an enhanced

dip in transmittance.
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Figure 7.2: Open aperture Z-scan signatures of (A) 4a, (B) 4b and (C) 4c when alone, in the

presence of DNDs and respective fittings in DMSO at A=1, energy 30 .
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The poor performance of DNDs—4c could be due to aggregation discussed in Chapter 3. DNDs
alone showed a smaller dip at 82% at 30 pJ (Figure 7.3), compared to say DNDs—4b at 53%.
This suggests that DNDs alone are not as good NLO material as to when combined with Pcs.
It has been observed under the laser irradiation with low energy, saturable absorption (SA)
occurs for GQDs [249]) due to ground state bleaching. Figure 7.3 shows that the Z-scan
profiles for DNDs alone at different energies exhibited SA to RSA profiles, which became more
defined with decrease in energy. Nonlinear scattering and the nonlinear absorption are the
dominant mechanisms of optical limiting DNDs, with the former being observed for larger
nanoclusters [250, 251]. Table 7.1 shows the effective nonlinear absorption coefficient
values, Befr, obtained for each sample by fitting the experimental data to the transmittance
equations reported in previous studies [252], (Egs. (7.1), (7.2) and (7.3)). The Bes values
increased from 41.0 and 42.8 cm/GW in 4a and 4b to 58.5 and 60.9 cm/GW for the
corresponding nanohybrid conjugates, respectively. Though both 4c and its conjugate
showed RSA behaviour, the Pc alone display enhancement in RSA as well as Besf compared to
the conjugate, which could be attributed to effect of aggregation. Aggregation has been
known to reduce the excited state lifetime and hence the effective nonlinear optical

absorption coefficient [253].
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Reverse saturable absorption from nanosecond laser pulses has been previously reported to
be due to one-photon, two-photon, three-photon absorption (1PA, 2PA, 3PA) mechanisms, a
combination of both or all three [244, 254, 255]. It is known that for organic materials, the
contribution due to 3PA to the NLO response typically occurs at longer wavelength (using a
laser tuned at wavelengths much > 530 nm) [255]. The fitting equation used for a 3PA
transmittance data, suggests its negligible contribution [254, 255]. Laser of 532 nm was used,

hence, the contribution of 3PA is expected to be negligible.

Merit coefficient (k) in Table 7.1 indicates quantitative evaluation of the ratio of the excited
and ground state absorption cross-sections [255, 256]. The absorption contribution resulting
from the excited state was evaluated using Egs. (7.4) and (7.5). k values (Table 7.1) for the
conjugates is larger than the Pcs alone, the opposite is true for 4c as observed for Bess values

above.

The third-order susceptibility (Im[X3]) measures the speed of the response of an optical
material to the perturbation initiated by an intense laser beam [257] and can be determined
using Eq. (7.6). The Im[X3] values for DNDs nanoconjugated systems of 2.04 x 1078, 2.13 x 1078
and 2.91 x 1078 esu for DNDs-4a, DNDs-4b and DNDs-4c, respectively, Table 7.1. DNDs on
their own perform the worst, Table 7.1. When exposed to light, the permanent dipole of the
molecule interacts with light to cause a bias in the average orientation of the molecule,
resulting in induced hyperpolarizability (y). Nonlinear optical properties of a material are
directly dependent on the y value (determined using Eq. (7.7)). The values of Im[X3] and y for
DNDs-4a and DNDs-4b in Table 7.1 showed improvement when compared to Pcs alone. For
DNDs-4c, there is a decrease in Im[X3] and y compared to the Pc alone due to aggregation at
30 wJ. However, at low laser energy of 24 uJ shown in Figure 7.4, higher difference of the NLO
response between the DND-4c and 4c was observed. Previous studies report on a complex
dependence on simultaneous action of electronic and secondary vibrational nonlinearities at
high intensities [258]. Of note however is that at 30 1) DNDs-4c and 4c have the highest Beg,
Im[X3] and y in Table 7.1 compared to the rest of the corresponding conjugates and Pcs

despite the aggregated nature of DNDs-4c.
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Theoretical fit
4c

DNDs-4c

Figure 7.4: Open aperture Z-scan signature of 4c and DNDs-4c¢ at A=1 and energy of 24 uJ.

The vy in this work lie in the range 10722 esu which are much higher than the reported
107%° esu reported for ZnPc derivative on pristine GQDs [99], Table 7.2, again showing the
superiority of DNDs in improving the NLO behaviour of Pcs. The y values in this work are in

the range of those obtained for doped GQDs [99], Table 7.2 [99, 254, 259].

A good optical limiting (OL) material displays reduced transmittance with increasing incident
fluence. This type of device has a linear transmittance at low incident fluence, but abruptly
changes at higher incident fluence or there is a threshold at which the output fluence
becomes a constant value that should be less than the amount required to damage the optical
element [260]. This critical point is called the threshold limit intensity or fluence, (lim) [261]

which is a very important parameter in optical limiting measurements. The liim value may be
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defined as the input fluence at which the transmittance is 50% of the linear transmittance.
While there is currently no defined optimal range for lim values, it is generally accepted that
good nonlinear optical material performs better at a low value of liim, as this means that the

limiting would occur at a lower intensity, allowing for more cautious protection of sensors.

Table 7.2: Comparison of synthesised Pc nanoconjugate systems with the best reported Pc-

carbon composites

Sample® lim (Jcm™2) Y(esu) Reference
DNDs-4a (m-m) - 1.89x 1028 This work
DNDs-4b (t-m) - 2.62x107%8 This work
DNDs-4c (ester) 0.47 3.88x 102 This work
ZnPc-GQDs 0.61 7.01x107%° [99]
ZnPc-NGQDs 0.58 3.34 % 1028 [99]

ZnPc-SNGQDs 0.55
5.03x 10728

CuPc-Ceo >200 [259]
INPcCI-SWCNT ~ 0.21 5.78 x 10?7 [254]

3GQDs = graphene quantum dots, SNGQDs = sulphur/nitrogen doped GQDs

SWCNT=single walled carbon nanotubes.

The values of lim can be experimentally determined using the plots of transmittance against
input fluence (Figure 7.5 (A-C)). The l;im values for 4a, 4b and their respective nanoconjugates
could not be determined since the transmittance did not drop below 50% of the linear
transmittance (Figure 7.5 A and B). DNDs-4c in Figure 7.5 C showed a larger l;im value of 0.47
when compared to 4c alone (0.39), Table 7.1 at 30 pJ. The lack of drop below 50% of the linear
transmittance for 4a, 4b and their respective nanoconjugates could be due to non-covalent
interaction of two different molecules with phase separation problems associated with
mixtures such as DNDs-4a and DNDs-4b. However, covalently linked material function as
combined molecules because the working dynamic range is extended through the covalent

linkage between Pc and DNDs.
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DNDs-4a
4a

DNDs-4b
4b

DNDs-4c
4c

Figure 7.5: Input fluence (lo) versus transmittance curves of (A) 4a, DNDs-4a; (B) 4b, DNDs-4b

and (C) 4c, DNDs-4c nanoconjugate systems in DMSO solvent.
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Broadband optical limiting materials are obtained from a combination of individual molecules
that possess optical limiting behaviour when linked covalently [99, 261, 262]. Such material
results in broadened optical limiting band, extended working range and extensively reduced
limiting thresholds, that translate to better optical limiting properties. Similar broad band
optical limiting materials with phase stability have been previously reported when CuPc was
covalently linked to Ceo and resulted in lim > 200 J/cm? [259] (Table 7.2). This l;im value is much
larger than reported in this work showing the importance of DNDs when compared to Ceo.
Physical and photophysical properties of a material system, such as: absorption band, particle
size, and aggregation state have been reported to strongly influence optical limiting

performance [263].

7.1.2. Substituent effect

Nonlinear absorption behaviour of SiPcs with different substituents (complexes 4c, 5 and 6)
and respective nanoconjugates were investigated using an open aperture z-scan technique at
532 nm with an excitation pulse of 7 ns at different input energies (20, 30, 60 and 80 pJ) and
absorbances (0.1, 0.2, 0.3 and 0.4). Lower absorbances are employed in this section since 4c
behaves better. All measurements reveal nonlinear absorption (NLA) behaviour with reverse
saturable absorption (RSA) profiles (appendix (Figures 4A-10A). The transmittance values vary
with sample absorbance and the input energy. A higher reduction in transmittance shown by
an enhanced dip in RSA profile was observed when SiPcs were in the presence of DNDs than
when SiPcs were alone, suggesting that the nanoconjugated systems could be potential
optical limiting materials. Under optimal conditions, nanoconjugates (DNDs—4c, DNDs—5 and
DNDs—-6), showed a dip in transmittance at 43, 68 and 14%, respectively. Respective SiPcs
alone (4c, 5 and 6) showed a dip at (49, 89 and 83)% (Figure 7.6 (a)-(c)).
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Table 7.3 shows that Beffvalues increased for the nanohybrid conjugates compared to Pcs

alone. The nt-network from DNDs combined with SiPcs showed better characteristics relative

to individual SiPcs, maybe due to the good NLO of DNDs alone. Nonlinear absorption

properties of DND-H and the DND-NH2 systems have been previously reported to be due to

their negative electron affinity (NEA) character, associated with H and N electron donor

ability, alternating the band gap to adequate surface dipoles [264]. Electron donating groups

on the periphery of Pcs have the ability to improve OL effect through an increase in transition

dipole moment between the excited states involved in the electronic transition [33]. Hence,

4c and 6 show better NLO behaviour when compared to unsubstituted complex 5.

Table 7.3: Nonlinear optical properties of DNDs, 4c, 5, 6 and respective nanoconjugates with

DNDs in DMSO at absorbances and energy of 0.1 and 80 pJ, respectively.

Sample @y Beff Im[X3] % k him

(cm™) (cm GW?) x10% x10% (M) (Jem?)

8o
(esu) (esu)

DNDs 0.046 239 5.57 28.5 - -
4c 0.063 19.99 2.46 1.26 150 0.13
DNDs-4c 0.544 30.53 5.19 2.66 177 0.09
5 0.001 4,12 0.005 0.002 1.1 -
DNDs-5 0.912 9.77 0.96 0.49 55 -
6 0.010 16.5 2.28 1.17 55 -
DNDs-6 0.659 20.50 3.85 1.97 231 0.01
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A plot of input energy versus Berr generally showed decreasing Besr as input energy increases,
Figure 7.7A, for nanoconjugates. Decreases in Berf as input energy increases indicate
sequential two photon absorption (2PA) [265-267]. In Figure 7.7B, it is evident that increasing
absorbance of nanoconjugates results in an increase in the Besr of optical limiting materials
(see also in appendix (Figures 11A (a)-(e)), suggesting that the Befr depends strongly on the
number of statistically available 2PA absorbers. Similar linear trends for
concentration/absorbance and Bess have been previously reported when Leishman dye [268],
and when phthalocyanine dye were separately conjugated to CdSe/ZnS quatum dots [254] as

optical limiting materials.
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Figure 7.7: Plots showing (A) input energy (20, 30, 60,80) wJ) and (B) absorbance (0.2, 0.2,
0.3 and 0.4) vs Befr. Each data point for each sample represents an independent Z-scan

measurement.
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Similar to section 7.1.1, k values shown in Table 7.3 for the Pcs and conjugates indicate the
existence of an excited state (dexc) With higher absorption cross-section than the ground state.
Similarly, conjugates in this section have larger k values than the Pcs alone. ao values of
investigated Pcs and respective conjugates show remarkable differences at the same
absorbance of 0.1 in DMSO in appendix (Figure 12A). The average linear transmittances of 4c,
5, 6 and DNDs at energy and absorbance of 0.1 and 80 pJ is = 93%. Conjugating respective
SiPcs to DNDs resulted in a higher transmittance of = 99% shown in appendix (Figure 12A).
Good optical limiting materials are generally known to have linear transmittance that exceed
40% [269]. Hence, SiPcs when conjugated to DNDs have better optical limiting properties. The
Im[X3] values for DNDs nanoconjugated systems of 5.19 x 108, 0.96 x 10 and 3.85 x 108 esu
for DNDs-4c, DNDs-5 and DNDs-6, respectively, Table 7.3, and are an improvement compared
to the corresponding Pcs alone. In this section, DNDs on their own perform the best,
5.57 x 10°. Note different values for DNDs alone and 4c (Table 7.1) due to different energies

and absorbance.

The y in this section lie in the range 10?7 esu and are greatly enhanced when compared to
section 7.1.1, Table 7.3, showing the importance of low absorbance values in Table 7.3. The
values of y for DNDs-4c, DNDs-6 and DNDs-5 in Table 7.3 showed improvement when
compared to SiPcs alone as is the case with In[X3]. The values of lim are experimentally
determined using the plots of transmittance against input fluence (Figure 7.8(A-C). l;im values
for 4c, DNDs-4c, and DNDs-6 were determined to be 0.13, 0.09 and 0.01 Jcm?, respectively.
The transmittances for 5, DNDs-5 and 6 did not drop below 50%, hence there are no values in
Table 7.3. DNDs-4c gave a lower liim value of 0.09 when compared to 4c alone (0.13), Table
7.3. A better liim value of 0.01 was obtained for DNDs-6.
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7.1.3. Mechanism

The most logical mechanism which explains observed RSA observed in phthalocyanines and
conjugates when using the nanosecond laser is based on a five-level model, Figure 7.9.
Irradiation at 532 nm excites molecules from So to either S; or S; (the latter with excited state
absorption cross-section 61). The S; state is short-lived, hence relaxation to S1 almost occurs
immediately. Since the triplet lifetime of the Pcs and conjugates are much longer than the
intersystem crossing lifetime [270], there will be more transfer of molecules from S; to the
T1. Subsequent absorption of laser radiation will result in further excitation of molecules in T1
to T> with an excited absorption cross section of §,. Similar mechanism has been previously
reported in phthalocyanines and carbon based nanomaterials alone and in a conjugate [99,
144]. The DNDs absorb at 532 nm, their contribution towards RSA is in the improvement of
triplet quantum yields which in turn improves NLO behaviour [271]. The contribution of DNDs
could also be due to nonlinear scattering as stated above [250, 251]. DNDs are also expected
to contribute to NLO behaviour of Pcs due to the free-carrier absorption (FCA) mechanism
[254, 271, 272]. FCA is usually produced when excitation takes place at the wavelengths

where there is linear absorption.
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Figure 7.9: Five level energy diagram explaining the dynamics of the excited state population

(upward arrows), non-radiative relaxation (dashed arrows) in the studied complexes.
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7.2. Summary

All the DNDs-nanoconjugated systems and the corresponding Pcs followed reverse saturable
absorption through two photon absorption mechanism at the excitation wavelength of 532
nm. Electron donating properties of DNDs and presence of a central metal with axial ligand
for DNDs-4c¢ and corresponding Pc showed improvement NLO properties when compared to
conjugates of DNDs-4a and DNDs-4b and respective Pcs. Limiting threshold (lim) values for
DNDs-4a, DNDs-4b, DNDs-5 and DNDs-6 were undeterminable because the input fluence at
which the transmittance is 50% of the linear transmittance was < 50%. DNDs-4c conjugate
showed enhanced NLO characteristics at absorbance of 1 relative to the other conjugates
irrespective of its aggregation. The limiting threshold for DNDs-4¢ was shown to be 0.47 and
0.39 for 4c. However, when NLO properties of DNDs-4¢ were investigated at low absorbance
of 0.1, lim = 0.01 (4c) relative to 0.09 (DNDs-4c) were obtained. DNDs-4c conjugate showed
better NLO characteristics than the Pc complex 4c at low absorbances. A combination of
central metal with axial ligands and bulky donating substituted Pc complexes have the ability
to improve NLO characteristics of DNDs-Pc conjugated systems, particularly under dilute

concentrations.
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Chapter 8

8. Conclusions and recommendations

This chapter summarizes the results obtained for the studies conducted and reported in this

thesis and recommendations.

In this work, a successful synthesis and characterization of new symmetric and asymmetric
cationic Pcs functionalized at the peripheral position is presented. The Pcs were characterised
using FTIR, UV-Vis, 'THNMR, MALDI-TOF mass spectroscopy and elemental analyses. The
prepared Pcs were soluble in DMSO and exhibited monomeric behaviour in solution. These
were further linked to DNDs through either 1 - it interaction or amide, or ester bond from
heteroatom doped DNDs. FT—IR spectroscopy were used to confirm the successful formation

of the amide, ester bond and was used to confirm the m - m interaction.

Central metal, substituents, charge and symmetry of Pcs alone, alterations of the type of
carbon nanomaterial, size of GQDs and heteroatom doping of DNDs alone and in a conjugate
of both Pc (or BODIPY) and nanoparticle with the intention to improve photochemical and
photophysical behaviour of Pcs. Heavy atoms as metal centres, axial ligation, substituents
with extra aromatic rings and asymmetry of Pcs were shown to sometimes promote
intersystem crossing to result in high triplet and singlet oxygen quantum vyields. In some

instances, low triplet and singlet quantum yields were attributed to aggregation.

The presence of aromatic rings from carbon nanoparticles (GQDs, CDs and DNDs) enhanced
the triplet and screening effect in most cases of Pcs and this was attributed to the - it *
transition of aromatic sp?> domains of nanoparticles. The decrease in singlet oxygen quantum
yields was attributed to the screening effect caused by DNDs which prevent the interaction
of the excited triplet state of the nanoconjugates and the ground state molecular oxygen. The

nanoparticle type, size and heteroatom doping was also shown to influence the
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photochemical and photophysical behaviour of Pcs studied. Combination of graphitic nature,
functional groups, degree of surface oxidation and DNDs nanomaterials doping afforded high
loading of Pcs due to increased activation site. Hence physicochemical characteristics of
nanoconjugated systems: DNDs-Pc nanoconjugated systems afforded high singlet oxygen
guantum yields than GQDs-Pc and CDs-Pc nanohybrids. However, heteroatom doped DNDs-
Pc nanohybrids showed even better singlet oxygen quantum yields due to molecular
instability (chemical reactivity) associated with strain that is relatively reduced upon linking

Pcs to DNDs.

Furthermore, in vitro dark cytotoxicity and photodynamic therapy of complexes 3, 7, 8, 9, 10,
11, GQDs-3, CDs-3, DNDs-3 and heteroatom doped DNDs-10, and B@DNDs-9, 10 and 11
against MCF-7 cells were tested. Not all Pc complexes alone and respective nanoconjugated
system showed minimum dark toxicity. All Pc complexes displayed poor phototoxicity with >
22% cell viability at concentrations < 50 ug/mL, however the conjugates showed < 22% cell
viability at concentrations < 50 pg/mL probably due to aromatic rings in the NPs. Although a
decrease in singlet oxygen yield of the Pc was observed in the presence of some heteroatom
doped DNDs-Pc conjugates, there was improvement in PDT activity. Thus, the mechanism
may not only involve singlet oxygen. The Pc can serve as antenna that harvest energy from
the photons during irradiation and transfer this energy to nano-diamonds resulting in some
photothermal effect. Higher PDT activities in Band P@DNDs-10 is due to molecular instability
(chemical reactivity) associated with strain that is relatively reduced upon linking Pcs to DNDs

with relatively small HOMO-LUMO energy gaps in respective DNDs.

Nonlinear optical characteristics on central metal and substituent of complexes and DNDs
alone relative to respective nanoconjugated systems depend on absorbance, input energy,
percentage loading, central metal, substituent of Pc and nature of interaction (covalent,
noncovalent) in nanohybrids. All materials followed reverse saturable absorption through two
photon absorption mechanism at the excitation wavelength of 532 nm. DNDs-SiPc at high

concentrations/absorbances aggregate, resulting in reduced excited state lifetime and Beg.
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However, at low concentration, a direct relationship between absorbance and Bess of DNDs

nanoconjugated systems result in increased optical limiting characteristics of materials.

The electron donating nature of Pc and DNDs has a great influence on the electron

distribution of broadband optical limiting materials.

Further studies inimproving selectivity of doped DNDs-Pc hybrids for application in PDT needs
to follow in order to overcome the current challenge associated with selectivity of

phthalocyanines.
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Figure 1A: UV-Vis spectra of DNDs, 4a, DNDs-4a, 4b, DNDs-4b, 4c, and DNDs-4c in DMSO.
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Figure 2A: Absorbance spectra of conjugates and complex 3 in 1% DMSO in water.
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Figure 3A: UV-Vis for conjugates dissolved in 1% DMSO in water
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Figure 4A: Open aperture Z-scan signatures of DNDs alone in DMSO at various energies (20,
30, 60 and 80 wJ in brackets) and absorbances (a) 0.1 (b) 0.2 (c) 0.3 (d) 0.4 and respective

fitting in red
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(a) DNDs-5 A=0.1

(b) DNDs-5 A=0.2

(c) DNDs-5 A=0.3

(d) DNDs-5 A=0.4

Figure 5A: Open aperture Z-scan signatures of DNDs-5 in DMSO at various energies (20, 30,
60 and 80 wJ, in brackets) and absorbances (a) 0.1 (b) 0.2 (c) 0.3 (d) 0.4 and respective fitting

inred
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(a) DNDs-6 A=0.1

(b) DNDs-6 A=0.2

(c) DNDs-6 A=0.3

(d) DNDs-6 A=0.4

Figure 6A Open aperture Z-scan signatures of DNDs-6 in DMSO at various energies (20, 30,
60 and 80 wJ, in brackets) and absorbances (a) 0.1 (b) 0.2 (c) 0.3 (d) 0.4 and respective fitting

inred
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(a) DNDs-4c A=0.1

(b) DNDs-4c A=0.2

(c) DNDs-4c A=0.3

(d) DNDs-4c A=0.4

Figure 7A: Open aperture Z-scan signatures of DNDs-4c in DMSO at various energies (20, 30,
60 and 80 wJ, in brackets) and absorbances (a) 0.1 (b) 0.2 (c) 0.3 (d) 0.4 and respective fitting

inred
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(a) 4c A=0.1

(b) 4c A=0.2

(c) 4c A=03

(d)dc A=0.4

Figure 8A: Open aperture Z-scan signatures of 4c alone in DMSO at various energies (20, 30,
60 and 80 wJ, in brackets) and absorbances (a) 0.1 (b) 0.2 (c) 0.3 (d) 0.4 and respective fitting

inred
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(a) 8 A=0.1

(b)6 A=0.2

(c)6 A=03

(d)6 A=04

Figure 9A: Open aperture Z-scan signatures of 6 alone in DMSO at various energies (20, 30,
60 and 80 wJ, in brackets) and absorbances (a) 0.1 (b) 0.2 (c) 0.3 (d) 0.4 and respective fitting

inred
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(al5 A=0.1

(bY5 A=0.2

()5 A=03

()5 A=04

Figure 10A: Open aperture Z-scan signatures of 5 alone in DMSO at various energies (20, 30,
60 and 80 wJ, in brackets) and absorbances (a) 0.1 (b) 0.2 (c) 0.3 (d) 0.4 and respective fitting

inred
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(b) DNDs-6
(e) 4c

(c) DNDs-4c

Figure 11A: Plots showing Besf dependence on absorbance for (a) DNDs-5, (b) DNDs-6, (c)
DNDs-4c, (d) DNDs, and (e) 4c at various energies. Each data point for each sample

represents an independent Z-scan measurement.
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Figure 12A: Linear absorption plots of DNDs and respective conjugates (a) DNDs-5 (b) DNDs-

6 (c) DNDs-4c(d) DNDs at absorbance of 1 and 80 pJ.
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Table Al: Drug toxicity in the dark to eradicate MCF7 breast cancer cell lines .

PDT drug 5 10 20 40 50
Complexes
3 99.92 99.85 98.86 97.71 99.27
7 84.51 82.48 67.77 60.20 55.64
8 80.972 68.97 55.22 47.46 30.74
9 58.18 48.36 47.79 37.34 21.56
10 98.95 98.49 99.99 99.99 99.99
11 98.85 99.99 99.99 99.99 99.99
12 98.74 99.48 99.69 99.56 99.44
Carbon NPs
DNDs 99.99 99.99 99.91 99.99 98.23
P@DNDs 99.99 99.99 97.62 97.86 99.99
B@DNDs 99.99 97.51 97.48 99.99 99.99
N@DNDs 95.91 99.99 96.18 99.99 99.99
S&N@DNDs 98.95 98.49 99.99 99.99 99.99
GQDs 99.75 99.97 99.96 99.97 99.98
CDs 99.99 99.99 99.99 99.99 99.99

Carbon nanoconjugates (CNPs-Pc)

GQDs-3 99.99 99.99 99.99 98.77 99.99
CDs-3 99.99 99.99 99.99 99.99 99.99
DNDs-3 98.89 99.87 99.97 97.86 99.99
DNDs-12 99.99 99.99 99.99 97.12 99.99
3-DNDs-12 99.30 99.99 99.99 98.78 98.65
B@DNDs-9 99.99 99.99 99.99 99.99 99.99
B@DNDs- 10 99.99 97.51 97.48 99.99 99.99
B@DNDs- 11 99.99 99.99 99.99 99.99 99.99
P@DNDs- 10 99.99 99.99 97.62 97.86 99.99
N@DNDs- 10 95.91 99.99 96.18 99.99 99.99
S&N@DNDs-10 98.95 98.49 100 99.99 99.99
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