
i | P a g e 
 

A porphyrin and some  phthalocyanines conjugated  to graphitic 

carbon nitride and manganase ferrites nanoparticles and supported 

on electrospun nanofibers for photosono -degr adation of organic 

pollutants  

ƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄ 

 

ƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄ 

Thesis submitted  in fulfilment of the require ment for the degree of  

Doctor of Philosophy  

In 

CHEMISTRY 

Of 

Rhodes University  

By  

Siphumelele Thandokwazi Mkhondwane  

Supervisor  

Dist inguished  Professor Tebello Nyokong  

March  2025 



ii | P a g e 
 

Dedications  

This work is dedicated to my village that raised me, my firiends Philani and Zolile Machi 

and exclusively to my parents Khaladi and Thulani Mkhondwane.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii | P a g e 
 

Acknowledgements  

The Proverb ñIt takes a villageò cannot even begin to describe the collaborative effort 

it took to ensure the success of this study. First and foremost, I would like to express 

my deepest gratitude to my supervisor Distinguished Tebello Nyokong. The words 

cannot express how grateful I am for giving me an opportunity to work under your 

supervision. Thank you for being a great supervisor; for support, patience, suggestions 

throughout the study and great desire you have for the success of your students.  

I would like to further extend my gratitude to Dr Britton, Prof. Mack, Mr Chindeka, Gail 

Cobus and Prof. F. Opoku. for their valuable support. I woul also like to thank Drs 

Refilwe Matshitse, Sithi Mgidlana, Yolande Openda, Lindokuhle Nene, Sixolile 

Centane, Aviwe Magadla and Mr Mbulelo Jokazi for their valuable assistance and 

support. I will also like to apprecieate all the members of the Tebello Nyokong-Institude 

of Nanotechnology Innovation (TN-INI) for a conjusive ambience research.  

 

I would also like to duly acknowledge the full support I have received from Rhodes 

university research office particularly from Nwabisa Mkosana. Special thanks also go 

to National Research Foundation (NRF) and DSI-MINTEK for financial support. 

I would like to also express my deepest gratitude to my friends Philani Machi and Zolile 

Machi for their moral support. Exclusively, I would like to thank my parents (Thulani 

Mkhondwane and Khaladi Sigwebela) for their unprecedented support and constant 

love. Without them it woul not be possible for me to be where I am.  

 

 



iv | P a g e 
 

Contents  

Dedications ........................................................................................................................... ii  

Acknowledgements .............................................................................................................. iii  

Abstract............................................................................................................................... xii  

List of Symbols................................................................................................................... xiv  

List of Abbreviations ............................................................................................................ xv  

Preamble .......................................................................................................................... xvii  

Chapter one .......................................................................................................................... 1 

1.1. Introduction ................................................................................................................. 2 

1.1.1 Background: Porphyrins and Phthalocyanines ...................................................... 4 

1.1.2. Synthesis of phthalocyanines and porphyrins ....................................................... 5 

1.1.2.1. Synthesis of phthalocyanines ............................................................................ 5 

1.1.2.2. Synthesis of porphyrins ..................................................................................... 8 

1.1.3. The electronic absorption properties of Pcs and porphyrins ............................... 10 

1.1.4. Photophysical properties of Pcs and porphyrins ................................................. 12 

1.1.5. Factors affecting photophysical properties of Pcs and porphyrins ...................... 14 

1.1.6. Pcs and porphyrin used in this work ................................................................... 15 

1.1.7. Novelty of this work ............................................................................................ 23 

1.2. Nanoparticles ........................................................................................................... 24 

1.2.1. Ferrite nanoparticles .......................................................................................... 24 

         1.2.1.1. Properties of spinel ferrite nanoparticleséééééééé.éééé..éééé24 

1.2.1.1. Synthesis of spinel ferrite nanoparticles .......................................................... 25 

1.2.1.2. Spinel ferrites nanoparticles in photocatalytic processes ................................. 26 

1.2.2. Graphitic carbon nitride (g-C3N4) ........................................................................ 27 

1.2.2.1. Electronic structure of g-C3N4 .......................................................................... 28 



v | P a g e 
 

1.2.2.2. Application of g-C3N4 in photosono-catalytic processes ................................... 29 

1.3. Electrospun fibers ..................................................................................................... 30 

1.3.1. The principle of electrospinning .......................................................................... 30 

1.3.2. Methods of enhancing efficiency of electrospun nanofibers ................................ 31 

   1.3.2.1. Doping .......................................................................................................... 32 

   1.3.2.2. Sensitization of the fibers ............................................................................. 32 

   1.3.2.3. Hybridization of the semiconductor in fibers with other semiconductors ....... 32 

   1.3.3. Applications of semiconductor containing electrospun nanofibers in photo-, 

sono-, photosono-catalytic degradation of organic pollutants ....................................... 33 

1.4. The trends followed in this work ................................................................................ 35 

1.4.1. Pcs and porphyrin .............................................................................................. 35 

1.4.2. Nanoparticles and nanofibers ............................................................................. 36 

1.5. Aims of the study ...................................................................................................... 37 

Chapter two  ....................................................................................................................... 39 

2.1. Chemical reagents .................................................................................................... 40 

2.1.1. Solvents ............................................................................................................. 40 

2.1.2. Reagents for synthesis of the phthalocyanines, nanoparticles, nanofibers and 

conjugates ................................................................................................................... 40 

2.1.3. Reagents for photophysical studies and other characterization techniques ........ 40 

2.1.4. Reagents for photocatalytic applications ............................................................ 41 

2.2. Equipment ................................................................................................................ 41 

2.3. Syntheses ................................................................................................................. 46 

2.3.1. Syntheses of the phthalocyanines (Pcs) complexes ........................................... 46 

2.3.2 Synthesis of the nanoparticles ............................................................................. 49 



vi | P a g e 
 

2.3.3. Synthesis of the electrospun nanofibers ............................................................. 50 

2.4. Conjugation of the Pcs and porphyrin with nanoparticles .......................................... 51 

2.4.1. Conjugation of 3, 4, 5 and 6 with g-C3N4 nanosheets, Scheme 3.6. ................... 51 

2.4.2. Conjugation of 3, 4 and 7 with g-C3N4 quantum dots, Scheme 3.7. .................... 51 

2.4.3. Conjugation of complex 5 with MnFe2O4 nanoparticles, Scheme 3.8. ................. 52 

2.5. Functionalization of the nanofibers with Pcs, porphyrin, nanoparticles and conjugates

 ........................................................................................................................................ 52 

2.5.1. Functionalization of the nanofibers with Pcs and porphyrin by adsorption, Scheme 

4.1................................................................................................................................ 52 

2.5.3. Functionalization of the nanofibers with nanoparticles ........................................ 54 

2.5.4. Functionalization of the nanofibers with conjugates ............................................ 54 

2.6. Photophysical properties of the Pcs and conjugates ................................................. 55 

2.6.1. Fluorescence quantum yield (ūF) and fluorescence Lifetime (Űf) ........................ 55 

2.6.2. Triplet quantum yield (FT) and triplet state lifetimes (ŰT) ..................................... 55 

2.6.3. Singlet oxygen quantum yield (ūæ) ..................................................................... 56 

2.7. Photosono-catalytic degradation studies................................................................... 58 

Chapter three ..................................................................................................................... 60 

3.1. Syntheses of porphyrin and phthalocyanines ............................................................ 63 

3.1.1. Phthalocyanines (Pcs)........................................................................................ 63 

3.1.2. Porphyrin (7) ...................................................................................................... 65 

3.2. Syntheses of the nanoparticles ................................................................................. 66 

3.2.1. Syntheses of g-C3N4, Scheme 3.5. ..................................................................... 66 

3.2.2. Syntheses of MnFe2O4 nanoparticles. ................................................................ 66 



vii | P a g e 
 

3.3. Syntheses of the conjugates ..................................................................................... 67 

3.3.1. Conjugation of 3, 4, 5 and 6 with g-C3N4 nanosheets, Scheme 3.6. ................... 67 

3.3.2. Conjugation of 3, 4, and 7 with g-C3N4 quantum dots ......................................... 68 

3.3.3. Conjugation of 5 with MnFe2O4 nanoparticles .................................................... 68 

3.4. Optical properties ..................................................................................................... 70 

3.4.1. Porphyrin and Pcs alone .................................................................................... 70 

3.4.2. g-C3N4 nanosheets and their conjugates ............................................................ 73 

3.4.3. g-C3N4 QDs and their respective conjugates ...................................................... 74 

3.4.4. MnFe2O4 NPs and 5@MnFe2O4 NPs conjugates ............................................... 76 

3.5. Fourier transform infrared spectroscopy (FT-IR) ................................................... 78 

3.6. Raman spectroscopy analysis ............................................................................... 80 

3.6.1. g-C3N4 NS and their conjugates ......................................................................... 81 

3.6.2. g-C3N4 QDs and their conjugates ....................................................................... 82 

3.7. X-ray photoelectron spectroscopy (XPS) analysis .................................................... 84 

3.7.1. XPS of g-C3N4 NS and respective conjugates .................................................... 84 

3.7.2. MnFe2O4 and the respective conjugate ............................................................... 86 

3.8. X-ray diffraction (XRD) .............................................................................................. 88 

3.8.1. g-C3N4 NS and respective conjugates ................................................................ 88 

3.8.2. g-C3N4 QDs and conjugates ............................................................................... 88 

3.8.3. MnFe2O4 nanoparticles and respective conjugates ............................................ 89 

3.9. Transmission electron microscopy (TEM) analysis ................................................... 90 

3.9.1. g-C3N4 NS and 6@g-C3N4 NS ............................................................................ 90 

3.9.2. MnFe2O4 NPs and 5@MnFe2O4 conjugate ......................................................... 91 



viii | P a g e 
 

3.10. Dynamic light scattering (DLS) analysis .................................................................. 92 

3.10.1. DLS analysis of g-C3N4 QDs and 7@g-C3N4 QDs ............................................ 92 

3.10.2. DLS analysis of MnFe2O4 NPs and 5@MnFe2O4 conjugate ............................. 93 

3.11. Summary of the chapter ......................................................................................... 94 

Chapter four  ...................................................................................................................... 95 

4.1. Functionalization of the electrospun nanofibers ........................................................ 96 

4.2. Characterization of the electrospun nanofibers ......................................................... 98 

4.2.1. Optical properties ............................................................................................... 99 

4.2.2. X-Ray photoelectron spectroscopy (XPS) ........................................................ 109 

4.2.3. X-ray diffraction (XRD) ..................................................................................... 111 

4.2.4. Scanning electron microscopy (SEM) ............................................................... 118 

4.2.5. Breanuer-Emmett and Teller (BET) surface analysis ........................................ 123 

4.2.6. Thermal gravimetric analysis (TGA) ................................................................. 126 

4.4. Summary of the chapter ......................................................................................... 133 

Chapter five  ..................................................................................................................... 134 

5.1. FF and tF ................................................................................................................ 135 

5.1.1. Pcs alone ......................................................................................................... 135 

5.1.2. Conjugates of the Pcs ...................................................................................... 139 

5.1.3. Porphyrin and its conjugate .............................................................................. 140 

5.2. Triplet quantum yields (FT) and triplet lifetime (tT) studies ...................................... 140 

5.2.1. Pcs alone ......................................................................................................... 140 

5.2.2. Conjugates of the Pcs ...................................................................................... 141 

5.3. Singlet oxygen quantum yield studies ..................................................................... 142 



ix | P a g e 
 

5.3.1. Pcs and conjugates .......................................................................................... 142 

5.3.2. Porphyrin and its conjugate .............................................................................. 144 

5.3.3. Functionalized fibers ........................................................................................ 145 

5.4. Summary of the chapter ......................................................................................... 146 

Chapter six  ...................................................................................................................... 148 

6.1. Photo-, sono- and photosono-catalytic-degradation of Rhodamine 6G ................... 149 

6.1.1. Symmetrical complexes 1 and 2 and their functionalized TiO2 nanofibers ........ 149 

6.1.1.1. Kinetic studies ............................................................................................... 152 

6.1.1.2. Singlet oxygen and hydroxide radicals trapping experiments ........................ 156 

6.1.2. Asymmetric complexes 3-6 and their functionalized TiO2 nanofibers through 

covalent linkage ......................................................................................................... 158 

6.1.3. Complexes 3-6 and their g-C3N4 NS conjugates functionalized TiO2 nanofibers

 .................................................................................................................................. 162 

6.1.4. Complexes 3, 6 and 7 and their g-C3N4 QDs conjugates functionalized TiO2 

nanofibers .................................................................................................................. 166 

6.1.5. Complex 5 conjugate to MnFe2O4 NPs and supported to TiO2 nanofibers ........ 168 

6.1.6. Complex 6 conjugated and supported on ZnO nanofibers ................................ 171 

6.2. Degradation of 2,4-dichlorophenol .......................................................................... 173 

6.3. Catalyst stability and reusability .............................................................................. 176 

6.4. Photo-electrochemical studies ................................................................................ 177 

6.4.1. Pc complexes ................................................................................................... 177 

6.4.2. g-C3N4 NS and conjugates ............................................................................... 179 

6.5. Summary for the Chapter ....................................................................................... 180 

Chapter seven  ................................................................................................................. 181 



x | P a g e 
 

7.1. The effect of radicalôs initiators ............................................................................... 182 

7.1.1. Tert-butyl hydrogen peroxide (TBHP) and azo-bis-isobutyronitrile (AINB) ........ 182 

7.1.2. Peroxymonosulfate .......................................................................................... 184 

   7.1.2.1. Degradation efficiency ................................................................................ 184 

   7.1.2.2. Investigation of the reactive species ........................................................... 187 

   7.1.2.3. Effect of anions and dissolved organic matter ............................................ 189 

   7.1.2.4 Stability of and re-usability of the catalysts .................................................. 191 

7.2. The effect of the initial concentration ...................................................................... 192 

7.2.1. The effect of the initial Rhodamine 6G concentration in 1-TiO2 and 2-TiO2 fibers 

catalysed photo, sono- and photosono-catalytic processes ........................................ 192 

7.2.2. The effect of the initial Rhodamine 6G concentration in 6@TiO2 fibers catalysed 

photosono-catalytic processes ................................................................................... 196 

7.2.3. Reaction mechanism of Rhodamine 6G using .................................................. 198 

7.2.4. The effect of the initial Rhodamine 6G concentration in 6@g-C3N4 NS-TiO2 fibers 

catalysed photosono-catalytic processes ................................................................... 200 

7.2.5. The effect of the initial concentration of Rhodamine 6G and 2,4-DCP in 7@g-C3N4 

NS -TiO2 fibers catalysed photosono-catalytic processes ........................................... 201 

7.3. The effect of the pH of the solution ......................................................................... 202 

7.3.1. 6@TiO2 fibers catalysed photo-catalytic degradation of Rhodamine 6G ........... 202 

7.3.2. 6@g-C3N4 NS-TiO2 fibers catalysed photosono-catalytic degradation of 

Rhodamine 6G ........................................................................................................... 205 

7.4. Summary for the Chapter ....................................................................................... 206 

Chapter eight  ................................................................................................................... 207 

8.1. Conclusion and future work .................................................................................... 208 



xi | P a g e 
 

References ....................................................................................................................... 210 

APPENDIX ........................................................................................................................ 235 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii | P a g e 
 

Abstract  

This thesis reports on the synthesis, characterization and application of the zinc 

phthalocyanines (Pcs) and porphyrin in degradation of organic pollutants using photo- 

(visible light), sono- (ultrasound) and photosono-catalytic processes (combined visible 

light and ultrasound). To enhance the physicochemical properties, the Pcs and 

porphyrin were conjugated with nanoparticles (g-C3N4 nanosheets, g-C3N4 quantum 

dots and MnFe2O4 nanoparticles) through covalent linkage. To enhance catalytic 

stability and usability, the Pcs porphyrin and conjugates were supported on 

electrospun nanofibers. The electrospun nanofibers that were used as supports were 

TiO2 and ZnO nanofibers. The Pcs were supported on TiO2 nanofibers using covalent 

linkage and physical adsorption. The effect of the symmetry of the Pcs, number of the 

oxygen species and the mode of support on electrospun nanofibers were investigated 

by comparing their catalytic efficiencies in degradation of organic pollutants. The 

pollutants that were studied were Rhodamine 6G and 2,4-dichlorophenol. The catalytic 

efficiencies of the conjugate of MnFe2O4 nanoparticles were also studied. The catalytic 

efficiencies of the conjugate of g-C3N4 nanosheets, g-C3N4 quantum dots could not be 

investigated because these conjugates were soluble in water. The results showed that 

the asymmetric Pcs were more catalytically active than their symmetrical analogous. 

The Pcs with higher number of oxygen species were more catalytically active than the 

Pcs with lesser number of oxygen species. The conjugates of the MnFe2O4 

nanoparticles were more active than pristine Pcs and the conjugates of g-C3N4 

nanosheets, g-C3N4 quantum dots had improved photophyiscal properties. The 

functionalized TiO2 fibers through conjugate linkage with the Pcs were more 

catalytically active than functionalized TiO2 fibers through physical adsorption. The 

functionalized TiO2 fibers and ZnO fibers with the conjugates of Pcs and nanoparticles 



xiii | P a g e 
 

were more active than the functionalized fibers with Pcs only. The photosono-catalytic 

process was more active than photo- and sono-catalytic processes alone. The 

investigation of the reactive species revealed that photocatalytic processes is driven 

by singlet oxygen while sono- and photosono-catalytic processes are driven by singlet 

oxygen and hydroxide radicals.  
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Preamble  

This thesis reports on the synthesis and characterisation of some new and previously 

reported phthalocyanines and porphyrins and their nanomaterial conjugates that have 

been supported on electrospun nanofibers. The composites are used as catalysts in 

degradation of organic water pollutants in the presence of light (photo-catalytic 

process), ultrasound (sono-catalytic process) and both light and ultrasound 

(photosono-catalytic process).  
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ƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄ 

Chapter one  

ƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄ 
This chapter discusses the basis of the thesis. It provides background on the 

properties of phthalocyanines, porphyrin, nanomaterials and nanofibers and how their 

composites enhance degradation of organic pollutants in the presence of ultrasound 

and light. 
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1.1. Introduction  

Organic pollutants discharged into wastewater from textile and pharmaceutical 

industries have a global threat to quality of drinking water [1]. These compounds are 

highly carcinogenic and detrimental to aquatic life, hence, their complete 

mineralization to less or non-toxic low molecular compounds is mandatory [2]. 

However, organic pollutants are highly refractory against conventional degradation 

processes such as flocculation [3], sedimentation [4], coagulation [5], chlorination [6] 

and chemical oxidation [7]. Therefore, designing new, highly effective and 

environmentally friendly contemporary processes that can be utilized to degrade these 

compounds is necessary. Advanced oxidation processes (AOPs) are a promising 

solution due to their high efficiency. AOPs encompass in-situ generation of the highly 

reactive oxygen species (ROS) such singlet oxygen (1O2), hydroxide radicals (ǒOH), 

superoxide (O2
ǒ-) and sulphate radicals (SO4

2ǒ-). The reactive oxidation species 

subsequently degrade organic pollutants to less toxic compounds [8]. 

Some of the well-established AOPs include ozonation [9], Fenton [10], sono-catalysis 

[11] and photo-catalysis [12]. These processes have also been combined in most 

studies in quest to enhance efficiency. In this thesis, photo-catalysis process is first 

used to degrade Rhodamine 6G and dichlorophenol. Subsequently, photocatalysis 

process is combined with sono-catalysis for photosono-catalytic process. The 

photosono-catalytic process was used for degradation of Rhodamine 6G. Rhodamine 

6G and dichlorophenol (DCP) are water soluble, organic water pollutants. Rhodamines 

6G is commonly used in plastic, textile and cosmetic industries [13], whereas DCP is 

used as herbicide, preservative, disinfectant and synthesis of pharmaceuticals [14].  

For comparison purposes Rhodamine 6G was separately degraded using photo- and 

sono-catalytic processes.  
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The photo-catalytic process involves the excitation of the semiconductor catalyst from 

ground state to first excited state, a phenomenon that results in migration of the 

electrons from the valence band (VB) to the conduction band (CB) leaving the holes 

in the VB (generating electron-hole pairs). Some of the electrons in the CB recombine 

with the holes in the VB through fluorescence while others interact with oxygen and 

other substrates to generate reactive oxygen species (ROS) [15]. 

In general, sono-catalytic process involves the formation and collapse of the H2O 

bubbles in the presence ultrasound. The process is known as pyrolysis. After 

collapsing, the bubbles generate high temperature and pressure conditions which 

produces ǒOH species from water pyrolysis and sonoluminescence in the form of hot 

light [16]. The photosono-catalytic process is the combination of these two processes. 

However, it is worth noting that the excitation of the catalyst from ground state to the 

first excited state transpires as a consequence of both visible light illumination and 

ultrasound. Depending on the catalysts utilized photo-, sono- and photosono-catalytic 

process often suffer from rapid recombination of electron-hole pairs, which 

compromises the efficiency [17]. 

In this study, for the first time, some nanoparticles were conjugated with 

phthalocyanines and porphyrins and used to functionalize electrospun nanofibers. The 

hybrids were subsequently used as photosono-catalysts for degradation of 

Rhodamine 6G. The nanoparticles that were used were graphitic carbon nitride 

nanosheets (g-C3N4 NS), graphitic carbon nitride quantum dots (g-C3N4 QDs) and 

spinel manganese ferrite (MnFe2O4). The electrospun fibers that were used were 

titanium dioxide (TiO2) and zinc (ZnO) fibers.  
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1.1.1 Background : Porphyrins and Phthalocyanines  

Porphyrins are naturally occurring compounds with tetrapyrrolic aromatic macrocycles 

composed of 18 ̄  conjugated electronic system linked by methylene bridges [18]. The 

structure of the porphyrin has two main positions where functionalization can be 

performed. These positions are ɓ and meso positions (Fig. 1.1 ) [19]. The free base 

porphyrin can accommodate various metal cations [20].  

 

Fig.1.1. Typical structures of phthalocyanine and porphyrin 

Phthalocyanines (Pcs) are a class of synthetic porphyrin derivative compounds 

composed of two-dimensional tetrapyrrolic macrocycles. Pcs were first discovered by 

chance in 1928 by Dandridge and co-workers [21]. The following year, fascinated by 

these compounds, Linstead and co-workers at Imperial College developed the 

synthetic route and studied their structure [22]. Like porphyrins, Pcs are composed 18 

-́electrons system structure which is responsible for their excellent light absorption 

efficiency.  There are two main points of substitutions in phthalocyanines, which are ɓ 

and a positions shown in Fig .1.1.  

Structurally, the differences between Pcs and porphyrins are four nitrogen atoms and 

four extended benzo subunits of phthalocyanines. Porphyrins and phthalocyanines 

are non-toxic, have high stability, are easy to modify to fine tune their physical and 
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chemical properties and can generate reactive oxygen species (such as singlet 

oxygen and radical species) under irradiation [23,24]. These properties make these 

complexes ideal photosensitizers for various applications such as nonlinear optics 

[25,26], photodynamic therapy [27,28], as pigments in paint industry [29,30], solar cells 

[31,32], electrocatalysis [33,34] and photocatalysis [35,36].  

1.1.2. Synthesis of phthalocyanines and porphyrins  

1.1.2.1. Synthesis of phthalocyanines  

Generally, Pcs are synthesized by condensation method in the presence of 

precursors. Compared to direct substitution of the substituents to the macrocycle, 

condensation method is more environmentally friendly and easier to control. The most 

commonly utilized precursors are diiminoisoindoles, phthalic acid, phthalic anhydride, 

1,2-dibromobenzene, phthalonitriles and etc (Scheme 1.1 ) [37].  

Phthalonitriles are the most commonly utilized precursors at laboratory scale, in which 

they are refluxed at alleviated temperatures in high boiling solvents such as pentanol, 

N,N-dimethylaminoethanol (DMAE) or quinoline in the presence or absence of a metal 

salt. In the presence of the metal salt, the metalated Pc (MPc) is obtained. In the 

absence of the metal salt, H2Pc is obtained. H2Pc can be metalated by subsequent 

boiling in the presence of the metal salt [38,39]. At industrial scale, due to their low 

cost, the phthalic anhydrides are the most commonly utilized precursors. Pcs can be 

symmetrical or asymmetrical depending on the number of the substituents [40].  
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Scheme 1.1.  The synthesis of tetrasubstituted Pcs from various precursors 

Symmetrical phthalocyanines  are synthesized from a single phthalonitrile by means 

of cyclotetramerization in the presence of a suitable solvent and a base such as 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU). When they are prepared in the absence of the 

metal salt H2Pc is obtained, however in the presence of the metal salt metalated Pc 

(MPc) is obtained [38,40]. 

Asymmetrical phthalocyanines or A3B phthalocyanines can be synthesized by various 

methods such as statistical mixed condensation [41,42], ring expansion [43] and 

polymeric-support synthetic routes [44]. Among these methods, statistical 

condensation, owing to its simplicity and high yield of the A3B and B3A 
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phthalocyanines, is most utilized method for the synthesis of asymmetrical 

phthalocyanines. However, other compounds are also obtained (Scheme. 1.2 ) and 

extensive column chromatography is performed to separate A3B phthalocyanines. The 

statistical mixed condensation method involves cyclization of two phthalonitrile (A and 

B) with different substituents in the presence of an appropriate solvent [45,46].  

 

Scheme 1. 2. The synthesis of monosubstituted Pcs. 



8 | P a g e 
 

1.1.2.2. Synthesis of porphyrins  

Symmetrically and asymmetrically substituted porphyrins can be synthesized using 

various methods such as Rothemund and Menotti, Adler Longo and co-workers, 

Lindsey and co-workers, microwave-assisted methods and other methods using 

pyrrole and the desired benzaldehyde as precursors. Similar to phthalocyanines, the 

porphyrin core can be metalated or unmetalated. The unmetalated porphyrin is called 

free base porphyrin.  

Rothemund and Menotti method involves the utilization of harsh conditions. In this 

method, the benzaldehyde and pyrrole are condensed in pyridine at 220 oC in an 

isolated system for 24 h. However, this method suffers from low yield (~10%) [47].   

Lindsey and co-workersô method involves reacting an equal ratio of benzaldehyde and 

pyrrole in the presence of the catalyst such as trifluoroacetic acid (TFA) or boron 

trifluorideetherate (BF3.OEt2) under inert environment in dichloromethane (DCM) as 

solvent for 1 h. The 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) is then used to 

convert intermediates to porphyrin. The advantages of this method is that it can be 

utilized in the synthesis of the porphyrins involving acid-sensitive functional groups 

[48]. 

Microwave assisted (MW) method involves reacting pyrrole, benzaldehyde and DCM 

in 10% iodide in microwave irradiation. Subsequently, p-chloranaline is added. The 

advantages of microwave assisted method it can afford about 47% yield [49]. The 

synthesis time is also short [50,51].  

Adler Longo method is on the most prominent methods for the synthesis of porphyrins 

due to the fact that it utilizes mild conditions [52]. This method encompasses refluxing 
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pyrrole in propionic acid which is followed by the addition of benzaldehyde (Scheme 

1.3). Adler and Longo method can afford up to 20% yield. However, this method also 

has its shortcomings such as the formation of high quantity of tar, which requires 

extensive purification. In addition, due to the acidic conditions that are utilized in this 

method, acid sensitive functional groups such as thiol, amino and hydroxyl groups 

often do not form the desired products [53]. However, this method was used for the 

synthesis of the porphyrin utilized in this study due to improved yield compared to 

Rothemund and Menotti method.  

 

Scheme 1.3. Alder-Longo method for synthesis of porphyrins.   

The differences in synthesis of the symmetrically and asymmetrically substituted 

porphyrins is that with the later, two different aldehydes and pyrrole are utilized. The 

molar ratio of the benzaldehyde depends on the reactivity of the utilized benzaldehyde, 

however 1:3 ratio is often utilized. With this ratio, the formation of the symmetrical 

porphyrins (A4 and B4) is minimized. During the synthesis of A3B and B3A porphyrins, 

six possible porphyrins analogous are formed (Scheme 1.4 ), suggesting that 

extensive column chromatography is required for obtaining pure A3B porphyrin. 
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Scheme 1.4. Schematic illustration of possible asymmetric porphyrins and their 

symmetrical analogues resulting from the reaction mixture during synthesis of 

asymmetrical porphyrin.    

1.1.3. The electronic absorption properties of Pcs and porphyrins  

Pcs generally display an intense blue or green colour which is attributed to the 18 -́

electrons system of the Pc core. The typical spectrum of the Pc is shown in Figure 

1.2A. The ground state absorption spectra of the metalated Pc has a weak Soret band 
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(B-band) and an intense, lowest energy band (Q-band). The Q-band is due -́  ́

transition from the highest occupied molecular orbital (HOMO) orbital to the lowest 

unoccupied molecular orbital (LUMO). The B-band is associated with the overlap of 

the B1 and B2 bands emanating from transition of a2u and b2u of the HOMO to the eg of 

the LUMO (Fig. 1.3 ). Two transitions are the main course of the apparent broad B-

band [54,55].  

The absorption profile of the porphyrin displays (Figure 1.2b ) one intense absorption 

around 400 nm (Soret band) and four or two weaker absorption bands between 450 

nm to 700 nm range (Q-bands), depending on the presence or absence of the central 

metal. The free base porphyrin (unmetalated porphyrin) has four Q-bands, while the 

metalated porphyrin has two Q-bands. The four Q-bands in the free base porphyrin 

emanates from split of the symmetry by the N-H proton, which collapse upon the 

introduction of the central metal [56]. In addition, introduction of the central metal to 

the porphyrin core usually results in a shift in the absorption bands to shorter or longer 

wavelengths. The observed absorption bands in the porphyrin emanates from a1u and 

a2u orbitals to eg orbitals [57], Fig. 1.3 .  
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Fig.1.2. Example of the ground state UV-Vis absorption spectrum of porphyrins and 

phthalocyanines. 

 

Fig. 1.3. Displays the electronic energy levels of the set of eg orbitals showing the 

origin of Q and B bands in Pcs and porphyrins. 

1.1.4. Photophysical properties of Pcs and porphyrins  

The photophysical properties of the Pcs and porphyrins can be used to predict their 

catalytic efficacy under light illumination. The processes of the Pcs and porphyrins 

under light illumination can be elucidated using Jabloski diagram (Figure 1. 4). 

Typically, in the presence of light, Pcs and porphyrins in their ground state (So) 
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becomes excited to first excited singlet state (S1), generating the electron-hole pairs. 

Subsequently, the molecule can either undergo fluorescence, a phenomenon in which 

it returns to its ground state following recombination of the electron-hole pairs or 

undergo intersystem crossing (ISC) to forbidden triplet state (T1). In the triplet state, 

the molecule can transfer electrons to molecular oxygen (O2) and biological molecules 

to generate free radicals (Type 1 mechanism) or can transfer energy to molecular 

oxygen to generate singlet oxygen (1O2), Type 2 mechanism. The generated 1O2 or 

radicals then initiate oxidation pathways. The 1O2 quantum yield is influenced by 

numerous parameters such as fluorescence quantum yield (FF) and lifetimes (tf) and 

triplet quantum yield (FT) and lifetimes (tT) [58,59].  

The FF is the ratio of the photons absorbed to photons emitted through fluorescence.  

The tf measure the average time an excited molecule stays in the excited state before 

undergoing fluorescence [60,61].  

The triplet quantum yield (FT) measures the fraction of the species that undergoes 

intersystem crossing (ISC) to forbidden triplet state (T1) [62]. The triplet lifetimes (tT) 

denote the time it takes for the excited triplet state to be depopulated by the generation 

of the reactive oxygen species (ROS) including singlet oxygen (1O2). Triplet lifetimes 

is measured in microseconds (ɛs) [63].  
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Fig.1.4. Jabloski diagram illustrating processes involved follows light illumination of 

the photosensitizer.  

1.1.5. Factors affecting photophysical properties of Pcs and porphyrins  

Porphyrins and Pcs have a tendency of aggregating. Aggregation is one of the factors 

that affects photophysical parameters of the porphyrins and Pcs. The effect of 

aggregation is often negative, for example, it can reduce singlet oxygen quantum yield 

of the Pcs and porphyrins [64]. The presence of the central metal such as zinc(II), 

gallium(III) and indium(III) affect the photophysical properties of the porphyrins and 

Pcs. The presence of the central metal containing axial ligand such as gallium(III) and 

indium(III) reduces aggregation [65]. The addition of the bulky substituents on the 

macrocycle can also affect the photophysical properties. Different substituents may 

have different effect on the photophysical properties of the porphyrins and Pcs. 

Therefore, the choice of the substituent also depends on the intended application [66].  

The symmetry plays a significant role in photocatalytic activity of the porphyrins and 

Pcs. Low symmetry porphyrins and Pcs display enhanced ISC and subsequently high 

1O2 production [67]. Conjugation of the Pc with nanoparticles or physically adsorbing 

the porphyrins and Pcs to a highly stable, high surface area material such as 

electrospun fibers improves photophysical properties of the porphyrins and Pcs [68]. 
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All these strategies were adopted in thesis. There are two prominent ways in which 

conjugation to nanoparticles can be achieved. These are; covalent bonding and -́  ́

stacking [69]. Conjugation enhances stability of the porphyrins and Pcs.   

1.1.6. Pcs and porphyrin used in this work  

This work reports on the synthesis and application of novel metalated symmetrical and 

asymmetrical substituted phthalocyanines and porphyrin for degradation of the 

organic pollutants. The Zn was used as central metal because it is a diamagnetic-

metals. Diamagnetic metals generally improve intersystem crossing (ISC) to forbidden 

triplet state (T1). ISC is crucial for the generation of ROS which plays a massive role 

in the degradation of organic pollutants. The phthalocyanines and porphyrin 

complexes used in this work were conjugated with nanomaterials and supported on 

electrospun nanofibers as elucidated in Table 1.1 .  
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Table 1.1. Phthalocyanines/porphyrins, nanoparticles and nanofibers hybrids used in 

the current work and their applications.  

Tetra-substituted phthalocyanine  

Photosensitiser  Photosensitiser -

NPs 

(Type of bonding)  

Photosensitiser 

or conjugates 

supported on 

nanofibers  

(Type of bonding)  

Studies  

 

 

Zinc(II) tetrakis-(3,5-

dimethoxyphenoxy) 

phthalocyanine 

[not new] [ 70] 

 

 

 

No nanoparticles 

 

 

Physically 

adsorbed to TiO2 

nanofibers (1-TiO2 

fibers) 

 

Physicochemical 

 

 

Degradation of 

Rhodamine 6G 

 

Zinc(II) tetrakis-(3,5-

trimethoxyphenoxy) 

phthalocyanine 

[Not new]  [71] 

 

 

 

No nanoparticles 

 

 

Physically 

adsorbed to TiO2 

nanofibers (2-TiO2 

fibers) 

 

Physicochemical 

 

 

Degradation of 

Rhodamine 6G 
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Zinc(II)-4-(carboxylic acid 

phenoxy)-tris-(1,4-

methoxyphenoxy) 

phthalocyanine 

[New]  

 

 

Conjugation with g-

C3N4 NS via 

covalent bonding 

(3@ g-C3N4 NS) 

 

Conjugation with g-

C3N4 QDs via 

covalent bonding 

(3@g-C3N4 QDs) 

Physically 

adsorbed to TiO2 

nanofibers (3-TiO2 

fibers) 

 

 

Physicochemical 

 

Degradation of 

dichlorophenol 

 

Degradation of 

Rhodamine 6G 

conjugated to TiO2 

nanofibers through 

via covalent bond 

(3@TiO2 fibers) 

3@g-C3N4 NS 

physically 

adsorbed to TiO2 

nanofibers (3@g-

C3N4 NS-TiO2 

fibers) 

3@g-C3N4 QDs 

physically 

adsorbed to TiO2 

nanofibers (3@g-

C3N4 QDs-TiO2 

fibers) 

 

 

 

Conjugation with g-

C3N4 NS via 

covalent bonding 

(4@g-C3N4 NS) 

 

Physically 

adsorbed to TiO2 

nanofibers (4-TiO2 

fibers) 

 

Physicochemical 

 

 

 

conjugated to TiO2 

nanofibers through 

via covalent bond 

(4@TiO2 fibers) 
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Zinc(II)-4-picolinic acid phenoxy)-

tris-(1,4-methoxyphenoxy) 

phthalocyanine 

[New]  

Conjugation with g-

C3N4 QDs via 

covalent bonding 

(4@g-C3N4 QDs) 

4@g-C3N4 NS 

physically 

adsorbed to TiO2 

nanofibers (4@g-

C3N4 NS -TiO2 

fibers) 

Degradation of 

dichlorophenol 

 

 

 

 

Degradation of 

Rhodamine 6G 

4@g-C3N4 QDs 

physically 

adsorbed to TiO2 

nanofibers (4@g-

C3N4 QDs -TiO2 

fibers) 

 

 

Zinc(II)-4-carboxylic acid 

phenoxy)-tris-(1,3,5-

dimethoxyphenoxy) 

phthalocyanine 

[Not new]  [70] 

 

 

Conjugation with 

MnFe2O4 NPs via 

covalent bonding 

(5@ MnFe2O4) 

 

 

 

 

 

Conjugation with g-

C3N4 NS via 

covalent bonding 

(5@g-C3N4 NS) 

Physically 

adsorbed to TiO2 

nanofibers (5-TiO2 

fibers) 

 

 

Physicochemical 

 

 

 

Degradation of 

Rhodamine 6G 

conjugated to TiO2 

nanofibers through 

via covalent bond 

(5@TiO2 fibers) 

5@g-C3N4 NS 

physically 

adsorbed to TiO2 

nanofibers (5@g-

C3N4 NS-TiO2 

fibers) 
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5@MnFe2O4 

physically adsorbed 

to TiO2 nanofibers 

(5@ MnFe2O4-TiO2 

fibers) 

 

 

 

Zinc(II)-4-picolinic acid phenoxy)-

tris-(1,3,5-dimethoxyphenoxy) 

phthalocyanine 

[New]  

 

 

 

 

 

Conjugation with g-

C3N4 NS via 

covalent bonding 

(6@g-C3N4 NS) 

 

Physically 

adsorbed to TiO2 

nanofibers (6-TiO2 

fibers) 

 

 

Physicochemical 

 

 

 

 

 

 

Degradation of 

Rhodamine 6G 

Physically 

adsorbed to ZnO 

nanofibers (6-ZnO 

fibers) 

conjugated to TiO2 

nanofibers through 

via covalent bond 

(6@TiO2 fibers) 

6@g-C3N4 NS 

physically 

adsorbed to TiO2 

nanofibers (6@g-

C3N4 NS-TiO2 

fibers) 

6@g-C3N4 NS 

physically 

adsorbed to ZnO 

nanofibers (6-g-
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C3N4 NS-ZnO 

fibers) 

 

Porphyrin  

 

Zinc-5-p-carboxyphenyl-

10,15,20-(tris-4-pyridyl)-

porphyrin 

[New]  

 

 

Conjugation with g-

C3N4 QDs via 

covalent bonding 

(7@g-C3N4 QDs) 

Physically 

adsorbed to TiO2 

nanofibers (7-TiO2 

fibers) 

Physicochemical 

 

Degradation of 

dichlorophenol 

(DCP) 

Degradation of 

Rhodamine 6G 

7@g-C3N4 QDs 

physically adsorbed 

to TiO2 nanofibers 

(7@g-C3N4 QDs-

TiO2 fibers) 

QDs = quantum dots  NS = nanosheets 

The complexes 1 [70], 2 [71] and 5 [70] have been reported before, whereas complexes 

3, 4, 6 and 7 are novel. Complexes 1, 2 and 7, were physically adsorbed onto titanium 

dioxide (TiO2) nanofibers. Complexes 3, 4, 5 and 6 were physically adsorbed onto TiO2 

nanofibers and were also covalently conjugated to TiO2 nanofibers. Complex 5 was 

covalently conjugated to manganese ferrites (MnFe2O4) and complexes 3, 4, 5 and 6 were 

conjugated to graphitic carbon nitride nanosheets (g-C3N4 NS). complexes 3 and 4 were 

also conjugated to graphitic carbon nitride quantum dots (g-C3N4 QDs). Complex 7 was 

conjugated to graphitic carbon nitride quantum dots (g-C3N4 QDs). The conjugates of the 

Pc@g-C3N4 NS, Pc@g-C3N4 QDs, Pc@MnFe2O4 and Por@g-C3N4 QDs were further 

used to functionalize TiO2 and ZnO nanofibers as illustrated in Table 1.1 . Manganese 

ferrites nanoparticles (MnFe2O4), graphitic carbon nitride nanosheets (g-C3N4), titanium 
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dioxide nanofibers (TiO2) and zinc oxide fibers (ZnO) were chosen in this study because 

of their tremendous photocatalytic properties. Various porphyrins and Pcs supported on 

electrospun fibers previously used for degradation of various organic pollutants are listed 

in Table 1.2 [72-77].  

Table 1.2. Various Pcs and porphyrins linked to nanoparticles and supported to 

electrospun nanofibers previously reported in degradation of organic pollutants.  

Phthalocyanines  

Phthalocyanine  NPs Nanofibers  Degraded 

pollutant  

Ref. 

 

 

 
 
 
 
 

None 

 
 
 
 
 
Polystyrene 
fibers 
 

 
 
 
 
 
4-chlorophenol 

 

Photocatalysis 

 

 

 

[72] 

  

 

 

 

 

 

 

 

 

Ag 

 

 

 

 

 

 

 

 

 

Polystyrene 

fibers 

 

 

 

 

 

Rhodamine 6G 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[73] 
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Photocatalysis 

 

 

 

 

 

CoFe2O4 

 

 

 

 

Polyamide-6 

 

 

 

Methyl Orange 

and Orange G 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[74] 

 

 

 

 

 

 

 

None 

 

 

 

 

 

ZnO and TiO2 

 

 

 

 

 

Methyl Orange 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[75] 
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Porphyrins  

 

 

 

 

 

None 

 

 

 

PAN polymer 

 

 

 

Chlorophenol 

Photocatalysis 

 

 

 

 

 

 

 

 

 

[76] 

 

 

 

 

 

None 

 

 

 

PAN polymer 

 

 

 

Crystal Violet 

Photocatalysis 

 

 

 

 

 

 

 

 

[77] 

PAN = Polyacrylonitrile  

1.1.7. Novelty of  this work  

As Table 1.2 shows: 

× No phthalocyanine and porphyrin complexes have ever been reported for 

photosono-catalytic degradation dichlorophenol and Rhodamine 6G before.  

× No phthalocyanine and porphyrin-TiO2 and ZnO nanofibers have ever been 

reported for photosono-catalytic degradation of organic pollutants before.  

× Complexes 1, 2 and 5 (known) have never been reported for degradation of 

Rhodamine 6G and dichlorophenol before. 

× Complexes 3, 4, 6 and 7 have never been synthesized before, hence they are 

novel.  

× The conjugate synthesized in this work are new and the combinations of the 

conjugates and the fibers (TiO2 and ZnO nanofibers) have never been synthesized 

before.   

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/polyacrylonitrile
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1.2. Nanoparticles  

Nanoparticles are a class of materials with at least one of their dimensions falling in 

the range of 1 to 100 nm. These materials have emerged as the most important class 

of materials in science. Nanomaterials can be in any shape such as nanospheres, 

nanotubes and nanosheets etc [78]. They can also be organic or inorganic [79-82]. 

The discussion on nanoparticles in this thesis will be limited to ferrites nanoparticles 

and graphitic carbon nitrides, since only these were utilized in this study.  

1.2.1. Ferrite nanoparticles  

Magnetic nanoparticles with superparamagnetic properties have attracted interest in 

the recent years due to their unique properties particularly, transition metal oxides-

based ferrites nanoparticles [83]. Ferrite nanoparticles, based on their magnetic 

properties and crystal structure, can be categorized as spinel, garnet, hexaferrites and 

orthoferrites. Spinel nanoparticles are represented as MFe2O4 (where M = Mn, Fe, Co, 

Ni, Co or Zn), garnet as M3Fe5O12 crystal structure (where M = rare earth cations), 

hexaferrites as BaFe12O19 and SrFe12O19 and orthro ferrites as MFeO3, (where M = 

rare earth cations) [84]. Among these, spinel nanoparticles have attracted particular 

interest by virtue of their tremendous magnetic properties and ease to maintain 

chemical composition [85]. Hence these have been utilized in wide range of 

applications such as catalysis [86], electronic devices [87] and medicine [86] and are 

used in this work. 

1.2.1.1. Properties of spinel ferrite nanoparticles  

Spinel ferrites nanoparticles have a general formula of AB2O4, where A is Mn, Fe, Co, 

Ni, Co or Zn metallic cations and B is Fe. Both A and B are positioned at two different 

crystallographic sites. Both coordinated to oxygen atom (Fig. 1.5) [88].  
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In MFe2O4 depending on the sites of M(II) and Fe(III), three types of spinel can be 

formed which are normal, inverse and mixed spinel nanoparticles [89]. The difference 

in these types of spinel nanoparticles is the location of the M(II) and Fe(III). Typically, 

in normal spinel nanoparticles, the M(II) and Fe(III) occupy the tetrahedral and the 

octahedral sites, respectively. However, in inverse spinel nanoparticles, the Fe(III) is 

equally distributed in both tetrahedral and octahedral sites, while M(II) occupies only 

octahedral sites. In mixed spinel nanoparticles, both M(II) and Fe(III) randomly 

occupies both tetrahedral and octahedral sites [90].  

 

Fig. 1.5. Unit cell structure of spinel ferrite showing tetrahedral and octahedral sites 

[88].  

1.2.1.2. Synthesis  of spinel ferrite nanoparticles  

The spinel nanoparticles can be synthesized using various methods. The most 

commonly used methods are solid state [89], co-precipitation [91-96], sol-gel [97-99], 

microemulsion [100,101], solvo(hydro)thermal method [102-104] and template method 

[105,106]. In this study, co-precipitation was used for the synthesis of MnFe2O4, hence 

it is discussed. 
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Co-precipitation method is highly a convenient, quick and economically viable method. 

Co-precipitation method generates particles of uniform size and it is easy to control 

the morphology of the particles using this method [92]. This method encompasses the 

mixing metal salts with the desired stoichiometric amounts followed by vigorous stirring 

in alkaline environment. During co-precipitation, the solution pH plays a crucial role. 

Spinel ferrites MnFe2O4 [93], MgFe2O4 [94], CoFe2O4 [95] and CuFe2O4 [96] have been 

synthesized by co-precipitation.  

1.2.1.3. Spinel ferrites nanoparticles in photocatalytic processes  

Spinel ferrites nanoparticles have been utilized in photocatalytic degradation of the 

organic pollutants owing to their catalytic activity, non-toxicity, chemical stability, facile 

recovery due to their magnetic property and re-usability without the loss of the catalytic 

activity [107]. However, the catalytic activity of these materials is far from the required 

merit. Various strategies have been employed over the past years to improve their 

catalytic activity [108].  

These strategies involve dye sensitization with organic dyes to extend light absorption 

towards visible region of the spectrum [109], fabrication of the composites with other 

semiconductors and using two or more processes such as photo-Fenton catalytic 

process [107], photo-electro-catalytic process [110] etc.  

To my best knowledge, there is no literature report on spinel nanoparticles based 

sono or photosono-catalytic processes reported so far. Hence, photosono-catalytic 

efficiency of these materials in degradation of Rhodamine 6G are studied in this 

thesis. 

The spinel nanoparticles studied in this work are MnFe2O4. These materials were first 

conjugated with phthalocyanine to extend their absorption efficiency in the visible 
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region of the spectrum. The conjugates were then utilized to functionalize electrospun 

nanofibers.  The Pcs and porphyrins together with their nanoparticles and nanofibers 

utilized in this work are listed in Table 1.1. 

1.2.2. Graphitic carbon nitride (g -C3N4)  

Graphitic carbon nitride (g-C3N4) has attracted tremendous interest in photocatalysis 

[111]. g-C3N4 can occur as either of the two main units which are tris-s-triazine and s-

triazine (Figure 1. 6) [112,113]. Using density functional theory (DFT) it has been 

shown that s-triazine is most thermodynamically stable form of g-C3N4. Due to its 

unprecedented degree of condensation and heptazine ring structure, g-C3N4 possess 

numerous advantages such as unique electronic structure, high physicochemical 

stability and medium band gap energy (2.7 eV) [111]. These properties make g-C3N4 

a promising future catalyst for light driven catalytic processes. In addition, g-C3N4 can 

be easily prepared by polymeric condensation of a cheap precursor such as urea, 

melamine, cyanamide, thiourea and dicyanimide [112].  

 

Fig.1.6. structures of (a) s-triazine and (b) tris-s-triazine [113]  
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1.2.2.1. Electronic structure of g -C3N4 

g-C3N4 contains sp2 hybridized nitrogen and carbon bonding forming a high density of 

-́conjugated system. It is the lone pair of the nitrogen that plays an important role in 

the electronic structure of g-C3N4 [114,115]. g-C3N4 is an n-type semiconductor. g-C3N4 

can occur in various morphologies such as bulk [116,117], nanotubes [118,119], 

quantum dots [120,121] and nanosheets [117-122].  

Bulk g-C3N4 possess a 0D structure. Due to stacking of the layer, bulk g-C3N4 has 

significantly low surface area, rapid recombination of the photo-generated electron-

hole pairs and very poor quantum yield [123]. Various strategies have been adopted 

to combat these short-comings. These encompasses dye sensitization, fabrication of 

the nanotubes [118,119], quantum dots [120] and nanosheets [122]. Doping and 

forming hybrid nanocomposites with other semiconductors has also been adopted 

[116].  

Nanotubes are 1D tubular/hollow structured g-C3N4. This material exhibits large 

surface area, enhanced visible light absorption efficiency, efficient separation of the 

electron-hole pairs and fast electron transport compared to bulk g-C3N4 [118]. The g-

C3N4 nanotubes are often prepared using soft, hard and self-template methods.  

During hard template method, the g-C3N4 interact with an appropriate template of 

desired morphology under pyrolysis.  Afterwards, template is removed and the g-C3N4 

gains an opposite replica structure of the template. The surfactants are utilized in soft-

template. The precursor is mixed with the surfactant under pyrolysis. The g-C3N4 with 

the desired morphology is achieved. In self-template method, there is no surfactant 

that is used. Instead, the desired morphology is achieved by changing the reaction 

conditions such as pH and temperature [119].  
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Quantum dots (g-C3N4 QDs) have 0D dimensional structure. These materials have 

gained significant attention in various processes because of their chemical stability, 

large surface area, high fluorescence and biocompatibility [120]. Various methods 

such as hydrothermal, sonication, microwave and chemical vapour deposition (CVD) 

have been used to synthesize g-C3N4 QDs. Among these, hydrothermal method has 

been widely used because it is straight forward [121] and is employed in this work.   

Nanosheets (g-C3N4 NS) are unlike the bulk g-C3N4 in that they display high surface 

area and enhanced separation of the photo-generated electron-hole pairs. An 

enhanced electron-hole pair separation is attributed to their 2D structure due to high 

charge mobility. These materials can be fabricated by separating the layers of the bulk 

g-C3N4. This is achieved by breaking weak Van der Waals forces between carbon and 

nitrogen [122]. g-C3N4 NS and g-C3N4 QDs were used in this work.  

1.2.2.2. Application of g -C3N4 in photosono -catalytic processes  

Due to their physicochemical stability, appealing electronic properties and medium 

band gap, g-C3N4 nanoparticles have been used in photosono-catalytic process [123]. 

However, pristine g-C3N4 NPs suffer from drawbacks such as low visible harvesting 

efficiency and rapid recombination of photo-generated electronïhole pairs [124]. 

Dependable and facile strategies have been explored to fabricate modified g-C3N4 with 

enhanced properties.  Such strategies include doping [125,126], dye sensitization 

[127] and hybridization with other semiconductors [128,129]. g-C3N4 have been 

sensitized with both porphyrin [130,131] and phthalocyanine [132] in photo-

degradation of organic pollutants. However, there is not much studies on sono-

catalysis. Doped g-C3N4 have also been reported in both photo and sono-catalytic 

studies [133,134]. The hybrids of g-C3N4 with other semiconductor materials have 
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been extensively studied in photo-, sono- and photosono-catalytic degradation of 

organic pollutants [123, 135,136].  

In this work, g-C3N4 nanosheets were conjugated with complexes 3, 4, 5, 6 and 7 by 

means of an amide bond. The effect of conjugation is synergistic. The Pc and 

porphyrin complexes extend light absorption of the g-C3N4 towards visible light 

regions, on the other hand, g-C3N4 facilitate charge migration and separation in Pc 

and porphyrin complexes. All the conjugates synthesized were, for the first time used 

to functionalize electrospun nanofibers. Hence, following section discusses 

background, synthesis, functionalization and photocatalytic applications of the 

electrospun nanofibers.    

1.3. Electrospun fibers  

Electrospun nanofibers have been used as supports for photocatalysts in various 

applications. Electrospun nanofibers possess tremendous additional properties such 

as 3D open hierarchical structure, high surface area and large pores [137-139].  

1.3.1. The principle of electrospinning  

Electrospinning method is an electrodynamic process, which involves electrification of 

the liquid droplet by the high voltage to produce a jet [140]. The produced jet 

subsequently elongate and stretches to generate the fibers. The basic electrospinning 

setup is displayed in Figure  1.7. The setup has four major components which are: 

Syringe equipped with a needle, syringe pump, high voltage power supply and a metal 

collector (such as aluminum foil). During the electrospinning process, a small amount 

of viscous liquid is extruded from the syringe through the tip of the needle by syringe 

pump. Due to surface tension, the viscous liquid form pendant spherical droplets. 

When these droplets are subjected to large potential (voltage), they deform into conical 
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shape due to the electrostatic repulsion between charges of the same sign (+). This 

phenomenon results in the formation of a jet. The diameter of the jet continues to 

decrease due to electrostatic repulsion. Eventually, the jet starts to twist or curve, while 

simultaneously undergoing solidification resulting in deposition of the solid fiber(s) on 

the collector [141,142].  Electrospinning process most often utilizes polymer material 

such as poly(vinyl alcohol) (PVA), polyvinylpyrrolidone (PVP) and polyvinylidene 

fluoride (PVDF) to increase the viscosity of the solution. Upon deposition, the polymer 

can be sacrificed by thermal treatment at elevated temperatures [143,144].  

 

Fig. 1.7. Electrospinning set up [144].  

1.3.2. Methods of enhancing efficiency of electrospun nanofibers  

Even though semiconductor materials containing electrospun nanofibers have good 

photocatalytic properties, their photocatalytic efficiency is still not good enough due to 

low visible light quantum efficiency or ultrafast electron-hole recombination efficiency 

[145]. There are various ways in which the photo- and sono-catalytic efficiencies of the 

semiconductor containing electrospun nanofibers can be enhanced. These strategies 

include doping [146], dye sensitization [147] and hybridization (composites with a co-

catalysts) to form heterostructures [148].  



32 | P a g e 
 

1.3.2.1. Doping  

Doping is one of the most common strategies often utilized to fabricate 

heterostructures of the electrospun nanofibers. Heterostructures fabricated by doping 

often display high density of vacant sites and enhanced optoelectrical properties [149]. 

Doping results to the formation of the composite with enhanced charge separation, 

improved light absorption properties and charge trapping by vacant sites. The 

enhanced light harvesting properties of the doped semiconductor materials emanate 

from reduced band gap and a new energy level (induced energy state) from defect 

sites [150].  

1.3.2.2. Sensitization of the fibers  

Dye sensitization is one of the strategies often used to extend the absorption range of 

the semiconductor containing electrospun nanofibers to the visible light region of the 

spectrum. Dye sensitizers can efficiently absorb visible light and significantly enhance 

the activity by providing extended energy to the semiconductor. Typically, in a system 

that involves the combination of semiconductor and dyes, the semiconductor act as 

carriers of the charges generated by dye. The most commonly utilized dyes as 

sensitizers can be categorized as metal complexes [151] and organic dyes [152]. The 

metal complexes are known electron injectors, increasing the density of electrons in 

the conduction band of the semiconductors [153].  

1.3.2.3. Hybridization of the semiconductor in fibers with other 

semiconductors  

Electrospun nanofibers can be hybridized with other semiconductors as co-catalysts 

to form heterostructures with improved properties [154]. The role of the co-catalyst is 

usually to enhance visible light harvesting ability of the fibers, promoting charge 
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separation or both. Semiconductors such as, metal oxides, metal sulphides [137], 

graphitic materials, bimetallic metal oxides [155] have been used. 

1.3.3. Applications of semiconductor containing electrospun nanofibers in 

photo -, sono -, photosono -catalytic degradation of organic pollutants  

The degradation of organic pollutants using semiconductor containing electrospun 

nanofibers have been studied and some are listed in Table 1.4 [156-164]. The 

photocatalytic degradation of Rhodamine 6G has been studied using 

polyacrylonitrile@titanium carbide@silver-silver sulphide (PAN/MXene@AgïAg2S) 

nanofibers [156].   The study offers the possibility of eco-friendly and efficient methods 

for degradation of Rhodamine 6G in wastewater.  To my best knowledge, there is only 

one study that has been reported on photo-catalytic degradation of Rhodamine 6G 

using semiconductor containing electrospun nanofibers [156] and there are no studies 

reported on sono- and photosono-catalytic degradation processes. There are no 

studies reported for photo-, sono- and photosono-catalytic degradation of 

dichlorophenol using semiconductor containing electrospun nanofibers. The 

degradation of other semiconductors such as tetracycline have been reported [157].   

 The photo-, sono- and photosono-catalytic degradation of other organic dyes such as 

Rhodamine B [158,159], polycyclic aromatic hydrocarbon [160] and Bisphenol A [161] 

have also been reported. Some of the photo-, sono- and photosono-catalytic 

degradation of various organic pollutants using semiconductor containing electrospun 

nanofibers are listed in Table 1.4 [156, 157, 162-164]. 
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Table 1.4. Photo-, sono- and photosono-catalytic degradation of various organic 

pollutants using semiconductor containing electrospun nanofibers. 

Process  Nanofiber composites  Organic 

pollutant  

Degradation 

efficiency 

(%) 

Reference  

Photo Polyacrylonitrile@titanium 

carbide@silver-silver sulphide 

(PAN/MXene@AgïAg2S) 

nanofibers 

Rhodamine B 

and 

Rhodamine 

6G 

Both 100 [156] 

Sono Zirconium metal organic 

framework decorated Tin 

oxide nanofibers 

(SnO2 PHNF/UiO-66-NH2 

nanofibers) 

tetracycline 98  

[157] 

Photosono 

Polyacrylonitrile/graphitic 

carbon nitride/cadmium 

sulphide nanofibers (PAN/g-

C3N4/CdS Nanofibers) 

 

Rhodamine B 92 [159] 

Photo Titanium 

dioxide@silver@copper 

oxide 

(TiO2@Ag@Cu2O nanofibers) 

Methylene 

blue 

99 [162] 
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Sono Polyacrylonitrile/ ɓ-

cyclodextrin nanofibrous 

membranes/Titanium 

dioxide/graphene oxide 

nanofibers 

(PAN/ɓ-CD/TiO2/GO 

nanofiber) 

 

methyl 

orange (MO) 

and 

methylene 

blue (MB) 

94 and 91  
[163] 

Photosono  
Barium titanate@titanium 

dioxide core-shell nanofibers 

(BaTiO3@TiO2 nanofibers) 

 

Methyl 

Orange (MO) 

99 [164] 

 

 
 

1.4. The trends followed in this work  

1.4.1. Pcs and porphyrin  

× Complexes 1 and 2 were studied to compare the the effect of the number of oxygen 

atoms on the photophysical properties and photocatalytic activity 

× Complexes 3 and 5 were studied to compare the number of the oxygen groups  

× Complexes 4 and 6 were studied to compare the number of the oxygen groups. 

× Complexes 1 and 5 were studied to compare the symmetry.  

× Complexes 3, 4 and 7 were studied to compare the efficiency in degradation of 

Rhodamine 6G and dichlorophenol (DCP). 
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1.4.2. Nanoparticles and nanofibers  

× Covalently conjugated g-C3N4 NS and complexes 3, 4, 5 and 6 supported on TiO2 

fibers were studied to compare the amide bond and the number of the oxygen 

atoms.  

× Complex 6 supported on TiO2 fibers and ZnO fibers were studied to compare the 

effect of TiO2 fibers and ZnO fibers. 

× The conjugates of complex 5 with g-C3N4 nanosheets and MnFe2O4 NPs when 

supported to TiO2 fibers were studied to compare the effect g-C3N4 nanosheets 

and MnFe2O4 NPs. 

× The conjugate of the complex 3, 4 and 7 and g-C3N4 QDs when supported in TiO2 

fibers were compared in degradation of Rhodamine 6G and dichlorophenol (DCP).  

× The conjugates of g-C3N4 NS and complexes 3 and 4 supported on TiO2 fibers 

and the conjugates of g-C3N4 QDs and complexes 3 and 4 were studied in 

degradation of Rhodamine 6G to study the effect of the nanoparticles. 
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1.5. Aims of the study  

This work reports on the design of the phthalocyanine and porphyrin composites for 

degradation of organic pollutants in water. The list of the specific aims encompasses: 

× Synthesis of the phthalocyanines (3, 4, 6 and 7) and porphyrin (7). 

× Synthesis of the polymer free TiO2 and ZnO nanofibers. 

× Synthesis of g-C3N4 quantum dots and g-C3N4 nanosheets. 

× Synthesis of MnFe2O4 nanoparticles 

× Conjugation of the phthalocyanines (3-6) with g-C3N4 nanosheets. 

× Conjugation of the phthalocyanines (3, 4) and porphyrin (7) with g-C3N4 quantum 

dots. 

× Conjugation of the phthalocyanine (5) with MnFe2O4 nanoparticles. 

× Characterization of the phthalocyanines, porphyrin, nanoparticles and conjugates. 

× Functionalization of TiO2 nanofibers with phthalocyanines (1-6), porphyrin (7), 

nanoparticles (g-C3N4 quantum dots, g-C3N4 nanosheets and MnFe2O4 

nanoparticles) and conjugates (3@g-C3N4 NS, 4@g-C3N4 NS, 5@g-C3N4 NS, 

6@g-C3N4 NS, 3@g-C3N4 QDs, 4@g-C3N4 QDs, 7@g-C3N4 QDs and 5@ 

MnFe2O4 NPs) 

× Functionalization of the ZnO nanofibers with phthalocyanines (5), nanoparticles (g-

C3N4 NS) and conjugate (5@g-C3N4 NS).  

× Characterization of pristine and functionalized nanofibers. 

× Comparison of the photocatalytic activities of phthalocyanines (3 and 4), porphyrin 

(7), functionalized fibers (3-TiO2 fibers, 4-TiO2 fibers, 7-TiO2 fibers, 3@g-C3N4 

QDs-TiO2 fibers, 4@g-C3N4 QDs-TiO2 fibers and 7@g-C3N4 QDs-TiO2 fibers) in 

degradation of dichlorophenol and Rhodamine 6G.  
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× Comparison of the photocatalytic, sonocatalytic and photosono-catalytic activities 

of the phthalocyanines (1-6), pristine fibers (TiO2 and ZnO fibers), conjugate (5@ 

MnFe2O4 NPs), functionalized fibers (1-TiO2 fibers, 2-TiO2 fibers, 3-TiO2 fibers, 4-

TiO2 fibers, 5-TiO2 fibers, 6-TiO2 fibers, 1@g-C3N4 NS-TiO2 fibers, 2@g-C3N4 NS-

TiO2 fibers, 3@g-C3N4 NS-TiO2 fibers, 4@g-C3N4 NS-TiO2 fibers, 5@g-C3N4 NS-

TiO2 fibers, 6@g-C3N4 NS-TiO2 fibers) in degradation of Rhodamine 6G.  
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ƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄ 

Chapter two  

ƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄ 
This chapter discusses the materials, equipment and methods utilized in this work. 
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2.1. Chemical reagents  

2.1.1. Solvents  

Tetrahydrofuran (THF, Merck), dimethyl sulfoxide (DMSO, Merck), Deuterated 

dimethyl sulfoxide (DMSO-d6), ethanol, methanol (MeOH, 

Merck), dimethylformamide (DMF, Merck), cyclohexane, glacial acetic acid (AA, 

Minema Chemicals), Ultra-pure water was obtained from the ELGA, Veolia water 

PURELAB, flex system,  

2.1.2. Reagents for synthesis of the phthalocyanines, nanoparticles, 

nanofibers and conjugates  

3-Aminopropyltriethoxysilane (APTES, Sigma), 1,8-diazobicyclo [5.4.0] undec-7-ene 

(DBU, Merck), polyvinylpyrrolidone (PVP, Merck), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC, Sigma), N, Nǋ-dicyclohexylcarbodiimide 

(DCC, Sigma), pentanol (Merck), titanium (IV) propoxide (Sigma), zinc 

acetate dihydrate (Zn(CH3CO2)2, Sigma), sodium hydroxide (NaOH, Sigma), 

manganese chloride pentahydrate (MnCl2.5H2O, Merck), iron chloride hexahydrate 

(FeCl2.6H2O), urea (Sigma), chitosan polymer (Sigma) and glutaraldehyde (Sigma), 

diaminomalonitrile (DAMN, Sigma), Ethylenediaminetetraacetic acid (EDTA, Sigma). 

The synthesis of 4-methoxyphenoxyphthalonitrile (complex A) [165], 4-(4-

carboxyphenoxy)-phthalonitrile (complex B) [166], 5-phenoxylpicolinic acid 

phthalonitrile (C) [167] and 4-(3,5-dimethoxyphenoxy) phthalonitrile (D) [168] have 

been reported.  

2.1.3. Reagents for photophysical studies and other characterization 

techniques  

Anthracene-9,10-diyl-bis-methylmalonate (ADMA, Sigma), 9,10-dimethylanthracene 

(DMA), 1,3-diphenylisobenzofuran (DPBF, Sigma), 2,2,6,6-tetramethylpiperidone 

https://www.sciencedirect.com/topics/chemistry/tetrahydrofuran
https://www.sciencedirect.com/topics/chemical-engineering/dimethylformamide
https://www.sciencedirect.com/topics/chemistry/cyclohexane
https://www.sciencedirect.com/topics/chemistry/zinc-acetate
https://www.sciencedirect.com/topics/chemistry/zinc-acetate
https://www.sciencedirect.com/topics/materials-science/sodium
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(TEMPO, Sigma), Ludox solution (Sigma), 5,5-dimethyl-1-pyrroline N-oxide (DMPO, 

Sigma), unsubstituted zinc phthalocyanine (ZnPc) standard, quinine sulphate (Fluka), 

alpha-cyano-4-hydroxycinnamic acid (Merck) and zinc tertaphenylporphyrin (ZnTPP).  

2.1.4. Reagents for photocatalytic applications  

Peroxymonosulfate (PMS, Sigma), furfuryl alcohol (FFA, Sigma), 4-benzoquinone 

(BQ, Sigma), tert-butyl alcohol (TBA, Merck), humic acid (HA, Merck), Rhodamine 6G, 

azo-bis-isobutyronitrile (AINB, Aldrich), tert-butyl hydrogen peroxide (TBHP, Aldrich), 

water supplied by ELGA and Rhodamine 6G. 

2.2. Equipment  

1. Mass spectra were obtained using Bruker AutoFLEX III Smart-beam MALDI 

TOF/TOF mass spectrometer. Ŭ-Cyano-4-hydrocinnamic acid was used as matrix 

in the positive ion mode. 

2. Elemental analyses data were collected from a Vario-Elementar® Microcube ELIII 

CHNS instrument analyser. 

3. Solid state UV-vis spectra were acquired using Perkin-Elmer Lambda 950 UV-vis 

spectrophotometer.  

4. Proton nuclear magnetic resonance (1H NMR) spectra were recorded with Bruker 

F8 Fourier EduLab, Benchtop FT-NMR.  

5. The ultravioletïvisible absorption spectra in solution were recorded using 

Shimadzu UV-2550 spectrometer.  

6. The fluorescence emissions and excitations were using Varian Eclipse 

spectrofluorometer and 1 cm pathlength quartz cuvette. For all the studies, 

emission wavelengths were used to acquire excitation spectra.  

https://www.sciencedirect.com/topics/chemistry/furfuryl-alcohol
https://www.sciencedirect.com/topics/chemistry/humic-acid
https://www.sciencedirect.com/topics/chemistry/rhodamine-6g
https://www.sciencedirect.com/topics/materials-science/hydrogen-peroxide
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7. The fluorescence lifetimes were recorded with Time correlation single photon 

counting (TCSPC) equipped with a Picoquant GmbH containing a LDH-P-670 

diode laser with a 44 ps pulse width and 20 MHz rate repetition (Fig. 2.1 ). 

 

Fig. 2.1 . TCSPC set up. 

8. The triplet state parameters (triplet quantum yield (ūT) and triplet lifetimes (tT) were 

studied with LP980 spectrometer laser flash photolysis equipped with PMT-LP 

detector and ICCD camera (Andor DH320T-25F03). (Fig. 2.2) The signal from the 

detector was recorded on a Tektronix TDS3012C digital storage oscilloscope. The 

excitation pulses were produced using a tuneable laser system consisting of an 

Nd:YAG laser (355 nm, 135 mJ/4ï6 ns) pumping an optical parametric oscillator 

(OPO, 30 mJ/3ï5 ns) with a wavelength range of 420ï2300 nm (NT-342B, Ekspla). 

Unsubstituted ZnPc was used as standard. The solutions of the sample and the 

standard were diluted to an extent that the absorptions of the Q-bands were ~1.5. 

Argon was used to deaerate samples. Subsequently, the solutions were irradiated 

Photodiode

Computer

Histogram 
electronic

Monochromator (MCP)-PMT

Sample 

Lens

Filter

Beam splitter
Laser

ά{ǘŀǊǘέ

ά{ǘƻǇέ

MCP-PMT = Microchannel plate detector - Photomultiplier tubes



43 | P a g e 
 

with appropriate excitation wavelength. The wavelength at the crossover of the Q 

bands of the sample and the standard was used. The triplet lifetimes were obtained 

by exponential fitting of the kinetic curves using OriginPro 8 software. 

 

Fig. 2.2. Laser flash photolysis setup 

9. Singlet oxygen quantum yield (◖ȹ) was determined using halogen lamp (Fig. 2.3). 

 

Fig. 2.3. Halogen lamp setup 

10. The X-ray diffraction (XRD) spectra were acquired with Bruker D8 diffractometer, 

equipped with Lynx Eye detector at 2ɗ range of 10Á to 90Á at 0.5Á per minute. 
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Samples were placed on a zero-background silicon wafer slide. The X-ray 

diffraction data was processes using Eva (evaluation curve fitting) software.  

11. The Raman spectra were obtained using Bruker Vertex 70-Ram II Raman 

spectrometer (equipped with a 1064 nm Nd:YAG laser and liquid nitrogen cooled 

germanium detector).  

12. Calcination of all of the nanofibers was conducted using Labotec Precision Furnace 

(SNOL 3/1100). 

13. Electrochemical impedance spectroscopy (EIS) studies were performed with 

Autolab potentiostat PGSTAT30 equipped with Nova software version 2.1. For EIS 

measurements were performed between 1 Hz and 10 KHz using a 5 mV rms 

sinusoidal modulation. The glassy carbon electrode (GCE) was utilized as a 

working electrode, platinum wire as a counter electrode and silver/silver chloride 

(3M KCl) as the reference electrode. The catalyst (5 mg) was dispersed in DMSO 

(2 mL,) to form a homogeneous suspension. 10 ɛL of the mixture was dropped 

onto the surface of the working electrode and dried overnight at room temperature. 

Mott-Schottky measurements were performed using the AC electrochemical 

impedance method with an AC amplitude of 10 mV at an applied frequency of 1000 

Hz at pH 3.  

14. X-ray photoelectron spectroscopy (XPS) data was acquired using Kratos Axis Ultra 

DLD, with an Al (monochromatic) anode, equipped with charge neutralizer. The 

operational pressure was maintained below 5 x 10-9 torr. The resolution was 10 eV 

pass energy. For XPS wide scan the anode voltage was kept at 15 kV, emission 

current was maintained at 12.5 mA and the resolution was maintained at 160 eV. 

The resolution was kept at 40 eV pass energy for higher resolution. 
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15. The scanning electron microscopy (SEM) images were acquired with JOEL JSM 

scanning electron microscope (SEM) at an accelerating voltage of 20 kV.  

16. The thermal stabilities were examined using Perkin Elmer TGA 8000 instrument, 

at temperature range of 100-1000 °C. The analyses were initiated by maintaining 

the temperature at 100 °C for 10 min for removal of moisture under air at 20 

mL/min.  

17. Electron paramagnetic resonance (EPR) measurements were carried out using the 

Bruker EMX Plus EPR spectrometer, specifications: model number: EMP-

9.5/12B/P. set at 0.632 mW for the microwave power, frequency 9.714 GHz, 

resolution 2048 points, at centerfield of 3500 and 200 G for the sweep width and 

time constant of 5.12 for the singlet oxygen, hydroxide and sulfate radicals 

determination, using TEMPO and DMPO as the quenchers, respectively.  

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

19. Electrostatic potential (ESP) surfaces were mapped onto total electron density 

isosurfaces at 0.0004 a.u. with Gaussview at the B3LYP/6-31G(d) level of theory 

to visualize the predicted charge distribution across Pc complexes. 

20.  Photocatalytic degradation studies done by using Modulight® Medical Laser 

system (MLS) 7710 channel Turnkey laser system connected to a 2.3 W channel 

at 680 nm. 

21. The ENRAF NONIUS Sonopuls 490B ultrasound medical was used for ultrasound 

irradiations. Specifications: (ref no.: 1630.905, FREQUS ï 1/3 MHz, INTUS ï 0-2 

W cm2 continuous, ERAUS-Applicator ï 5 cm2, POWER ï 15 W, IPX7).  

22. The degradation was constantly monitored using Shimadzu UV-2550 

spectrometer. 
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2.3. Syntheses  

2.3.1. Syntheses of the phthalocyanines (Pcs) complexes  

As it has already been stated in Table. 1.1, the Pcs 1 [70], 2 [71] and 5 [70] have 

already been reported before. The synthesis of the Pcs 3,4, 6 and 7 is discussed here.  

Synthesis of zinc(II) -4-(carboxylic acid phenoxy) -tris -(1,4-methoxyphenoxy) 

phthalocyanine (3) .  

Zinc(II)-4-(carboxylic acid phenoxy)-tris-(1,4-methoxyphenoxy) phthalocyanine (3) 

(Scheme 3.1) was synthesized by reacting 4-methoxyphenoxyphthalonitrile (complex 

A) (235 mg, 0.943 mmol) and 4-(4-carboxyphenoxy)-phthalonitrile (complex B) (747 

mg, 2.83 mmol) in boiling pentanol (10 mL). Subsequently, zinc acetate dihydrate (363 

mg, 1.98 mmol) was added, followed by the dropwise addition of DBU under vigorous 

stirring. The mixture was refluxed for 6 h and the product was centrifuged in methanol. 

Afterwards, the crude product was washed with ethanol for five times. Zinc(II)-4-

(carboxylic acid phenoxy)-tris-(1,4-methoxyphenoxy) phthalocyanine (3) was purified 

with 5:1 v/v THF/cyclohexane.  

Complex 3: Yield = 36%, UV/Vis (DMF) ɚmax, nm (log Ů): 684 (4.39), 339 (3.73). 

MALDI-TOF-MS(m/z): Calc = 1128.50 amu, found =1127.90 amu [M+H]; Anal. Calc. 

for C63H50N8O9: C, 67.05 %; H, 4.47 %; N, 9.93 %. Found: C, 66.97 %; H, 4.53 %; N, 

9.96 %1H NMR (400 MHz, DMSO-d6): ŭ, ppm 3.74 (s, 9H, CH3), 6.39 (m, 8H, Ar), 6.49 

(t, 4H, Ar), 6.64 (s, 3H, Ar), 6.93 (d, 2H, Ar), 7.29 (d, 3H, Ar), 7.36 (dd, 4H, Ar), 7.87 

(d, 4H, Ar), 11.30 (s, 1H, COOH). 
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Synthesis of zinc(II) -4-(Picolinic acid phenoxy) -tris -(1,4-methoxyphenoxy) 

phthalocyanine (4) . 

Zinc(II)-4-picolinic acid phenoxy)-tris-(1,4-methoxyphenoxy) phthalocyanine (4)  

(Scheme 3.2) was synthesized by reacting 4-methoxyphenoxyphthalonitrile 

(complex A) (235 mg, 0.943 mmol) and 5-phenoxylpicolinic acid phthalonitrile 

(compound C) (750 mg, 2.83 mmol) in boiling pentanol (10 mL). Zinc acetate dihydrate 

(363 mg, 1.98 mmol) was subsequently added, followed by the dropwise addition of 

DBU under vigorous stirring. The mixture was then refluxed for 6 h and the product 

was centrifuged in methanol. The collected crude product was washed with ethanol 

for five times. The obtained mixtures of Pcs were separated by column 

chromatography on silica gel using gradient elution with 5:1 v/v THF/cyclohexane to 

give complex 4. 

Complex 4: Yield = 34%, UV/Vis (DMF) ɚmax, nm (log Ů): 689 (3.78), 345 (4.53). 

MALDI-TOF-MS(m/z): Calc = 1129.50 amu, found =1128.29 amu [M+H]; Anal. Calc. 

for C62H49N9O9: C, 66.76 %; H, 4.43 %; N, 10.05 %. Found: C, 66.82 %; H, 4.49 %; N, 

10.09 %; 1H NMR (400 MHz, DMSO-d6): ŭ, ppm 3.80 (s, 9H, CH3), 6.35 (s, 1H, Ar), 

6.39 (d, 6H, Ar), 6.49 (t, 3H, Ar), 6.57 (d, 2H, Ar), 6.69 (m, 2H, Ar), 7.28 (m, 4H, Ar), 

7.41 (m, 5H, Ar), 7.87 (m, 4H, Ar), 11.36 (s, 1H, COOH).  

Zinc tris(1,3,5 -dimethoxyphenoxy) -(5-phenoxylpicolinic acid) phthalocyanine 

(6) 

The zinc tris(1,3,5-dimethoxyphenoxy)-(5-phenoxylpicolinic acid) phthalocyanine (6)  

(Scheme 3.3)  was synthesized by reacting 5-phenoxylpicolinic acid phthalonitrile 

(compound C) and 4-(3,5-dimethoxyphenoxy)phthalonitrile (compound D) in a ratio of 

1:3 using statistical condensation approach as follows: 4-(3,5-
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dimethoxyphenoxy)phthalonitrile (compound C) (250 mg, 0.943 mmol) and 4-(3,5-

dimethoxyphenoxy)phthalonitrile (compound D) (634 mg, 2.83 mmol) were mixed in 

boiling 1-pentanol (8 mL) followed by addition zinc acetate dihydrate (434 mg, 1.98 

mmol). DBU was then added drop wise under vigorous stirring and the resulting 

mixture was refluxed for 6 h. The crude product was precipitated with methanol 

through centrifugation and washed 5 times with ethanol. Zinc tris(1,3,5-

dimethoxyphenoxy)-(5-phenoxylpicolinic acid) phthalocyanine (6) was purified using 

THF/cyclohexane (5:1 v/v). 

Complex 6 : Yield = 37%. UV/Vis (DMF) ɚmax (log Ů): 673 (4.21), 607 (3.78), 336 (4.53). 

MALDI-TOF-MS(m/z): Calc = 1217.33 amu, found =1218.28 amu [M+H]; Anal. Calc. 

for C65H55N9O12: C, 64.1%; H, 4.55%; N, 10.34%. Found: C, 63.83%; H, 4.63%; N, 

10.51%. 1H NMR (400 MHz, DMSO-d6): ŭ, ppm 4.50 (s, 18H, CH3), 6.29 (s, 2H, Ar), 

6.36 (d, 3H, Ar), 6.55 (s, 1H, Ar), 6.59 (d, 1H, Ar), 6.80 (d, 3H, Ar), 6.84 (d, 1H, Ar), 

7.18 (d, 6H, Ar), 7.34 (d, 2H, Ar), 7.77 (d, 3H, Ar), 7.80 (d, 1H, Ar), 7.91 (d, 1H, Ar), 

10.27 (s, 1H, COOH). 

Zinc -5-p-carboxyphenyl -10,15,20-(tris -4-pyridyl) -porphyrin (7)  

The synthesis of a free base porphyrin (5-p-carboxyphenyl-10,15,20-(tris-4-pyridyl)-

porphyrin, 7a) (Scheme 3.4)   has been reported before [169]. Complex 7 was then 

synthesized by dissolving compound 7a (300 mg, 0.451 mmol) in DMF (5 mL) followed 

by addition of zinc chloride hexahydrate (200 mg, 0.820 mmol). The mixture was 

refluxed under vigorous stirring while monitoring the reaction progress with UV-vis 

absorption spectroscopy. Metalation was confirmed by the collapse of the four Q 

bands of a free base porphyrin to two of the metallated derivative. The solution was 

then cooled to room temperature (25 Ñ 1 ÁC) before zinc-5-p-carboxyphenyl-10,15,20-



49 | P a g e 
 

(tris-4-pyridyl)-porphyrin (7) was extracted by centrifugation in ethanol, followed by 

drying in a desiccator.  

Complex 7: Yield = 38%. V-Vis (DMF), ɚmax nm (log Ů): 417 (5.4), 568 (3.6), 609 (3.3). 

MALDI TOF-MS, calc 724.90 found 725.18 [M+H]. 1H NMR (600 MHz, DMSO-d6): ŭ, 

ppm 5.20-5.24 (d, 2H, pyrrole), 6.09-6.10 (d, 2H, pyrrole), 6.49-6.52 (d, 1H, pyrrole), 

6.72-6.77 (d, 1H, pyrrole), 6.90-6.94 (d, 2H, pyrrole), 7.24-7.28 (d, 6H, pyridine), 7.51-

7.55 (d, 2H, pyridine), 8.00-8.067 (d, 2H, pyridine), 8.82-8.87 (d, 6H, pyridine), 11.48 

(s, 1H, COOH). Anal. Calcd for C42H25N7O2Zn: C (69.57), H (3.48), N (13.52). Found: 

C (68.94), H (4.13), N (13.42). 

2.3.2 Synthesis of the nanoparticles  

The synthesis of g-C3N4 quantum dots have been reported before [170]. Briefly, 1 g of 

diaminomaleonitrile, 0.5 g (1.34 mmol) EDTA and 1 M of NaOH were dissolved in 100 

mL of Millipore water. The mixture was then stirred for 1 h to achive complete 

dispersion. The mixture was then heated at 200 oC in a Teflon-lined hydrothermal 

reactor for 3 h. After cooling to room temperature. The g-C3N4 QDs were filtered and 

washed with ethanol for five times.  

Synthesis of graphitic carbon nitride nanosheets  

The g-C3N4 nanosheets were synthesized by thermal polymerization of urea as 

reported in literature with a slight modification [171], Scheme  3.5 . Typically, 10 g of 

urea was placed on a porcelain crucible. The crucible was heated to a temperature of 

500 °C at a rate of 2 °C/min and maintained at this temperature for 5 h. Afterwards, a 

light-yellow powder (g-C3N4) was cooled down and collected. 

Synthesis of spinel manganese ferrites (MnFe 2O4) 

https://www.sciencedirect.com/topics/chemistry/nanosheet
https://www.sciencedirect.com/topics/chemistry/nanosheet
https://www.sciencedirect.com/topics/materials-science/thermal-polymerization
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Spinel manganese ferrites nanoparticles were synthesized using co-precipitation 

method as reported in literature with slight modification [172]. Typically, manganese 

chloride pentahydrate (MnCl2.5H2O, Merck), iron chloride hexahydrate (FeCl2.6H2O) 

were dissolved in 50 mL of 2% acetic acid with a molar ration of 1:2. Subsequently, 

chitosan polymer (as a coating), was added this solution. The resulting mixture was 

stirred at room temperature for 24 h. To induce co-precipitation and crosslinking of 

chitosan, NaOH (5 mL of 0.5 M) and glutaraldehyde (5 mL) were to the above solution. 

After stirring for 30 min the brown precipitate was collected through centrifuge in 

ethanol and dried in high vacuum hood. 

2.3.3. Synthesis of the electrospun nanofibers  

Synthesis of TiO 2 nanofibers  

TiO2 nanofibers were synthesized using electrospinning method already reported in 

literature [173,174]. Briefly, 10% PVP in ethanol (10 mL) was first prepared. To this 

solution, 10 mL of titanium (IV) propoxide and 5 mL of glacial acetic acid were added. 

The solution was magnetically stirred for 3 h. Afterwards, the resulting solution was 

loaded into a syringe equipped with a stainless-steel needle and connected to a high 

voltage power supply. An electric voltage of 12 kV was applied between the needle 

and the stationary aluminium foil collector with the distance between the tip of the 

needle and the collector being kept at 10 cm. The electrospinning was performed 

under these parameters: flow rate 1.5 mL hī1; temperature 25.7 °C; humidity 52%. 

Aluminium foil was used as collector. The collected PVP/TiO2 nanofibers at 450 °C at 

a heating rate of 2 °C minī1 for 3 h. The calcination process was performed to remove 

PVP polymer and give polymer free TiO2 nanofibers. 
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Synthesis of ZnO nanofibers  

ZnO nanofibers were also synthesized using the electrospinning method, already 

reported with slight modifications [173]. In this method, zinc acetate (2.0 g) was 

dissolved in a mixture of ethanol (15 mL) and dimethylformamide (DMF, 10 mL). The 

mixture was then magnetically stirred for 1 h. Subsequently, PVP (4.0 g) was added 

to the solution and the mixture was magnetically stirred overnight. The electrospinning 

was performed as stated above.  

2.4. Conjugation of the Pcs and porphyrin with nanoparticles  

2.4.1. Conjugation of 3, 4, 5 and 6 with g -C3N4 nanosheets, Scheme 3.6.  

The conjugation of complexes 3, 4, 5 and 6 with g-C3N4 NS was achieved through 

an amide bond using DCC and EDC to activate the COOH group of the Pcs as follows: 

complexes 3 (50 mg, 0.049 mmol), 4 (50 mg, 0.048 mmol), 5 (50 mg, 0.044 mmol)  

and 6  (50 mg, 0.043 mmol) were dissolved in DMF (10 mL) in  separate containers. 

DCC (50 mg, 0.242 mmol) and EDC (50 mg, 0.322 mmol) were added in each of 

the containers, then the mixtures were ultrasonicated for 30 min followed by magnetic 

stirring for 48 h at room temperature. Thereafter, g-C3N4 nanosheets (50 mg) were 

added followed by further stirring for 48 h at room temperature. The conjugates were 

then collected by centrifugation and labelled as 3@g-C3N4 Ns, 4@g-C3N4 Ns, 5@g-

C3N4 Ns and 6@g-C3N4 Ns. Process is illustrated in Scheme 3 .6 using complex 6 as 

an example.  

2.4.2. Conjugation of 3, 4 and 7 with g -C3N4 quantum dots, Scheme 3.7.  

Conjugation of 3, 4 and 7 with g-C3N4 QDs was carried out by dissolving complexes 

3 (50 mg, 0.049 mmol), 4 (50 mg, 0.048 mmol) and 7 (50 mg, 0.069 mmol) in DMF 

(10 mL), followed by addition of DCC (50 mg, 0.242 mmol) and EDC (50 mg, 

https://www.sciencedirect.com/topics/chemistry/carboxamide
https://www.sciencedirect.com/topics/chemistry/ambient-reaction-temperature
https://www.sciencedirect.com/science/article/pii/S1010603023007104#f0065
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0.322 mmol) and ultrasonication for 1 h. Afterwards, the solution was left for 12 h 

under vigorous stirring. Then, g-C3N4 QDs (50 g) were added, followed by 

additional stirring for 12 h and centrifugation to collect the crude powder. The 

crude products were named 3@g-C3N4 QDs, 4@g-C3N4 QDs and 7@g-C3N4 QDs. 

The crude products were then washed with ethanol five times. The process is 

illustrated in Scheme 3 .7 using complex 7 as an example.  

2.4.3. Conjugation of Complex 5 with MnFe 2O4 nanoparticles , Scheme 3.8.  

The functionalization of nanoparticles with APTES was achieved as reported before 

[175]. Briefly, MnFe2O4 NPs (50 mg) and APTES (30 mg) were mixed in toluene and 

magnetically stirred at 100 oC for 24 h. The APTES functionalized NPs were retrieved 

by centrifuge in ethanol and dried in high vacuum fume hood. The sample was named 

MnFe2O4-APTES [175]. In a separate round bottom flask, the complex 5 (30 mg), N,Nǋ-

dicyclohexylcarbodiimide (DCC) (20 mg) and 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) (20 mg) were dissolved in dried DMF (3 mL). The mixture was 

stirred for 24 h, followed by the addition of MnFe2O4-APTES (30 mg), and stirring for 

a further 24 h. The resulting 5@MnFe2O4 conjugate was retrieved by centrifuge in 

ethanol and washed five times with ethanol followed by drying in a vacuum fume hood 

overnight. The process is illustrated in Scheme 3 .8. 

2.5. Functionalization of the nanofibers with Pcs, porphyrin, nanoparticles and 

conjugates  

2.5.1. Functionalization of the nanofibers with Pcs and porphyrin  by 

adso rption , Scheme 4.1.  

For functionalization of TiO2 nanofibers, complexes 1-7 (30 mg) were dissolved in 5 mL 

of THF and stirred for 30 min. Complexes 1, 2 and 7 were dissolved in THF, whereas 

https://www.sciencedirect.com/science/article/pii/S1010603023007104#f0065
https://www.sciencedirect.com/science/article/pii/S1010603023007104#f0065
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complexes 3, 4, 5 and 6 were dissolved in DMF. Subsequently, 50 mg of 

TiO2 nanofibers were added and the mixtures were kept in closed containers in the 

dark for 24 h. The solvent was then evaporated under high vacuum fume hood 

overnight. The functionalized nanofibers were retrieved and washed with 2 mL ethanol 

and further dried in high vacuum fume hood for overnight. The functionalized 

TiO2 fibers are represented as 1-TiO2 and 2-TiO2 fibers, 3-TiO2 fibers, 4-TiO2 fibers, 

5-TiO2 fibers, 6-TiO2 fibers and 7-TiO2 fibers for 1, 2, 3, 4, 5, 6 and 7, respectively.  

For the functionalization of ZnO fibers with 6, the similar method used for the 

functionalization of TiO2 nanofibers was used. Here, 6-ZnO fibers were synthesized.    

2.5.2. Functionalization of TiO 2 nanofibers with Pcs through conjugation , 

Scheme 4.2.  

TiO2 fibers were functionalized through conjugation with complexes 3, 4, 5 and 6.  3-

Aminopropyltriethoxysilane (APTES) was used as linker. TiO2 nanofibers were first 

functionalized with APTES using a procedure reported in literature as follows [176]: 

APTES (30 mg) was dissolved in DMF and stirred overnight. Subsequently, 50 mg of 

TiO2 fibers were added. The mixtures were left in the dark for 48 h. The solvent was 

then evaporated in a high vacuum. The resultant TiO2 ï fibers-APTES were washed 

with water three times and left in a fume hood overnight before use. 

DCC (50 mg, 0.242 mmol) and EDC (50 mg, 0.322 mmol) were added in each 

of the solutions of complexes 3 (50 mg, 0.049 mmol), 4 (50 mg, 0.048 mmol), 5 

(50 mg, 0.044 mmol) and 6 (50 mg, 0.043 mmol) dried DMF (2 mL). The mixtures 

were left to stir for 24 h. 50 mg of TiO2 fibers-APTES were added and mixtures were 

left in the dark for 24 h. The solvent was evaporated by placing the fibers in a high 

vacuum fume hood overnight. The functionalized TiO2 fibers were retrieved and 
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named 3@TiO2 fibers, 4@TiO2 fibers, 5@TiO2 fibers and 6@TiO2 fibers. The process 

is shown in Scheme 4.2  using complex 6 as an example (@ was used for covalent 

bond throughout the thesis). 

2.5.3. Functionalization of the nanofibers with nanoparticles  

The functionalization of 50 mg of TiO2 nanofibers with g-C3N4 quantum dots, g-C3N4 

nanosheets, MnFe2O4 NPs were achieved by physical adsorption as follows: g-C3N4 

quantum dots, g-C3N4 nanosheets, MnFe2O4 NPs (30 mg) each dissolved in 10 mL 

DMF and stirred overnight. Subsequently, 50 mg TiO2 nanofibers were added and 

mixtures were left in the dark for 24 h. The solvent was evaporated by placing the 

fibers in a high vacuum fume hood overnight, to give g-C3N4 QDs-TiO2 nanofibers, g-

C3N4 NS -TiO2 nanofibers and MnFe2O4 NPs-TiO2 nanofibers. The functionalization of 

ZnO nanofibers with g-C3N4 NS was achieved the by the same procedure using ZnO 

nanofibers with g-C3N4 NS. The functionalized nanofibers were named as g-C3N4 NS-

ZnO nanofibers. 

2.5.4. Functionalization of the nanofibers with conjugates  

TiO2 nanofibers (50 mg) were functionalized with (30 mg) of 3@g-C3N4 NS, 4@g-C3N4 

NS, 5@g-C3N4 NS and 6@g-C3N4 NS, 3@g-C3N4 QDs, 4@g-C3N4 QDs and 7@g-

C3N4 QDs and 5@MnFe2O4. The conjugates were dissolved in DMF and stirred for 

overnight. Subsequently, TiO2 nanofibers (50 mg) were added and the mixtures were 

left in the dark overnight. The solvent was evaporated by placing the fibers in a high 

vacuum fume hood overnight. The functionalized fibers were named 3@g-C3N4 NS-

TiO2 nanofibers, 4@g-C3N4 NS-TiO2 nanofibers, 5@g-C3N4 NS -TiO2 nanofibers and 

6@g-C3N4 NS-TiO2 nanofibers, 3@g-C3N4 QDs-TiO2 nanofibers, 4@g-C3N4 QDs-TiO2 

nanofibers and 7@g-C3N4 QDs-TiO2 nanofibers and 5@MnFe2O4-TiO2 nanofibers. 
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The ZnO nanofibers were functionalized with 6@g-C3N4 Ns using the same procedure. 

The functionalized nanofibers were named 6@g-C3N4 NS-ZnO nanofibers.  

2.6. Photophysical properties of the Pcs and conjugates  

2.6.1. Fluorescence quantum yield ( ūF) and fluorescence Lifetime (Űf) 

ūF is the ratio of the number of photons emitted via fluorescence to those absorbed. 

ūF can be determined using comparative method [177]. In this thesis, ūF was 

calculated using comparative methods reported in literature [177], Eq. 2.1. 

ɮ  ɮ  
Ȣ Ȣ

Ȣ  Ȣ
   2.1 

Where, ūF 
Std and ūF are fluorescence quantum yields of the standard used, zinc-

phthalocyanine (ZnPc) in DMSO (ūFstd = 0.20) [178], zinc-tetraporphyrin (ZnTPP) in 

DMSO (ūF
std = 0.039) [179] and quinine sulphate in 0.1 M H2SO4 (ūF

std = 0.5) [180] 

were used as standards for Pcs, porphyrin and g-C3N4 NPs, respectively.  AStd and A 

represent the absorbance of the standard and the sample at excitation wavelength, 

respectively. FStd and F represent the areas of the fluorescence curves of the standard 

and the sample, respectively and nStd and n represent the refractive indices of the 

solvents for the standard and samples, respectively. 

The excitation and emission measurements were obtained using a 1 cm path length 

quartz cuvette. The absorbances were adjusted to Ò 0.05 intensity using vibronic band 

and Soret band for Pcs and porphyrins, respectively. The ŰF of the Pcs and conjugates 

were studied using TCSPC analysis.  

2.6.2. Triplet quantum yield ( FT) and triplet  state  lifetimes ( ŰT) 

The triplet quantum yields were determined in DMSO using a comparative method, 

and ZnPc as a standard in DMSO (FT = 0.65) [181], using Eq. 2.2.   
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                   ūT ūT
stdæAT ŮT

std

æAT
std
ŮT

                                    2.2                    

Where ūT
std

 is the triplet quantum yield of the standard, ЎAT ÁÎÄ  æAT
std  are the changes 

in the triplet state absorbances of the sample and the standard, respectively, eT and 

ŮT
std are the triplet state molar extinction coefficients for the sample and the standard, 

respectively.  

For ŰT and FT measurements, the solutions (standard or sample) in 1 cm UV-Vis 

cuvette were first degassed using argon 15 min. Thereafter the solutions were sealed 

and irradiated with an appropriate excitation wavelength which was the crossover 

wavelength of the standard and the sample was ~623 nm. The absorbances of the Q-

bands were maintained at ~1.5 intensity. The maximum triplet absorption wavelength 

was determined from the transient curve. 

2.6.3. Singlet oxygen quantum yield ( ūæ) 

Singlet oxygen quantum yields (ūæ) of the Pcs, porphyrin and conjugates were studied 

using comparative method. The Eq. 2.3 was used to calculate the ūæ in DMSO.  

ɮЎ ɮD  Ȣ
Ȣ

Ȣ
      2.3 

Where  D  is the singlet oxygen quantum yield of the standard; B and BStd represent 

the singlet oxygen quencher DMSO photobleaching rates of the sample and the 

standard, respectively; I and IStd represent the rates of light absorption by the sample 

and standard, respectively. 1,3-Diphenylisobenzofuran (DPBF) and 

dimethylanthracene (DMA) were used as the singlet oxygen quenchers for 

phthalocyanines and porphyrins, respectively. ZnPc ( D  = 0.67) and ZnTPP (ūstd = 

0.53) were used as standards in DMSO for Pcs and porphyrin, respectively [181].  
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For determination of the ūæ of the functionalized nanofibers, the direct chemical 

method was used due to lack of the standards [182]. anthracene-9,10-diyl-bis-

methylmalonate (ADMA) was used as a singlet oxygen quencher. The functionalized 

nanofibers were immersed in solution and irradiated. The extinction coefficient of 

ADMA (Ů = 12589) [183] at 380 nm was used. Eq. 2.4 was first used to calculate the 

quantum yield of ADMA (ūADMA).  

ɮ   
 

Ȣ
      2.4 

Where Co and Ct represent the concentrations of ADMA before and after irradiation, 

respectively; VR is the volume of the solution; t is the irradiation time per cycle and IAbs 

is defined by Eq. 2.5.  

Ὅ       2.5 

where Ŭ = I-I0-A(ɚ), A(ɚ) is the absorbance of the sensitizer at the irradiation wavelength, 

A is irradiated area (2.5 cm2), I is the intensity of light (3.20 × 1016 photons cm-2 s-1) 

and NA is Avogadroôs constant. The light measured refers to the light reaching the 

spectrophotometer cell, and it is expected that some of the light may be scattered, 

hence the values of the Pcs are estimates. Subsequently, the ūæ values of the 

composites were calculated using Eq. 2.6: 

 
Ў
ρ  Ȣ       2.6 

 

Where Ka is the rate constant for the reaction of DMA with 1O2 (1æg), and Kd is the 

singlet oxygen decay constant. 
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 2.7. Photosono -catalytic degradation studies  

The photocatalytic degradation studies of Rhodamine 6G and dichlorophenol (5 mL of 

6.63 x 10-5 M) were performed using Modulight® Medical Laser system (MLS) 7710-

680 channel Turnkey laser system, Fig 2.4. The sonocatalytic studies were done using 

sonopuls sonicator at 2 MHz:1 W.cm-1 frequency. Recently, the effect of the ultrasound 

on the stability of MPcs using the following ultrasonication parameters (frequency: 

power): (i) 1 MHz; 1 W.cm-2; (ii) 1 MHz: 2 W.cm-2; (iii) 3 MHz: 1 W.cm-2 and (iv) 3 MHz: 

2 W.cm-2 had been studied. The parameter combination: 1 MHz: 1 W.cm-2 showed 

minimal degradation of the Pc, and hence it is employed in this work [184]. The 

degradation studies were performed at pH 9 [185] for Rhodamine 6G and pH 5 for 

dichorophenol because the degrdatioin of these pollutants have been outlined  to be 

efficient  under these pH values [186]. The UV-vis spectral changes recorded during 

degradation of Rhodamine 6G at 525 nm [187] and dichlorophenol at 283 nm [188] 

and were used to evaluate degradations of Rhodamine 6G and dichlorophenol, 

respectively. The Eq. 2.7 was used to calculate the degradation efficiency (%). The 

pH of the solution was adjusted using 0.1 M NaOH.  

     ἎἭἯἺἩἬἩἼἱἷἶ ἭἮἮἱἫἱἭἶἫὁ Ϸ
  

 
Ø ρππ           2.7 

Where, Co is the initial concentration of Rhodamine 6G, Ct is the concentration at time 

t during degradation. Irradiations were first performed in the absence of the catalysts.  

Subsequently, they were performed in the presence of the catalysts. Rate constants 

(kobs) were obtained from slopes from kinetics plots. The following catalysts wereused 

in degradation of organic pollutants: phthalocyanines (1-6), pristine fibers (TiO2 and 

ZnO fibers), conjugate (5@ MnFe2O4 NPs) and functionalized fibers (1-TiO2 fibers, 2-

TiO2 fibers, 3-TiO2 fibers, 4-TiO2 fibers, 5-TiO2 fibers, 6-TiO2 fibers, 1@g-C3N4 NS-
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TiO2 fibers, 2@g-C3N4 NS-TiO2 fibers, 3@g-C3N4 NS-TiO2 fibers, 4@g-C3N4 NS-TiO2 

fibers, 5@g-C3N4 NS-TiO2 fibers and 6@g-C3N4 NS-TiO2 fibers), porphyrin (7) and 

7@g-C3N4 QDs-TiO2 fibers.  

 

Fig. 2.4. Set up for the photosono-catalytic degradation of Rhodamine 6G. 
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ƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄ 

Chapter three  

ƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄ 
This chapter provides details on the syntheses and characterisation of the Pcs, 

porphyrin, NPs as well as their respective conjugates. 
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3.1. Syntheses of porphyrin and phthalocyanines  

3.1.1. Phthalocyanines (Pcs)  

As has already been outlined in the previous chapters, the synthesis of complexes 1, 

2 and 5 have been reported before [70,71]. Hence, their synthesis and 

characterizations were not discussed in this chapter. The syntheses and 

characterization of complexes 3, 4, 6 and 7 are discussed in this chapter. An illustrative 

synthetic route for novel complexes 3, 4 and 6 are shown in Schemes 3.1-3.3. The 4-

methoxyphenoxyphthalonitrile (A) [165], 4-(4-carboxyphenoxy)-phthalonitrile (B) 

[166], 5-phenoxylpicolinic acid phthalonitrile (C) [167] and 4-(3,5-dimethoxyphenoxy) 

phthalonitrile (D) [168] used have already been reported.  The 3:1 equivalent of the 

phthalonitriles in the presence of DBU as a base and ZnAOc were refluxed in the 

presence of argon Schemes 3.1-3.3. Column chromatography was used to separate 

the mixtures on silica gel using 5:1 v/v THF/cyclohexane. The mass spectra of 

complexes 3, 4 and 6 are shown in Fig. 3.1-3.3. 

The integrations of the 1H NMR spectra (Appendix es 1-3) of the complexes 3, 4 and 

6 also confirmed the structures of these complexes. As anticipated, complex 4 is one 

proton shorter than complex 3 due to the presence of the N atom in phenoxy picolinic 

acid in complex 4 compared to the C atom in phenoxy carboxylic acid in complex 3. 

Complexes 3, 4 and 6 displayed a single peak at a higher chemical shift (between 10 

ppm-11.5 ppm) which is due to the OH group of the COOH group. In addition, the 

compositions of the complexes were also confirmed with elemental analysis (CHNS). 

For all the as-synthesized complexes, the ratios of C:H:N obtained corresponded to 

anticipated ratios.  

The MALDI-TOF spectra (run in positive mode) of complexes 3, 4 and 6 are shown in 

Appendix 4 -6. All the spectra show single peaks at m/z = 1127.90 amu, 1128.29 amu 
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and 1218.90 amu for complexes 3, 4 and 6, respectively corresponding to the 

calculated m/z of the respective Pcs. This proves that the Pcs were successfully 

synthesized and purified.    

 

Scheme 3.1. Synthesis of complex 3. 

 

Scheme 3.2. Synthesis of complex 4. 
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Scheme 3.3. Synthesis of complex 6. 

3.1.2. Porphyrin ( 7)  

 The illustrative synthesis route of the porphyrin (7) used in this study is shown in 

Scheme 3.4 . The synthesis of 5-p-carboxyphenyl-10,15,20-(tris-4-pyridyl)-porphyrin 

(free base porphyrin, named complex 7a) has been reported before hence it is not 

shown [169].   

1H NMR (Appendix 7 ) also displayed an anticipated number of protons and chemical 

shifts. The structure of the complex 7 was further confirmed using MALDI-TOF mass 

spectroscopy. The mass spectrum is shown in Appendix 8 . The obtained mass was 

m/z = 725.17 amu which is close to the anticipated m/z of 724.90 amu. The CHN 

content obtained from elemental analysis were close to the anticipated elemental 

composition. 
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Scheme 3.4. Synthesis of complex 7. 

3.2. Syntheses of the nanoparticles  

3.2.1. Syntheses of g -C3N4, Scheme 3 .5. 

As previously mentioned, the synthesis of g-C3N4 quantum dots have been reported 

before [170]..  The synthesis of g-C3N4 NS was achieved by thermal polymerization of 

urea. The process is illustrated in Scheme 3.5 .  

 

Scheme 3.5. Synthesis of graphitic carbon nitride by thermal polymerization. 

3.2.2. Syntheses of MnFe 2O4 nanoparticles.   

Spinel manganese ferrite nanoparticles were synthesized using the co-precipitation 

method as reported in the literature [172].  

 

 

https://www.sciencedirect.com/topics/chemistry/nanosheet


67 | P a g e 
 

3.3. Syntheses of the conjugates  

3.3.1. Conjugation of 3, 4, 5 and 6 with g -C3N4 nanosheets , Scheme 3 .6. 

Scheme 3.6  shows the synthetic route for the conjugation of complexes 3, 4, 5, and 6 

with g-C3N4 nanosheets using complex 6 as an example. The -COOH group of the 

Pcs were first activated with DCC and EDC. The conjugation was achieved by means 

of an amide bond. The conjugates were named as 3@g-C3N4 NS, 4@g-C3N4 NS, 

5@g-C3N4 NS and 6@g-C3N4 NS as listed in Table 1.1 . 

 

Scheme 3.6. The conjugation of complex 6 with g-C3N4 nanosheets 

 

https://www.sciencedirect.com/science/article/pii/S1010603023007104#f0065
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3.3.2. Conjugation of 3, 4 , and 7 with g -C3N4 quantum dots  

Scheme 3.7  shows the synthetic route for the conjugation of complexes 3, 4 and 7 

with g-C3N4 quantum dots using complex 7 as an example. The g-C3N4 quantum dots 

were synthesized using diaminomaleonitrile (DAMN) [172]. The ~COOH groups of the 

complexes 3, 4 and 7 activated with DCC and EDC. The conjugation was achieved by 

covalent linkage by means of an amide bond. The conjugates were named 3@g-

C3N4 QDs, 4@g-C3N4 QDs and 7@g-C3N4 QDs. 

 

Scheme 3.7. The conjugation of complex 7 with g-C3N4 quantum dots 

3.3.3. Conjugation of 5 with MnFe 2O4 nanoparticles  

Scheme 3.8 shows the conjugation of complex 5 with MnFe2O4 nanoparticles. APTES 

was used as a linker between the complex 5 and the MnFe2O4 nanoparticles. The 

functionalization of the MnFe2O4 nanoparticles with the APTES was adopted using the 

reported method [175]. DCC (20 mg) and EDC were used to activate the ~COOH 

https://www.sciencedirect.com/science/article/pii/S1010603023007104#f0065
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group of the complex 5. The conjugation was achieved by covalent linkage through an 

amide bond.  

 

 

Scheme 3.8. The conjugation of complex 5 with MnFe2O4 nanoparticles 

 

 

https://www.sciencedirect.com/science/article/pii/S1010603023007104#f0065
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3.4. Optical properties  

3.4.1. Porphyrin  and Pcs alone   

The UV-Vis absorption spectra of the Pcs (complexes 1-6) are shown in Fig. 3.1 in 

DMF and the values are listed in Table 3.1. Complex 2 was blue-shifted compared to 

complex 1, Fig . 3.1A. Complex 1 has tetrakis-3,5-dimethoxyphenoxy substituents 

whereas complex 2 has tetrakis-3,4,5-trimethoxyphenoxy substituents. Therefore, the 

additional methoxy group in complex 2 is responsible for the blue-shift perceived in 

comparison to complex 1 (Table 3.1 ).  

Complex 4 was red-shifted compared to complex 3, Fig. 3.1B. Complex 4 has a 

picolinic acid phenoxy substituent, whereas complex 3 has carboxylic acid phenoxy. 

Therefore, picolinic acid phenoxy substituent endorsed a shift in absorption towards a 

higher wavelength. Nitrogen-containing compounds are known to red-shift the Q-band 

[189]. Complex 3 shows a red-shifted Q band compared to complex 5, and 

complex 4 is red-shifted compared to 6. This suggests that 1,4-methoxyphenoxy 

substituents in complexes 3 and 4 resulted in a red shift compared to 1,3,5-

dimethoxyphenoxy substituents in complexes 5 and 6 (Table 3.1 ).  

The band gap energies of complexes 1 and 2 were calculated from Tauc plots. The 

Tauc plots of complexes 1 and 2 are displayed in Fig . 3.1A and listed in Table 3.1 . 

The results showed that there is no difference in band gap energies of complexes 1 

and 2. The band gap energies of complexes 3, 4, 5, and 6 (Fig. 3.1B) obtained from 

Tauc plots revealed that band gap energies of complexes 3 and 4 were lower than 

those obtained from complexes 5 and 6, Table 3.1 .  

 

https://www.sciencedirect.com/science/article/pii/S0379677924001619#fig0010
https://www.sciencedirect.com/topics/chemistry/nitrogen-compound
https://www.sciencedirect.com/science/article/pii/S0379677924001619#fig0010
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Table 3.1 . Optical properties of the complexes 1, 2, 3, 4, 5, 6 and 7 and respective 

conjugates.   

 

Samples  lmax (nm)  Band gap (eV)  

1 679 3.0 

2 674 3.0 

3 684 3.2 

4 689 3.2 

5 669 3.4 

6 670 3.4 

7a 417 2.9 

7 424 2.8 

g-C3N4 NS 327 2.8 

g-C3N4 QDs 327 2.7 

MnFe2O4 NPs 330 2.5 

3@g-C3N4 NS 688 3.0  

4@g-C3N4 NS 691 2.7 

5@g-C3N4 NS 672 3.0 

6@g-C3N4 NS 674 2.9  

3@g-C3N4 QDs 690 2.3 

4@g-C3N4 QDs 693 2.6 

7@g-C3N4 QDs 426 2.6 

5@MnFe2O4 676 2.8 
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Fig. 3.1. UV-Vis spectra and Tauc plots of complexes 1 and 2 (A) and complexes 3, 

4, 5 and 6 (B) in DMF. 

The UV-Vis spectra of complex 7a (unmetalled porphyrin) and 7 (metallated Por) are 

shown in Fig. 3.2 and values are listed in Table 3.1 . The complex 7a had four Q-

bands. Complex 7 (metallated 7a) had two Q-bands. In addition, the Soret band was 

of 7 red-shifted compared to that of complex 7a. The introduction of a metal such as 

zinc could result in a degree of perturbation and electron delocalization within the 

porphyrin macrocycle, resulting in redshifts in absorption spectra [190].  
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Tauc plots of complexes 7a and 7 are shown in Fig. 3.2 and Table 3.1 . The band gap 

energy of the complex 7 was lower than that of the complex 7a. This could be due to 

the fact that complex 7 was red-shifted compared to complex 7a.  

 

 

Fig. 3.2. UV-Vis spectra and Tauc plots of complexes 7a and 7 in DMF.  

3.4.2. g-C3N4 nanosheets and their conjugates  

As stated before, complexes 3, 4, 5, and 6 were conjugated to g-C3N4 NS. The UV-vis 

absorption properties of g-C3N4 NS, 3@g-C3N4 NS, 4@g-C3N4 NS, 5@g-C3N4 NS, and 

6@g-C3N4 NS conjugates in DMF are displayed in Fig. 3.3 and Table 3.1. The Q-

bands of the conjugates are red-shifted compared to complexes 3, 4, 5, and 6 alone. 

The observed red-shift is due to the molecular flattening reported in porphyrin-like 

complexes when conjugated with graphene-like materials [191]. 

 The band gap energies of the synthesized conjugates were obtained from Tauc plots. 

The plots are shown in (Fig. 3.3), and values are listed in Table 3.1. The band gap 

energies of conjugates were lower than those obtained from respective complexes 3, 

4, 5, and 6 alone. However, the difference was not significant.  

Tauc plots

3.43.23.02.8

2.8 eV

 

 

(a
h
v

)2
 (
e

V
 c

m
-1

)2

Energy (eV)

  7a

  7
2.9 eV

2.6360 420 480 540 600 660

7a

 

 

A
b

s
o

rb
a

n
c
e

 (
a

.u
.)

Wavelength (nm )

7

UV-Vis



74 | P a g e 
 

 

Fig. 3.3. UV-Vis spectra and Tauc plots of g-C3N4 NS, 3@g-C3N4 NS, 4@g-C3N4 NS, 

5@g-C3N4 NS and 6@g-C3N4 NS in DMF.  

3.4.3. g-C3N4 QDs and their respective conjugates  

Complexes 3, 4, and 7 were conjugated to g-C3N4 QDs. The UV-Vis spectra and 

respective Tauc plots of g-C3N4 QDs, 3@g-C3N4 QDs, and 4@g-C3N4 QDs were 

compared in Fig. 3.4A and Table 3.1 . The g-C3N4 QDs display absorption at 327 nm 

(Table 3.1). This absorption band is attributed to nŸˊ transition, which originated from 

an electron transfer from a nitrogen nonbonding orbital to an aromatic antibonding 

orbital of g-C3N4 QDs. The UV-Vis spectra of 3@g-C3N4 QDs and 4@g-C3N4 QDs 

display absorption peaks corresponding to B-bands and Q-bands. The conjugates 

displayed a red-shift than individual complexes 3 and 4, Table 3.1 . The observed red-

shift compared to porphyrins alone is due to the molecular flattening in porphyrin light 

complexes when conjugated to graphene-like materials [191] as stated above.  

The band gap energies obtained from Tauc plots (Fig. 3.4A) are listed in Table 3.1 . 

The band gap energies of the conjugates are lower than those of the corresponding 
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individuals 3 and 4. This suggests that the conjugation of complexes 3 and 4 with g-

C3N4 QDs resulted in a decrease in band gap energies compared to those of 3 and 4.     

The UV-vis absorption spectra of g-C3N4 QDs and 7@g-C3N4 QDs conjugates in DMF 

are compared in Fig. 3.4B. The absorption spectrum of 7@g-C3N4 QDs shows a 

Soret-band at 426 nm. There is a shift in the porphyrin Soret band towards a higher 

wavelength upon conjugation. The observed red-shift B-band compared to that of the 

7b alone is due to molecular flattening, which is often reported in porphyrin-graphene 

conjugates [191]. 

The band gap energies of g-C3N4 QDs and 7@g-C3N4 QDs calculated from Tauc plots 

(Fig. 3.4B) are listed in Table 3.1 . The band gap energies of g-C3N4 QDs and 7@g-

C3N4 QDs were 2.7 and 2.6 eV, respectively. The band gap energy obtained in 7@g-

C3N4 QDs was slightly lower than that obtained in pristine 7, suggesting that the 

conjugation resulted in a decrease in band gap energy.  
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Fig. 3.4. UV-Vis spectra and Tauc plots of g-C3N4 QDs, 1@g-C3N4 QDs and 2@g-

C3N4 QDs in DMF.  

3.4.4. MnFe2O4 NPs and 5@MnFe 2O4 NPs conjugates  

The UV-Vis absorption spectra of 5, MnFe2O4 and 5@MnFe2O4 conjugate in DMF are 

shown in Fig. 3.5 . The MnFe2O4 NPs display absorption at 330 nm. 

5@MnFe2O4 conjugate in DMF displays the B-band at 360 nm and the Q bands at 

676 nm, Table 3.1 . The conjugate was red shift compared to complex 5 alone, which 

was attributed to molecular flattening [191].  
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The band gap energies (Fig. 3.5 and Table 3.1. ) of MnFe2O4 nanoparticles 

and 5@MnFe2O4 conjugate (using the B-band for the Pcs) show that the conjugate 

has lower band gap energy than complex 5 alone. This suggests that conjugation of 

the complex 5 and MnFe2O4 NPs resulted in a decrease in band gap energy compared 

to that of the 5. 

 

Fig. 3.5. UV-Vis spectra and Tauc plots of 5, MnFe2O4 and 5@MnFe2O4 conjugate in 

DMF.  
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3.5. Fourier transform infrared spectroscopy (FT -IR)  

FT-IR was used to study surface bonding and interaction between g-C3N4 QDs and 

complexes 3, 4 and 7 in 3@g-C3N4 QDs, 4@g-C3N4 QDs and 7@g-C3N4 QDs 

respectively. The FT-IR spectra of g-C3N4 QDs, 3@g-C3N4 QDs and 4@g-C3N4 QDs 

conjugates are displayed in Fig. 3.6. The spectrum of g-C3N4 QDs display three peaks 

at 1302, 1472 and 1784 cmī1, which are indexed to C-N, N-H and C=O vibration 

frequencies, respectively [192]. The spectra of 3@g-C3N4 QDs and 4@g-C3N4 QDs 

conjugate shows an enhanced C-N peak with an additional C=O peak corresponding 

to the presence of an amide bond and confirming successful conjugation. C-O peaks 

are also observed for both 3@g-C3N4 QDs and 4@g-C3N4 QDs conjugate which 

corresponds to methoxy group of the complexes 3 and 4.  

The spectra of g-C3N4 QDs, complex 7 and 7@g-C3N4 QDs are compared in Fig.  3.7. 

The spectrum of g-C3N4 QDs display three peaks at 1302 cmī1, 1472 cmī1 and 

1784 cmī1, which are indexed C-N, N-H and C=O vibration frequencies, respectively 

(cycled in red) [192]. The FT-IR spectrum of complex 7 showed peaks at 3000 cm-1 

and 2957 cm-1 corresponding to O-H and C-H of the porphyrin, respectively. Another 

intense absorption band is oberved at 1772 cm-1 which is due to C=O stretching 

frequencies. The FT-IR spectra of 7@g-C3N4 QDs show peaks at 3000 and 

2957 cmī1, which are due to O-H and C-H vibrations of complex 7. Another peak was 

observed at 1772 cm-1 which is due to C=O stretching frequencies. The band 

confirming the presence of an amide bond is at 1564 cmī1, which can be indexed to 

the C-N stretching of the amide bond [193]. The FT-IR analysis of the conjugates of 

the Pc complexes, g-C3N4 NS, or g-C3N4 QDs were not performed. Instead, Raman 

spectroscopy and X-ray spectroscopy (XPS) were used to investigate the interaction 
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between the Pcs, g-C3N4 NS, and g-C3N4 QDs. XPS is more sensitive than FT-IR in 

identifying surface bonding. Hence, it was used instead of FT-IR. 

 

Fig. 3.6. FT-IR spectra of g-C3N4 QDs, 3 and 3@g-C3N4 QDs conjugates 
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Fig. 3.7. FT-IR spectra of g-C3N4 QDs, 7 and 7@g-C3N4 QDs conjugates.  

3.6. Raman spectroscopy  analysis   

Raman spectroscopy was used to investigate the interaction between Pc complexes, 

g-C3N4 NS and g-C3N4 QDs. Typically, the interaction between the Pc and g-

C3N4 QDs or g-C3N4 NS results in the formation of defect sites in g-C3N4 QDs or g-

C3N4 NS. The defect sites are observed by changes in Raman peaks of g-C3N4 QDs 

and g-C3N4 NS. Hence, Raman spectroscopy was used to study the interaction 

between Pcs and g-C3N4 QDs or g-C3N4 NS.   
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3.6.1. g-C3N4 NS and their conjugates  

Raman spectroscopy of g-C3N4 NS and their respective conjugates was studied to 

gain insight into the molecular interaction between g-C3N4 NS and Pcs. The Raman 

spectra of g-C3N4 NS and 3@g-C3N4 NS, 4@g-C3N4 NS, 5@g-C3N4 NS and 6@g-

C3N4 NS are presented in Fig. 3.8.  The spectrum of g-C3N4 NS show peaks at 

1280 cmī1 and 1600 cmī1, which are due to D-band (sp3) and G-band (sp2), 

respectively. The G-band is due to in-plane vibrations of sp2 carbon nitride groups and 

the D-band is due to out-of-plane vibrations [194]. The conjugation of g-C3N4 with Pc 

complexes resulted in a shift in both D- and G-bands to high frequencies. This is due 

to strong interaction between the Pcs and g-C3N4 NS [195]. The ID: IG ratio of g-C3N4 

NS, 4@g-C3N4 NS, 5@g-C3N4 NS and 6@g-C3N4 NS were 0.21, 0.87, 0.88, 0.91 and 

0.90, respectively. Thus, there is an increase in the ID:IG ratio of the conjugates 

compared to g-C3N4 NS alone. This also shows a strong interaction between the Pcs 

and g-C3N4 NS and an increase in the level of disorder upon conjugation. 
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Fig. 3.8. Ramana spectra of g-C3N4 NS, 3@g-C3N4 NS, 4@g-C3N4 NS, 5@g-C3N4 NS 

and 6@g-C3N4 NS conjugates.  

3.6.2. g-C3N4 QDs and their conjugates  

The Raman spectra of g-C3N4 QDs and 3@g-C3N4 QDs and 4@g-C3N4 QDs are 

compared in Fig. 3.9. The Raman spectrum of g-C3N4 QDs display peaks at 

1280 cmī1 and 1600 cmī1, which are due to D-band (sp3) and G-band (sp2), 

respectively. The conjugation of the g-C3N4 QDs with complexes 3 and 4 resulted in a 
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shift in D and G bands to high frequencies. The calculated ID: IG ratio of g-C3N4, 3@g-

C3N4 QDs and 4@g-C3N4 QDs, were 0.21, 0.84, 0.86, respectively.   
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Fig. 3.9.  Ramana spectra of g-C3N4 QDs, 3@g-C3N4 QDs and 4@g-C3N4 QDs 

conjugates. 
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3.7. X-ray photoelectron spectroscopy (XPS) analysis  

3.7.1. XPS of g -C3N4 NS and respective conjugates  

XPS was used to confirm the successful conjugation between g-C3N4 NS and Pc 

complexes by investigating the chemical states of the complex 6, g-C3N4 NS and 6@g-

C3N4 NS (and used as an example for the rest of the conjugates). The results are 

shown in Fig. 3.10. The elemental survey spectra of the complex 6, g-C3N4NS and 

3@g-C3N4 NS display peaks corresponding to carbon (C), nitrogen (N) and oxygen 

(O) at 386.9, 399.4 and 532,8 eV, respectively.  

The C and N peaks were deconvoluted to identify the different bonding states. The 

high-resolution spectra of the C 1s and N 1s spectra of both g-C3N4 NS, 6 and 

conjugates are shown in Fig 3 .10. The C1s of g-C3N4 displayed bonding states at 

284.2 eV and 285.6 eV corresponding to C=C and C-N/C=N, respectively. These 

Gaussian peaks have been previously reported for g-C3N4 [196,197]. The 

deconvoluted N1s spectrum of g-C3N4 NS displays two bonding states at 399.9 eV and 

401.0 eV corresponding to (sp2) C-N=C and the intercalated graphitic N atoms, 

respectively.  

The bonding states for C 1s of complex 6 were observed at 284.1, 284.6, 285.4, 286.8 

and 288.2 eV corresponding to C=C, C-H, C-N/C=N, C-O and C=O, respectively [198]. 

For N1s, two bonding states were observed at 399.9 eV and 401.0 eV, which 

correspond to the C=N bond and graphitic N, respectively. The C 1s spectrum of 6@g-

C3N4 NS had similar bonding states observed in the deconvoluted C1s spectrum of 

the complex 6. However, the intensity of the C-N/C=N at 285.7 eV was significantly 

enhanced due to the formation of an amide bond. To further confirm the formation of 

an amide bond the deconvoluted N 1s spectrum of 6@g-C3N4NS was obtained. An 
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additional peak was observed at 402.1 eV, corresponding to -N-C=O bond of an 

amide.  

 

Fig. 3.10. XPS spectra of complex 6, g-C3N4 NS and 6@g-C3N4 NS.  
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3.7.2. MnFe2O4 and the respective conjugate  

XPS analyses were performed to confirm the conjugation between complex 5 and 

MnFe2O4. The wide scan spectra of MnFe2O4-APTES and 5@MnFe2O4 are shown in 

Fig. 3 .11. The wide scan spectrum of MnFe2O4-APTES shows the presence of Mn, 

Fe, O, Si, C, and N elements. The 5@MnFe2O4 spectrum shows the presence of Zn 

from complex 5 in addition to the peaks of MnFe2O4-APTES.   

To confirm the conjugation through an amide bond, the C 1s and N 1s were 

deconvoluted in MnFe2O4-APTES and 5@MnFe2O4 conjugate. The high-resolution C 

1s spectrum of MnFe2O4-APTES shown in Fig. 3 .11 was deconvoluted to C-C/C-H 

and C-N peaks at 284.6 and 286.5 eV, respectively. The N 1s for MnFe2O4 in Fig. 3 .11 

was deconvoluted to ïN-H and ïN-C at 397.4 and 398.9 eV, respectively. The C 1s 

spectrum of 5@MnFe2O4 was deconvoluted to C=C, C-C/C-H, C-N/C=N, C-O- and 

C=O at 284.0, 284.6, 285.3, 286.3 and 287.2 eV, respectively. The N 1s spectrum of 

5@MnFe2O4 was deconvoluted to ïN-H, pyridinic N, pyrrolic N and ïN-C=O at 397.8, 

399.0, 400.1 and 401.1 eV corresponding, respectively. The ïN-C=O bond confirms 

the successful conjugation between 5 and MnFe2O4 [199].  
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Fig. 3.11. XPS spectra of complex 5, and 5@MnFe2O4 conjugate.  
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3.8. X-ray diffraction (XRD)  

3.8.1. g-C3N4 NS and respective conjugates  

The XRD spectrum of the g-C3N4 NS displays a broad diffraction peak at 2ɗ = 27.4Á 

corresponding to (002) plane (Fig. 3 .12). The spectra of 3@g-C3N4 NS, 4@g-C3N4 NS, 

5@g-C3N4 NS, and 6@g-C3N4 NS also show diffraction peaks corresponding to the 

(002) plane. However, the peak has low intensity which suggests that the conjugation 

resulted in a decrease in crystallinity [192].  
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Fig. 3.12. XRD spectra of g-C3N4 NS 3@g-C3N4 NS, 4@g-C3N4 NS, 5@g-C3N4 NS 

and 6@g-C3N4 NS. 

3.8.2. g-C3N4 QDs and conjugates  

The XRD spectra of g-C3N4 QDs and 3@g-C3N4 QDs and 4@g-C3N4 QDs conjugates 

are displayed in Fig. 3.13A . The XRD spectrum of the g-C3N4 QDs displays a broad 

diffraction peak at 2ɗ = 27.4Á corresponding to (002) plane. The spectra of 3@g-C3N4 

QDs and 4@g-C3N4 QDs conjugates show that the conjugation resulted in decrease 

in crystallinity observed by a decrease in (002) peak intensity.  
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The XRD spectra of g-C3N4 QDs and 7@g-C3N4 QDs are shown in Fig. 3.13B. Upon 

conjugation of g-C3N4 with complex 7 to form 7@g-C3N4, the (002) peak of the g-

C3N4 was significantly broadened. This is probably due to the overlap between the 

(002) peak of the g-C3N4 and the amorphous peak of the porphyrin (complex 7). 

  

Fig. 3.13. XRD spectra of g-C3N4 QDs, 3@g-C3N4 QDs and 4@g-C3N4 NS (A) and g-

C3N4 QDs and 7@g-C3N4 QDs (B). 

3.8.3. MnFe2O4 nanoparticles and respective conjugates  

X-ray diffraction of MnFe2O4 NPs and 5@MnFe2O4 are displayed in Fig. 3.14. The 

XRD spectrum of MnFe2O4 display peaks at 2ɗ = 30.38Á, 35.14Á, 37.29Á,43.31, 53.86Á, 

57.41° and 63.03° corresponding to (220), (311), (222), (400), (422), (511) and (440) 

spinel phase (JCPDS No. 10ï0319) [200]. The spectrum of 5@MnFe2O4 displays an 

additional broad, amorphous peak that can be observed at 2ɗ = 18.31Á, which is 

typical for Pcs [201].   
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Fig. 3.14. XRD spectra of MnFe2O4, and 5@MnFe2O4 

3.9. Transmission electron microscopy (TEM) analysis  

Transmission electron microscopy was used to study the morphologies of the 

synthesized nanomaterials (g-C3N4 NS and MnFe2O4). TEM analysis of g-C3N4 QDs 

have been reported before, hence, were not studied in this thesis [170].     

3.9.1. g-C3N4 NS and 6@g-C3N4 NS 

The morphologies of the synthesized g-C3N4 were confirmed by TEM analysis. The 

TEM analysis of pristine g-C3N4 NS, g-C3N4 QDs and 6@g-C3N4 NS was performed. 

The TEM analysis of 6@g-C3N4 NS was used as an example for all the conjugates.  

Fig. 3.15(a) shows TEM image of the g-C3N4 NS, which appears as thin sheets with 

slight segregation. Fig.  3.15(b) shows the TEM image of 6@g-C3N4 NS, which 

appears to be slightly aggregated with regard to pristine g-C3N4 NS due to the 

interaction between complex 6 and g-C3N4 NS. The Fig.  3.15(c) shows the 

morphology of the spherical dots. The morphology of 3@g-C3N4 QDs, 4@g-C3N4 QDs 
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and 7@g-C3N4 QDs is not anticipated to differ from that of g-C3N4 QDs, hence TEM 

analyses of 3@g-C3N4 QDs, 4@g-C3N4 QDs and 7@g-C3N4 QDs was not performed.  

 

Fig.3.15. TEM images of g-C3N4 NS (a) and 6@g-C3N4 NS (b), g-C3N4 QDs 

3.9.2. MnFe2O4 NPs and 5@MnFe 2O4 conjugate  

The TEM images (Fig. 3.16A) of the MnFe2O4 nanoparticles and 5@MnFe2O4 

conjugate show that the nanoparticles were segregated and irregular shaped. The 

average diameter (Fig. 3.16B) of the MnFe2O4 nanoparticles calculated from TEM 

results was 7.0 nm. The particles of the 5@MnFe2O4 conjugate appeared to be highly 

aggregated with an average particle diameter of 35 nm. An increase in average 

particle diameter upon conjugation with the 5 complex is due to aggregation. 

(C)
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Fig.3.16. TEM images of MnFe2O4 NPs and 5@MnFe2O4 conjugate (a) and 

respective particle sizes histograms (b) 

3.10. Dynamic light scattering (DLS) analysis  

3.10.1. DLS analysis of g -C3N4 QDs and 7@g -C3N4 QDs 

The DLS spectra of the pristine g-C3N4 QDs and the conjugate of the complex 7 and 

g-C3N4 QDs in DMSO are shown in Fig. 3.17 . The particle size of the pristine g-C3N4 

QDs was recorded to be 23.6 nm. Upon conjugation of complex 7 with g-C3N4 QDs an 

increase in particle size was recorded. The particle size of the 7@g-C3N4 QDs 

conjugate was recorded to be 39.2 nm, with the increase being most like due to 

aggregation.  
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Fig.  3.17. DLS spectra of g-C3N4 QDs and 7@g-C3N4 QDs conjugate 

3.10.2. DLS analysis of  MnFe2O4 NPs and 5@MnFe2O4 conjugate  

The DLS was used to examine the average particle sizes of the MnFe2O4 NPs and 

5@MnFe2O4 conjugate. The DLS spectra in water are shown in Fig. 3.18 .  In general, 

catalysts with smaller particle sizes tend to be more catalytically active due to the large 

number of available active sites [202].  The average particle size of the MnFe2O4 NPs 

was found to be 17.1 nm and for 5@MnFe2O4 conjugate was 26.3 nm. An apparent 

increase in particle diameter upon conjugation is due to the large number of the 

complex 5 molecules binding to the nanoparticles [169] and possibly aggregation.  

 

Fig.3.18. DLS spectra of MnFe2O4 NPs and 5@MnFe2O4 conjugate 
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3.11. Summary of the chapter  

In this Chapter, the syntheses of a porphyrin (7) and some phthalocyanines (1-6) and 

their characterizations were discussed. The conjugates of complexes 3-6 with g-C3N4 

NS, complexes 3, 4 and 7 with g-C3N4 QDs and complex 5 with MnFe2O4 nanoparticles 

through an amide bond were successfully synthesized as shown by FT-IR and XPS. 

The ground state electronic absorption of complexes and their corresponding 

conjugates were studied using UV-Vis absorption. The interaction between the Pc 

complexes and g-C3N4 nanoparticles were studied using Raman spectroscopy.  The 

particle diameters, crystalline structures and morphologies were studied using 

dynamic light scattering, XRD and TEM analysis.   
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Chapter four  

ƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄƄ  
This chapter provides details on the synthesis and characterisation of the nanofibers 

and their functionalized hybrids. 
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4.1. Functionalization of the electrospun nanofibers  

In this study, TiO2 nanofibers and ZnO nanofibers were utilized. TiO2 nanofibers were 

first functionalized with complexes 1-7 through physical adsorption as described in 

Section 2.5.1  and Scheme 4.1 . TiO2 nanofibers were also functionalized with 

complexes 3-6 through covalent linkage with an amide bond as described in Section 

2.5.2 and Scheme 4.2 . The nanofibers were also functionalized with g-C3N4 NS, g-

C3N4 QDs, MnFe2O4 NPs, and their respective conjugates as described in Section 

2.5.3. The ZnO nanofibers were functionalized with complex 6, g-C3N4 NS and 6@g-

C3N4 NS. The pristine and functionalized fibers were compared using various 

spectroscopic and microscopic techniques, Table 5.1 .   
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Scheme 4.1 . Functionalization of TiO2 fibers with complexes 1 as an example.   
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Scheme . 4.2. Functionalization of TiO2 fibers with complex 6 through covalent linkage  

4.2. Characterization of the electrospun nanofibers  

Electrospun nanofibers were characterized by various spectroscopic and microscopic 

techniques to investigate their physicochemical properties prior to and post-

functionalization with Pcs, NPs, and respective conjugates. The characterization of 

TiO2 fibers, 1-TiO2 fibers and 2-TiO2 fibers were compared since complexes 1 and 2 

are both A4 complexes (tetra substituted Pcs). The characterization of physically 

adsorbed complexes 3-6 functionalized TiO2 fibers (3-TiO2 fibers, 4-TiO2 fibers, 5-TiO2 

fibers, and 6-TiO2 fibers) are also compared since these complexes are all 

asymmetrical, and the functionalization of the fibers was through physical absorption. 

The properties of covalently linked TiO2 fibers and 3-6 functionalized TiO2 fibers 

(3@TiO2 fibers, 4@TiO2 fibers, 5@TiO2 fibers, and 6@TiO2 fibers) are compared 

since complexes 3-6 are asymmetrical Pcs and they were supported on nanofibers 

through covalent linkage. 

The physicochemical properties of TiO2 fibers and physically adsorbed complex 7 

functionalized TiO2 fibers (7-TiO2 fibers) are compared separately since complex 7 is 
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a porphyrin and complexes 1-6 are Pcs. The physicochemical properties of the ZnO 

fibers and physically adsorbed complex 6 functionalized ZnO fibers are compared. 

The characterizations of g-C3N4 NS, g-C3N4 QDs and MnFe2O4 NPs functionalized 

TiO2 are compared since they are all nanoparticles. The properties of ZnO fibers and 

g-C3N4 NS functionalized ZnO fibers are compared. Lastly, the properties of the 

functionalized TiO2 fibers and ZnO fibers are compared.    

4.2.1. Optical properties  

Symmetrical Pcs, physically adsorbed on TiO 2 fibers  

The absorption properties of the pristine TiO2 fibers  1-TiO2 and 2-TiO2 fibers were 

characterized using solid-state UV-Vis spectroscopy or diffuse reflectance 

spectroscopy (DRS). The spectra are shown in Fig. 4.1A. The pristine TiO2 fibers 

showed a peak at 347 nm, Table 4.1 . Upon functionalization with complexes 1 and 2 

to form 1-TiO2 fibers and 2-TiO2 fibers, Q-band absorption peaks (split bands) between 

500 nm and 800 nm were observed in the solid-state spectra. The Q-bands are split 

due to aggregation, with the low energy peak being due to the monomer and the high 

energy peak being due to the aggregate. This is typical for MPcs in the solid state 

[203]. The B bands are observed at 347 nm and overlap with the peak for TiO2 fibers.  

The band gap energies of TiO2 fibers, 1-TiO2 and 2-TiO2 fibers were calculated using 

Tauc plots. The plots are presented in Fig. 4.1B and Table 4.1 .  The comparison of 

the band gap energies of the pristine TiO2 fibers and functionalized fibers suggests 

that the functionalization of the fibers resulted in a decrease in band gap energies. 

This phenomenon is highly beneficial in photocatalytic processes [204] since it induces 

visible light photo-response properties of the semiconductor materials. In addition, 

the 2-TiO2 fibers displayed lower band gap energy than the 1-TiO2 fibers. 

https://www.sciencedirect.com/topics/materials-science/diffuse-reflectance-spectroscopy
https://www.sciencedirect.com/topics/materials-science/diffuse-reflectance-spectroscopy
https://www.sciencedirect.com/topics/chemistry/monomer
https://www.sciencedirect.com/science/article/pii/S0379677923002060#tbl0005
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Fig. 4.1. Solid state UV-Vis absorption A and Tauc plots B of TiO2 fibers, 1-TiO2 fibers 

and 2-TiO2 fibers 
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Table 4.1 . Maximum absorption, band gap energies, diameters, surface area and pore 

volumes of the fibers.  

Samples  lmax (nm)  Band gap 
(eV) 

Diameters 
(µm) 

SEM 

BET 
surface 
area (m2 

g-1) 

Pore 
volumes  

(cm 3 gī1) 

TiO2 fibers 347  3.2 0.5 14.60 0.281 

1-TiO2 fibers 500-800b 2.8 0.8 12.49 0.173 

2-TiO2 fibers 500-800b 2.7 0.8 11.55 0.159 

3- TiO2 fibers 550-750b 2.8 --- --- --- 

4- TiO2 fibers 550-750b 2.7 --- --- --- 

5-TiO2 fibers 550-750b 2.8 0.9 --- --- 

6- TiO2 fibers 550-750b 2.8 --- --- --- 

7-TiO2 fibers 424a 2.7 1.2 --- --- 

3@TiO2 fibers 550ï750b 2.5 0.7 12.3 0.187 

4@TiO2 fibers 550ï750b 2.4 0.7 12.8 0.182 

5@TiO2 fibers 550ï750b 2.3 0.7 11.7 0.173 

6@TiO2 fibers 550ï750b 2.4 0.7 12.1 0.151 

g-C3N4 NS-

TiO2 fibers 

<400 2.7 1.1 12.7 0.194 

3@g-C3N4 NS- 

TiO2 fibers 

550-750b 2.7 1.7 10.3 0.143 

4@g-C3N4 NS-

TiO2 fibers 

550-750b 2.7 1.6 10.8 0.107 

5@g-C3N4 NS-

TiO2 fibers 

550-750b 2.8 1.7 10.4 0.092 
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Samples  lmax (nm)  Band gap 

(eV) 

Diameters 

(µm) 

BET 

surface 

area (m2 

g-1) 

Pore 

volumes  

(cm 3 gī1) 

6@g-C3N4 NS-

TiO2 fibers 

550-750b 2.8 1.8 12.7 0.064 

 

g-C3N4 QDs-

TiO2 fibers 

400 2.7 1.4 --- --- 

3@g-C3N4 

QDs-TiO2 fibers 

550-750b 2.7  --- --- --- 

4@g-C3N4 

QDs- 

TiO2 fibers 

550-750b 2.7 --- --- --- 

7@g-C3N4 

QDs-TiO2 fibers 

450a 2.1 1.6 --- --- 

MnFe2O4-

TiO2 fibers 

360 2.5 1.1 2.79 0.181 

5@MnFe2O4- 

TiO2 fibers 

550-750b 2.5 1.5 9.37 0.143 

ZnO fibers 380 3.4 1.1 13.3  0.28  

g-C3N4 NS-ZnO 

fibers 

380 3.3  1.3 11.7  0.14  

6-ZnO fibers 550-750b 2.5  1.7 12.4  0.11  

6@g-C3N4 NS-

ZnO fibers 

550-750b 2.3  2.0 9.11  0.064  

a = Soret band, b = Q- band 
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Asymme trical Pcs, physically adsorbed on TiO 2 fibers  

The solid-state UV-Vis absorption spectra of TiO2 fibers and 3-TiO2 fibers, 4-TiO2 

fibers, 5-TiO2 fibers, and 6-TiO2 fibers obtained through physical adsorption are shown 

in Fig.  4.2A. The 3-TiO2 fibers, 4-TiO2 fibers, 5-TiO2 fibers, and 6-TiO2 fibers display 

broad, split absorption peaks between 550 and 750 nm assigned to the Q-bands of 

the aggregated Pcs [203].  

The band gap energies were obtained from Tauc plots. The band gap energies are 

displayed in Fig. 4.2B and Table 4.1. The band gap energies of the functionalized 

TiO2 fibers were lower than those of pristine TiO2 fibers.   

 

Fig. 4.2. Solid state UV-Vis absorption A and Tauc plots B of TiO2 fibers, 3-TiO2 fibers, 

4-TiO2 fibers, 5-TiO2 fibers and 6-TiO2 fibers 

Asymmetrical Pcs, covalently linked on TiO 2 fibers  

The solid-state UV-Vis absorption spectra of TiO2 fibers and 3@TiO2 fibers, 4@TiO2 

fibers, 5@TiO2 fibers and 6@TiO2 fibers obtained through covalent linkage using an 

amide bond are shown in Fig.  4.3A. The functionalized fibers (3@TiO2 fibers, 4@TiO2 
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fibers, 5@TiO2 fibers, and 6@TiO2 fibers), with respect to pristine TiO2 fibers, display 

broad Q-bands between 520 nm and 750 nm. Which are split due to aggregation.  

The band gap energies obtained from Tauc plots are displayed in Fig. 4.3B and Table 

4.1. The functionalization of TiO2 fibers (3.20 eV) resulted in a decrease in band gap 

energies compared to that obtained from pristine TiO2 fibers. 

 

Fig. 4.3. Solid state UV-Vis absorption A and Tauc plots B of TiO2 fibers, 3@TiO2 

fibers, 4@TiO2 fibers, 5@TiO2 fibers and 6@TiO2 fibers 

Asymmetric Pcs covalently linked to g-C3N4 NS and adsorbed on TiO2 fibers  

The absorption spectra of g-C3N4 NS-TiO2 fibers display absorption below 400 nm. 

The solid-state UV-Vis spectra of 3@g-C3N4 NS-TiO2 fibers, 4@g-C3N4 NS-TiO2 fibers, 

5@g-C3N4 NS-TiO2 fibers, 6@g-C3N4 NS-TiO2 fibers display absorption below 400 nm 

which is due to B-band and broad split bands between 550 nm and 750 nm which are 

due to Q-bands of the aggregated Pcs (Fig. 4.4A). The band gap energies are shown 

in Fig. 4.4B and Table 4.1 .  The band gap energies of 3@g-C3N4 NS-TiO2 fibers, 4@g-

C3N4 NS-TiO2 fibers, 5@g-C3N4 NS-TiO2 fibers and 6@g-C3N4 NS-TiO2 fibers were 

lower than those obtained from pure TiO2 fibers.  
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Fig. 4.4. Solid state UV-Vis absorption A and Tauc plots B g-C3N4 NS-TiO2 fibers, 

3@g-C3N4 NS-TiO2 fibers, 4@g-C3N4 NS-TiO2 fibers, 5@g-C3N4 NS-TiO2 fibers and 

6@g-C3N4 NS-TiO2 fibers 

Pcs covalently linked to g-C3N4 QDs and adsorbed on TiO2 fibers  

The absorption spectra of TiO2 fibers, g-C3N4 QDs-TiO2 fibers display absorption 

below 400 nm. The solid-state UV-Vis spectra of 3@g-C3N4 QDs-TiO2 fibers, 4@g-

C3N4 QDs-TiO2 fibers display absorption below 400 nm due to B-band and broad split 

bands between 550and 750 nm which are due to Q-bands of the aggregated Pcs (Fig. 

4.5A and Table 4.1 ). The band gap energies (Fig. 4.5B and Table 4.1 ) of the 

composites were remarkably lower than those obtained from pure TiO2 fibers. 
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Fig. 4.5. Solid state UV-Vis absorption A and Tauc plots B of TiO2 fibers, g-C3N4 QDs-

TiO2 fibers, 3@g-C3N4 QDs-TiO2 fibers, 4@g-C3N4 QDs-TiO2 fibers. 

Complex 5 linked to MnFe2O4 and adsorbed on TiO2 fibers  

5-TiO2 fibers, MnFe2O4-TiO2 fibers and 5@MnFe2O4-TiO2 fibers showed broad bands 

below 400 nm due to the presence of TiO2 fibers and the B-band. The spectra of 5-

TiO2 and 5@MnFe2O4-TiO2 fibers showed broad and split Q bands between 550and 

750 nm, typical of Pcs in the solid state (Fig. 4.6A and Table 4.1 ).  

The hybridization of TiO2 fibers with MnFe2O4 NPs, 5 and 5@MnFe2O4 resulted in a 

decrease in band gap energies of MnFe2O4-TiO2 fibers, 5-TiO2 fibers and 

5@MnFe2O4-TiO2 fibers compared to pristine TiO2 fibers. The results reveal a 

decreased band gap energy for 5@MnFe2O4-TiO2 fibers (Fig. 4.6B and Table 4.1 ).  
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Fig. 4.6. Solid state UV-Vis absorption A and Tauc plots B of MnFe2O4 NPs-TiO2 

fibers, 5-TiO2 fibers and 5@MnFe2O4 NPs-TiO2 fibers 

Porphyrin linked to  g-C3N4 QDs and adsorbed to TiO2 fibers  

The absorption spectrum of 7-TiO2 fibers shows an additional band at 437 nm which 

is due to the Soret band of the porphyrin, Fig. 4.1. Two additional bands were 

observed for 7-TiO2 fibers at 564 nm and 613 nm, corresponding to porphyrin Q-

bands. The absorption spectrum of 7@g-C3N4 QDs-TiO2 fibers shows shifted Q bands 

at 580 and 628 nm compared to 7-TiO2 fibers and a shift in the Soret band to 450 nm, 

(Fig. 4.7A and Table 4.1 ). The band gap energy of 7@g-C3N4 QDs-TiO2 fibers was 

lower than those obtained from g-C3N4 QDs-TiO2 fibers and 7-TiO2 fibers, Table 4 .1.  
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Fig. 4.7. Solid state UV-Vis absorption A and Tauc plots B of TiO2 fibers, 7-TiO2 fibers 

and 7@g-C3N4 QDs-TiO2 fibers. 

Complex 6 linked to g-C3N4 NS and adsorbed on ZnO fibers  

The absorption properties of ZnO fibers, g-C3N4 NS-ZnO fibers, 6-ZnO fibers and 

6@g-C3N4 NS-ZnO fibers are shown Fig. 4.8A. The ZnO fibers and g-C3N4 NS-ZnO 

fibers show absorption below 400 nm. The 6-ZnO fibers and 6@g-C3N4 NS-ZnO 

fibers show an anticipated broad absorption band (Q-band) between 550 and 750 nm 

due to the presence of complex 6.  

The band gap energies of the ZnO fibers, g-C3N4 NS-ZnO fibers, 6-ZnO fibers and 

6@g-C3N4-ZnO fibers (Fig. 4.8B and Table 4.1 ) were 3.4, 3.3, 2.5 and 2.3 eV, 

respectively. The functionalization of the fibers resulted in a decrease in band gap 

energy, which is more apparent in the presence of complex 6. 

ZnO fibers have slightly higher band gap energy than TiO2 fibers. This difference in 

band gap is primarily due to the different atomic orbitals involved in the valence and 

conduction bands of each material [205].  
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Fig. 4.8. Solid state UV-Vis absorption A and Tauc plots B of ZnO fibers, g-C3N4 QDs- 

ZnO fibers, 6-ZnO fibers and 6@g-C3N4 QDs- ZnO fibers. 

4.2.2. X-Ray photoelectron spectroscopy (XPS)  

XPS was used to confirm the conjugation between complexes 3 and 6 with TiO2 fibers 

in 3@TiO2 fibers and 6@TiO2 fibers as examples (Fig. 4.9). The results were used for 

all the hybrids. The XPS survey scan spectra of 3@TiO2 fibers and 6@TiO2 fibers (Fig. 

4.9) confirm the presence of Ti, Si, O, C and N elements. The C 1s and N 1s were 

deconvoluted to identify bonding states (Fig. 4.9). The C 1s spectra show bonding 

states corresponding to C-C, C=C, C-N/C=N, C-O- and C=O bonds [206] for both 

3@TiO2 fibers and 6@TiO2 fibers. The deconvoluted N 1s spectra show the bonding 

states corresponding to N-C, N=C and N-C=O bonds, respectively [199]. The 

presence of C-N/C=N in the deconvoluted C 1s spectra, N-C and N-C=O in the N 1s 

spectra confirm the successful formation of an amide bond between TiO2 fibers and 

the Pc complexes.  
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Fig. 4.9. XPS survey spectra, deconvulated C 1s and N 1s spectra of 3@TiO2 fibers 

and 6@TiO2 fibers 
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4.2.3. X-ray diffraction (XRD ) 

The XRD properties of the fibers were studied to identify phases of the fibers and the 

effect of functionalization on crystallinity. The XRD properties of TiO2 fibers, 1-

TiO2 and 2-TiO2 fibers (containing symmetrical Pc) were first compared. Afterward, 

the XRD properties of TiO2 fibers, 3@TiO2, 4@TiO2 fibers, 5@TiO2 fibers, 

and 6@TiO2 fibers were compared. The XRD properties of g-C3N4 NS-TiO2 fibers, 

3@g-C3N4 NS-TiO2 fibers, 4@g-C3N4 NS-TiO2 fibers, 5@g-C3N4 NS-TiO2 fibers and 

6@g-C3N4 NS-TiO2 fibers were compared followed by comparison of TiO2 fibers, g-

C3N4 QDs-TiO2 fibers, 3@g-C3N4 QDs-TiO2 fibers, 4@g-C3N4 QDs-TiO2 fibers. The 

XRD patterns of TiO2 fibers, MnFe2O4 NPs-TiO2 fibers, 5-TiO2 fibers and 5@MnFe2O4 

NPs-TiO2 fibers were compared. To investigate the effect of the complex 7 and g-C3N4 

QDs, the XRD properties of   g-C3N4 QDs-TiO2 fibers, 7 -TiO2 fibers and 7@g-C3N4 

QDs-TiO2 fibers were compared. To investigate the effect of the complex 6 and g-C3N4 

NS on the properties of ZnO fibers, the XRD patterns of ZnO fibers, g-C3N4 QDs-ZnO 

fibers, 6-ZnO fibers and 6@g-C3N4 QDs-ZnO fibers were compared.  

TiO2 fibers,  1-TiO2 and 2-TiO2 fibers  

The XRD spectra of the pristine TiO2 fibers, 1-TiO2 and 2-TiO2 fibers are shown in Fig. 

4.10. The spectra display sharp diffraction peaks characteristic of the highly 

crystalized, pure and structural ordered material at 2ɗ = 25.2, 37.3, 48.5, 54.7, 55.8, 

63.3, 69.3, 70.1, 75.8 and 83.2° corresponding to (101), (004), (200), (105), (211), 

(204), (116), (220), (215) and (303) of tetragonal planes of anatase TiO2 [207,208]. 

(JCPDS file no. 21ï1272) [208].   

The functionalization of TiO2 fibers with complexes 1 and 2 resulted in a decrease in 

the crystalline structure of the fibers. This was observed by a notable decrease in XRD 

https://www.sciencedirect.com/topics/materials-science/x-ray-diffraction
https://www.sciencedirect.com/topics/chemistry/purity
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peak intensities. The Pc peaks, which are usually broad due to amorphous nature with 

a peak near 2ɗ = 30Á [201], could not be observed probably due to the small amount 

of Pc complexes compared to TiO2 fibers.  
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Fig. 4.10. XRD patterns of TiO2 fibers, 1-TiO2 fibers, 2-TiO2 fibers, 1-TiO2 fibers used 

photo, 2-TiO2 fibers used photo, 1-TiO2 fibers used sono, 2-TiO2 fibers used sono.  

3@TiO2 fibers,  4@TiO2 fibers, 5@TiO 2 fibers and  6@TiO2 fibers  

TiO2 fibers display intense diffraction peaks corresponding to the anatase phase. The 

3@TiO2 fibers, 4@TiO2 fibers, 5@TiO2 fibers and 6@TiO2 fibers also display peaks 

corresponding to anatase with reduced intensity, suggesting that functionalization 

through an amide bond also resulted in a decrease in crystallinity of TiO2 fibers, Fig. 

4.11. 

https://www.sciencedirect.com/topics/materials-science/amorphous-material
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Fig. 4.11. XRD patterns of TiO2 fibers, 3@TiO2 fibers, 4@TiO2 fibers, 5@TiO2 fibers 

and 6@TiO2 fibers.  

g-C3N4 NS-TiO2 fibers,  3@g-C3N4 NS-TiO2 fibers, 4@g -C3N4 NS-TiO2 fibers, 5@g -

C3N4 NS-TiO2 fibers and 6@g -C3N4 NS-TiO2 fibers  

The XRD spectra of TiO2 fibers, g-C3N4 NS-TiO2 fibers, 3@g-C3N4 NS-TiO2 fibers, 

4@g-C3N4 NS-TiO2 fibers, 5@g-C3N4 NS-TiO2 fibers and 6@g-C3N4 NS-TiO2 fibers 

are shown in Fig.4.12. All the spectra show peaks corresponding to the anatase 

phase. The intensities of the peaks of the functionalized fibers were low, most 

significantly for 6@g-C3N4 NS-TiO2 fibers.  
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Fig. 4.12. XRD patterns of TiO2 fibers, g-C3N4 NS-TiO2 fibers, 3@g-C3N4 NS-TiO2 

fibers, 4@g-C3N4 NS-TiO2 fibers, 5@g-C3N4 NS-TiO2 fibers and 6@g-C3N4 NS-TiO2 

fibers. 

g-C3N4 QDs-TiO2 fibers,  3@g-C3N4 QDs-TiO2 fibers, 4@g -C3N4 QDs-TiO2 fibers  

The XRD spectra of 3@g-C3N4 QDs-TiO2 fibers and 4@g-C3N4 QDs-TiO2 fibers are 

shown in Fig.  4.13 and compared to that of pure TiO2 fibers. All the spectra show 

peaks corresponding to the anatase phase. The intensities of the peaks of 3@g-C3N4 

QDs-TiO2 fibers, 4@g-C3N4 QDs-TiO2 fibers were low compared to those of pristine 

TiO2 fibers.  



115 | P a g e 
 

20 30 40 50 60 70 80 90

 4@g-C3N4-TiO2 fibers

  3@g-C3N4-TiO2 fibers  TiO2 fibers

 

 

3
0

3

2
1

52
2

0
1

1
6

2
0

4

2
1

1
1

0
5

2
0

0

0
0

4

1
0

1

In
te

n
s
it
y
 (

a
.u

.)

2 Theta (degrees)
 

Fig. 4.13. XRD patterns of TiO2 fibers, 3@g-C3N4 QDs-TiO2 fibers, 4@g-C3N4 QDs-

TiO2 fibers 

5-TiO2 fibers, MnFe2O4-TiO2 fibers, 5@MnFe 2O4-TiO2 fibers  

5@TiO2 fibers, MnFe2O4-TiO2 fibers and 5@MnFe2O4-TiO2 fibers are shown in Fig.  

4.14 and compared to pure TiO2 fibers. The spectrum of 5-TiO2 fibers also displays 

similar properties to pure TiO2 fibers, however there is a decrease in crystallinity as 

judged by a significant decrease in XRD peak intensities. A similar observation was 

also noticed in the XRD spectra of MnFe2O4-TiO2 fibers and 5@MnFe2O4-TiO2 fibers. 

In addition, two additional peaks corresponding to (220) and (400) miller indices of the 

spinel phase of MnFe2O4 are observed for MnFe2O4-TiO2 fibers and 5@MnFe2O4-TiO2 

fibers at 2ɗ = 30.3 and 44.9°, respectively.   
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Fig. 4.14. XRD patterns of TiO2 fibers, 5-TiO2 fibers, MnFe2O4-TiO2 fibers, 

5@MnFe2O4-TiO2 fibers 

7-TiO2 fibers, g -C3N4 QDs-TiO2 fibers, 7@g -C3N4 QDs -TiO2 fibers  

The XRD spectrum of TiO2 fibers was not discussed since it has been discussed in 

the previous sections. The XRD spectra of 7-TiO2 fibers and g-C3N4 QDs-TiO2 fibers 

(Fig. 4.15) are compared with TiO2 fibers. The XRD spectrum of 7@g-C3N4 QDs-TiO2 

fibers (Fig. 4.15 ) displays an additional broad diffraction peak at 27.5° which is due to 

the overlap between (002) peak of g-C3N4 QDs and a porphyrin, since porphyrins are 

known to display a broad diffraction peak below 30 oC.  
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Fig. 4.15. XRD patterns of 7-TiO2 fibers, g-C3N4 QDs-TiO2 fibers, 7@g-C3N4 QDs-TiO2 

fibers 

ZnO  fibers, 6@ZnO  fibers, g-C3N4 NS-TiO2 fibers, 6@g -C3N4 NS - ZnO fibers  

The XRD spectra of ZnO fibers, 6@ZnO fibers, g-C3N4 NS- ZnO fibers and 6@g-C3N4 

NS-ZnO fibers are shown in Fig.  4.16. Al the spectra display peaks at 2ɗ = 31.61, 

34.39, 36.88, 47.91, 56.82, 63.85, 68.93 and 69.69° corresponding to (100), (002), 

(101), (102), (110), (103), (112) and (201) miller indices of hexagonal wurtzite of 

crystalline ZnO phase (JCPDS card no. 36ï1451) [209]. No peaks corresponding to 

g-C3N4 NS and complex 6 were observed suggesting that the peaks are weak to be 

detected by XRD.   
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Fig. 4.16. XRD patterns of ZnO fibers, 6@ZnO fibers, g-C3N4 NS-TiO2 fibers, 6@g-

C3N4 NS - ZnO fibers 

4.2.4. Scanning electron microscopy (SEM)  

The morphology, topography and diameters of the fibers were studied with SEM. 

Energy dispersive X-ray spectroscopy was also used for some of the composites to 

study the composition of the fibers.  

TiO2 fibers and their composites  

The morphology and topography of TiO2 fibers and their composites were investigated 

using scanning electron microscopy (SEM). The SEM images and diameters 

histograms of 1-TiO2 fibers, 2-TiO2 fibers, 5@TiO2 fibers, MnFe2O4-TiO2 fibers, 

5@MnFe2O4-TiO2 fibers, 7-TiO2 fibers, g-C3N4 QDs-TiO2 fibers and 7@g-C3N4 QDs-

TiO2 fibers are shown in Appendix 9 -11. The diameters of TiO2 fibers were observed 
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to vary with each set of fibers, suggesting that diameters of the fibers were not uniform. 

The smallest diameters (0.5 µm) obtained were used here (Table 4.1 ).  

 The SEM images of TiO2 fibers, g-C3N4 NS-TiO2 fibers, 3@g-C3N4 NS-TiO2 fibers, 

4@g-C3N4 NS-TiO2 fibers, 5@g-C3N4 NS-TiO2 fibers and 6@g-C3N4 NS-TiO2 fibers 

were studied using scanning electron microscopy (SEM) (Fig.  4.17 and Table  4.1). 

The SEM images (taken at 5 kV) shown in Fig.  4.17 display properties of a coiled 

cylindrical material with a smooth surface. The average diameters (Fig.  4.17 (insert 

plots) and Table  4.1) of TiO2 fibers, g-C3N4 NS-TiO2 fibers, 3@g-C3N4 NS -TiO2 fibers, 

4@g-C3N4 NS -TiO2 fibers, 5@g-C3N4 NS -TiO2 fibers and 6@g-C3N4-TiO2 fibers were 

0.5, 1.1, 1.7, 1.6, 1.7 and 1.8 µm, respectively. The average diameters increased upon 

functionalization. There was no significant difference between the SEM images in Fig.  

4.17 and the rest of the diameters in Table 4.1 . 

The SEM images of 7-TiO2 fibers and 7@g-C3N4 QDs-TiO2 fibers display small 

particles at the surface which were presumed to be 7 and 7@g-C3N4 QDs, 

respectively. The particle diameters are also listed in Table 4.1 , Appendix  11.  
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Fig. 4.17 . SEM images of TiO2 fibers, g-C3N4 NS-TiO2 fibers, 3@g-C3N4 NS-TiO2 

fibers, 4@g-C3N4 NS-TiO2 fibers, 5@g-C3N4 NS-TiO2 fibers and 6@g-C3N4 NS-TiO2 

fibers (Insert = histograms). 

ZnO fibers and their composites  

The SEM images of pristine ZnO fibers, g-C3N4 NS-ZnO fibers, 6-ZnO fibers, 6@g-

C3N4 NS-ZnO fibers and their corresponding particle size histograms (inserted plots) 

are displayed in Fig. 4.18A. The images show the characteristics of coiled cylindrical 

materials with smooth surfaces. The diameters (insert plots) of ZnO, g-C3N4 NS -

ZnO, 6-ZnO and 6-g-C3N4 NS-ZnO fibers are 1.1, 1.3, 1.7 and 2.0 µm, 

respectively, Fig. 4.18 and Table 4.1. g-C3N4 NS-ZnO fibers, 6-ZnO fibers and 6@g-

C3N4 NS -ZnO fibers show an increase in average diameters with respect to pristine 

TiO2 fibers g-C3N4 NS -TiO2 fibers 3@g-C3N4 NS -TiO2 fibers

4@g-C3N4 NS -TiO2 fibers 5@g-C3N4 NS -TiO2 fibers 6@g-C3N4 NS -TiO2 fibers
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ZnO fibers. This is due to the incorporation of the complex 6, g-C3N4 and 6@g-C3N4 

NS conjugate. 

The EDX spectra of ZnO fibers, 6-ZnO fibers, g-C3N4 NS-ZnO fibers and 6@g-C3N4 

NS-ZnO fibers are shown in Fig. 4.18B. The EDX spectrum of ZnO fibers displays Zn 

and O with traces of C. The C emanates from the carbon tape used during the analysis. 

The spectrum of g-C3N4 NS -ZnO fibers displays increase in C emanating from g-C3N4 

NS. The spectrum of 6-ZnO fibers shows the presence of C, Zn, and O fibers, 

and 6@g-C3N4 NS-ZnO fibers showed Zn, C, N and O, as expected. The anticipated 

N element in 6-ZnO fibers was not observed, probably due to the fact that Zn and O 

are more abundant in the sample than N. 
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Fig. 4.18 . SEM images A and EDX spectra B of ZnO fibers, g-C3N4 NS-ZnO fibers, 6-

ZnO fibers, 6@g-C3N4 NS-ZnO fibers (Inset = histograms). 
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4.2.5. Breanuer -Emmett and Teller (BET) surface analysis  

TiO2 fibers , ZnO fibers  and composites  

BET surface area analysis was used to study the surface areas and pore volume of 

pristine and functionalized nanofibers. The surface areas and pore volumes of the 

nanofibers are listed in Table 4.1. The isotherms are displayed in Fig. 4.19  and 

Appendixes 12 -14. All the isotherms revealed that fibers are type IV materials with 

hysteresis loops, which suggests the existence of mesopores [210].   
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Fig. 4.19 . BET isotherms of TiO2 fibers, g-C3N4 NS-TiO2 fibers, 3@g-C3N4 NS-TiO2 

fibers,4@g-C3N4 NS-TiO2 fibers, 5@g-C3N4 NS-TiO2 fibers and 6@g-C3N4 NS-TiO2 

fibers 
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