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Abstract 

Nowadays the necessity for designing and synthesizing novel imaging agents increases 

rapidly. The long wavelength, and thus, low energy, of excitation and emission, and the 

good specificity and stability are examples of essential characteristics of ideal diagnostic and 

therapeutic agents. In this work, the synthesis and photophysical studies of metal 

complexes for biological applications were performed and evaluated, and it contained the 

development of (a) a porphyrin probe for imaging and treatment and (b) a tripodal thermal 

sensor for imaging. The research and study of the two cases of complex is analyzed in the 

second and third chapters, respectively, which follow the introduction or literature review 

to the diagnostic and/ or therapeutic agents which is given with examples in the first 

chapter. 

The scope of the main project, which is analysed in the second chapter, was the 

development and synthesis of a porphyrin-based bio-probe capable of bacterial 

fluorescence imaging. The porphyrin moiety of a complex is also able to generate singlet 

oxygen and this effect can be used for treatment purposes (PDT, Photodynamic Therapy). 

Thus, the complex can act as a diagnostic and therapeutic (anti-bacterial in this case) agent 

simultaneously. A probe with such a dual capability is known as theranostic agent. A 

theranostic agent is crucial for the enhancement and expansion of personalised medicine. 

The studies and physical measurements of the proposed, synthesised porphyrin complex 

have proved its capability to be used as a theranostic probe. Furthermore, after coupling the 

porphyrin moiety firstly with a small protein part (ampetoid: antimicrobial peptoid) and 

secondly with a radionuclide (Gallium-68), the in vitro and in vivo studies have to be 

performed. 
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The aim of the project analysed in the third chapter was the development of a thermal 

sensor. Coordination of a tripodal ligand with a mixture of two lanthanides in various ratios 

was achieved and the photophysical measurements of the resulted complexes were 

evaluated. Lanthanide metals were chosen due to their unique photophysical properties 

that they offer when they are connected to an organic chomophoric ligand. Additionally, the 

preferred final luminophore product would obey a thermostable structure over a wide 

temperature range and it would be capable of effectively sensing the alterations in 

temperature. These properties were true for the ratio 99.5:0.5 for Terbium: Europium, and 

thus, the complex with such a consistency clarified the final product. Furthermore, the 

highly promising results after repeatedly photophysical (especially emission) measurements 

could conclude that the complex can be served as an ideal thermal sensor. Additional 

emission measurements at higher temperatures have to be done in order to confirm the 

ability of the proposed thermal sensor to be used for bio-imaging purposes. 

In conclusion, two-kind of metal complexes for biological applications were synthesized and 

their photophysical properties were assessed. Both the bulky porphyrin complex and the 

smaller tripodal ligand have shown promising results for their proposed applications. Of 

course, a more detailed assessment is required to verify their capability. 

 

 

 

 

 

 



 

iv 

 

Acknowledgments  

First and above all I would like to thank my supervisor, Dr. Ka-Leung Wong for all of his help, 

support and understanding, and of course for the opportunity he gave me two and half 

years ago to come to the magnificent city of Hong Kong. This chance allowed me to expand 

my research knowledge in organic and physical chemistry as well as to explore this vibrant 

city. Living in an Asian country is a truly unique experience which opens the mind and 

enables foreigners from other continents to see and appreciate a completely different 

world. Additionally, all of this would not be feasible without the help from my former 

supervisor, Prof. Nicholas Long (Imperial College London), who first supported my idea to 

get a valuable experience of Asia, and especially Hong Kong. Thus, a massive thank you, 

once more, to both of my supervisors who enabled me to fulfil one of my biggest dreams. 

All of my colleagues (group members) were caring and helpful, and this is something that I 

appreciate. Although the existence of the language barrier, we could effectively 

communicate and everyone was willing and trying to make my laboratory-life easy. In 

particular, I would like to thank Dr. Li Hongguang, Miss Jiang Lijun, Dr. Liu Zhenyu, Miss. 

Zhou Yan, Dr. Pan Jie, Dr. Chan Chi Fai, Mr. Joan Goetz, Mr. Bao Guochen, Miss. Luo Yu Xia 

and our lovely undergraduate students.   

Moreover, I would like to thank all the technicians, supporting staff, people from the 

graduate school (especially Ms. Chow Ling) and chemistry professors of HKBU but also staff 

from The Hong Kong Polytechnic University (PolyU), City University of Hong Kong (CityU) 

and The University of Hong Kong (HKU) for their instructions and kindness. Additionally, two 

non-HKBU PhD students were very cooperative and I would like to thank them. These are 

Mr. Wai-Sum Lo (PolyU) and Mr. Ho Ka-Lok (CityU). 

Furthermore, although the profound differences in the culture and life-style between the 

city I grew up and the city I explored and loved, it was possible for me to rapidly adapt to 

the new environment because of the people I have met since the really beginning of my 

adventure. They have made my experience in Asia surprising, unexpected and 

unforgettable. Thus, I would like to take this opportunity and thank them all. 

Lastly, I would like to thank my loved ones back in Europe for their patience but also for 

understanding my need to explore. And most importantly: thank you mummy. 

I wish to every aforementioned person good luck for the future, an enjoyable life, love and 

peace. 

 

This thesis is dedicated to my parents and also to all the people who believe in dreams and 

try their best to make them come true… 

 

THANK YOU! 



 

v 

 

Table of Contents 

DECLARATION ................................................................................................................... I 

ABSTRACT ........................................................................................................................ II 

ACKNOWLEDGMENTS ...................................................................................................... IV 

TABLE OF CONTENTS ........................................................................................................ V 

LIST OF FIGURES ............................................................................................................. VII 

LIST OF TABLES ................................................................................................................ IX 

ABBREVIATIONS ............................................................................................................... X 

CHAPTER 1 ....................................................................................................................... 1 

1.1 BACKGROUND AND LITERATURE REVIEW ............................................................................. 2 

1.2 THESIS OBJECTIVE ....................................................................................................... 16 

CHAPTER 2 ..................................................................................................................... 18 

2.1 BACKGROUND THEORY ................................................................................................. 19 

2.1.1 PHOTODYNAMIC THERAPY (PDT) ........................................................................................ 19 

2.1.1.1 History of PDT ........................................................................................................... 19 

2.1.1.2 Principles of PDT ....................................................................................................... 21 

2.1.1.3 Photosensitizing Agent or Photosensitizer (PS) ........................................................ 23 

2.1.1.4 A Simple Introduction to Porphyrins ........................................................................ 27 

2.1.1.5 Light Sources in PDT .................................................................................................. 27 

2.1.1.6 PDT vs. Other Treatments ......................................................................................... 28 

2.1.2 GENERAL CHARACTERISTICS OF TUMOUR CELLS ....................................................................... 30 

2.1.2.1 Types of Tissue Growth ............................................................................................. 30 

2.1.3 POSITRON EMISSION TOMOGRAPHY (PET) ............................................................................. 31 

2.1.3.1 PET Tracers ................................................................................................................ 32 

2.1.3.2 PET Radiometals and Chelators ................................................................................ 33 

2.2 PROJECT OBJECTIVE ..................................................................................................... 36 

2.3 RESULTS AND DISCUSSION ............................................................................................. 37 

2.4 CONCLUSIONS ............................................................................................................ 57 

2.5 FUTURE WORK ........................................................................................................... 57 

2.6 RESEARCH METHODOLOGY ............................................................................................ 58 



 

vi 

 

CHAPTER 3 ..................................................................................................................... 63 

3.1 BACKGROUND THEORY ................................................................................................. 64 

3.1.1 FUNDAMENTALS OF LANTHANIDE CHEMISTRY AND PROPERTIES .................................................. 64 

3.1.1.1 Atomic Theory of the 4f Elements ............................................................................ 68 

3.1.1.2 Electronic Absorption Spectroscopy ......................................................................... 69 

3.1.1.3 The Two Main Mechanisms of the Sensitization Process ......................................... 72 

3.1.2 ORGANIC-LN COMPLEXES AND THEIR PHOTOPHYSICAL CHARACTERISTICS ..................................... 73 

3.1.2.1 Luminescence Quantum Yield ................................................................................... 76 

3.1.2.2 Photophysical Properties of Eu(III) ............................................................................ 77 

3.1.2.3 Photophysical Properties of Tb(III) ............................................................................ 78 

3.2 PROJECT OBJECTIVE ..................................................................................................... 79 

3.3 RESULTS AND DISCUSSION ............................................................................................. 80 

3.4 CONCLUSIONS ............................................................................................................ 93 

3.5 FUTURE WORK ........................................................................................................... 94 

3.6 RESEARCH METHODOLOGY ............................................................................................ 94 

APPENDIX....................................................................................................................... 98 

REFERENCE LIST ............................................................................................................ 109 

  



 

vii 

 

List of Figures 

Figure 1: The Pt(II)-porphyrin coupled to a protein system. ..................................................... 3 

Figure 2: The theranostic meso-triaryltetrabenzocorrole. ........................................................ 4 

Figure 3: Tetraphenylporphyrin examples................................................................................. 5 

Figure 4: The best porphyrin-based PDT agent that was known until April 2013. .................... 6 

Figure 5: Multifunctional chelator- capable of PET and optical imaging, and PDT. .................. 7 

Figure 6: The tripodal tris(hydroxypyridinone) ligand. .............................................................. 9 

Figure 7: X-ray crystal of TbPIA showing (a) coordination environments around Tb(III), (b) 2-

D framework, (c) 2-D square planar topology, and (d) 3-D packing viewed along the b axis.11

.................................................................................................................................................. 11 

Figure 8: The crystal structure of Tb-DMBDC indicating: (a) the 1-D Tb(III)-carboxylate chain, 

and (b) the crystal packing viewed along the a crystallographic direction.12 ......................... 12 

Figure 9: The luminescent complexes for dual and simultaneous sensing of oxygen and 

temperature. ............................................................................................................................ 13 

Figure 10: The first intracellular temperature mapping using a fluorescent polymeric thermal 

sensor and fluorescence lifetime imaging microscopy. .......................................................... 14 

Figure 11: The tripodal ligand which was used for the development of the excellent 

temperature sensor. ................................................................................................................ 16 

Figure 12: Chart to show the two different types of reaction mechanism leading to singlet 

oxygen production. .................................................................................................................. 22 

Figure 13: Molecular Orbital diagram of dioxygen molecule. ................................................. 23 

Figure 14: Illustration of the desired porphyrin-product (por-linker-peptoid). ...................... 37 

Figure 15: Reaction scheme of Ga-68-Por(-peptoid). .............................................................. 39 

Figure 16: Absorption spectra of por-mal at various concentrations (2 µM, 5 µM, 10 µM and 

20 µM). ..................................................................................................................................... 48 

Figure 17: Absorption versus the three concentrations of por-mal which gave the best 

results showing a linear correlation between absorbance and the concentration. ............... 49 

Figure 18: Excitation spectrum of por-mal (slit: 8 mm). .......................................................... 49 

Figure 19: Emission spectrum of por-mal at λexc = 440nm (slit 5). ........................................ 50 

Figure 20: Emission spectrum of standard (H2TPP) at λexc = 440nm (slit 5). ......................... 51 

Figure 21: The structures of the proposed peptoids. .............................................................. 54 

Figure 22: The structure of the DTPA polydentate and multi-studied ligand. ........................ 65 

Figure 23: A microstate energy diagram of free trivalent lanthanide cations doped in LaF3.71

.................................................................................................................................................. 67 

Figure 24: Illustration of the radial distribution of the various selected orbitals.86 ................ 68 

Figure 25: Illustration of the fingerprint emission of the lanthanides that have been mostly 

used in synthesis for various applications in industry and academia.70 .................................. 72 

Figure 26: Representation of the different energy transfer transitions that take place in the 

case of a chromophore-Ln complex, where Ln(III) = Tb(III) (Tb(III) was used as an example 

here). ........................................................................................................................................ 76 

Figure 27: Energy transfer processes of our Tb(III)/Eu(III)-chromophore (L(OMe)) complex. 82 



 

viii 

 

Figure 28: The desired tripodal ligand N-[2-(bis{2-[(2-

methoxybenzoyl)amino]ethyl}amino)ethyl]-2-methoxybenzamide or L(OMe) for simplicity.

.................................................................................................................................................. 85 

Figure 29: EDX plot showing the existence of both Tb(III) and Eu(III) ions in the 

L(OMe)Tb0.995Eu0.005. ................................................................................................................ 86 

Figure 30: Absorption spectra of L(OMe)Tb0.995Eu0.005 at various concentrations (1 µM, 10 

µM, 500 µM and 1 mM). .......................................................................................................... 86 

Figure 31: Absorption versus the three concentrations of L(OMe)Tb0.995Eu0.005 which gave 

the best results showing a linear correlation between absorbance and concentration. ....... 87 

Figure 32: Excitation spectrum of the L(OMe)Tb0.995Eu0.005 at 540 nm emission wavelength 

showing a maxima at 350 nm. ................................................................................................. 87 

Figure 33: Emission spectra of the L(OMe)Tb0.995Eu0.005 complex at different wavelengths 

(360 nm, 390 nm, 457 nm, 476 nm and 488 nm) and at a temperature of 77 K in the solid 

state. ........................................................................................................................................ 88 

Figure 34: Focused emission spectra of the L(OMe)Tb0.995Eu0.005 in order to confirm the 

presence of the Eu(III) in the complex. .................................................................................... 88 

Figure 35: Diagram to represent the relationship of the three major emission peaks due to 

Tb(III) with different temperatures. ........................................................................................ 90 

Figure 36: Emission spectra for the L(OMe)Tb0.995Eu0.005 (at excitation wavelength: 360 nm) 

obtained at various temperatures in the solid state. .............................................................. 91 

Figure 37: Emission spectrum of L(OMe)Tb0.995Eu0.005 in 1% HNO3 at 630 nm and at 298 K. . 92 

Figure 38: Emission spectra the complex with a Tb:Eu ratio of 10:90 in DMSO at 630 nm and 

at 298 K. ................................................................................................................................... 93 

  



 

ix 

 

List of Tables 

Table 1: Outline of PDT’s history; from the far to the near past. ............................................ 20 

Table 2: Table to show examples of approved PS.24 ............................................................... 26 

Table 3: Illustration of some of the main Eu(III) transitions.4 .................................................. 78 

  



 

x 

 

Abbreviations 

PDT Photodynamic Therapy 

PET Positron Emission Tomography 

SAR Structure Activity Relationship 

HpD Haematoporphyrin Derivatives 

PS Photosensitizer 

ROS Reactive Oxygen Species 
1O2 

OMP 
OEP 
TPP 
HPPH 
ABCG-2 
PVC 
H3DFO 
H3CP256 
MOFs 
DMBDC 
CCD 

Singlet oxygen species 
Octamethylporphyrin 
Octaethylporphyrin 
Tetraphenylporphyrin 
Pyropheophorbide-a-hexyl ether 
ATP–binding Cassette, SubFamily G, Member 2 
Polyvinyl Chloride 
siderophore desferrioxamine-B 
tris(hydroxypyridinone) 
Metal-Organic Frameworks 
2,5-dimethoxy-1,4-benzenedicarboxylate 
Charge-Coupled Device 

DHE Dihematoporphyrin Ether 

LEDs Light-Emitting Diodes 

AK Actinic Keratosis 

BCC Basal Cell Carcinoma 

SCC Squamous Cell Carcinoma 

BD Bowen’s Disease 

CR Complete Response 

[18F]FDG 2-[18F]fluoro-2-deoxy-D-glucose 

HPLC High Pressure Liquid Chromatography 

DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid 

CB-DOTA                  carborane- 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic 
acid 

TETA 1,4,8,11-tetraazacyclotetradecane-N,N',N'',N'''-tetraacetic acid 

CD-TETA carborane-1,4,8,11-tetraazacyclotetradecane-N,N',N'',N'''-
tetraacetic acid 

NOTA 1,4,7-triacyclononane-1,4,7-triacetic acid 

MIC Minimum Inhibitory Concentration 

MBC Minimum Bactericidal Concentration 

DNA Deoxyribonucleic Acid 

Por Porphyrin 

Rn describtion of the peptide/peptoid on the complex 
1H NMR proton Nuclear Magnetic Resonance spectroscopy 

eq.                                              equivalent 

Cys/Gly/Lys                              Cysteine/Glycine/Lysine 

ED50                                                 median effective dose 



 

xi 

 

HATU 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium 3- oxid hexafluorophosphate 

HBTU 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 
hexafluorophosphate 

HCTU 2-(6-chlor-1H-benzotriazol-1-yl)-1,1,3,3-tetramethylaminium-
hexafluorophosphate 

TATU dimethylamino(triazolo[4,5-b]pyridin-3-yloxy)methylidene-
dimethylazanium tetrafluoroborate 

TBTU o-(benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium 
tetrafluoroborate 

DIC 1,3-diisopropylcarbodiimide 

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

BOP benzotriazol-1-yl-oxytris(dimethylamino)phosphonium 
hexafluorophosphate 

PyBOP benzotriazol-1-yl-oxytripyrrolidinophosphonium 
hexafluorophosphate 

PyAOP 7-azabenzotriazol-1-yl-oxytripyrrolidinophosphonium 
hexafluorophosphate 

PyBrOP bromotripyrrolidinophosphonium hexafluorophosphate 

BOP-Cl phosphoric acid bis(2-oxooxazolidide)chloride 

HMPA hexamethylphosphoramide 

RT room temperature 

TEA 
N2(g) 

triethylamine 
nitrogen gas 

O/N overnight 

DCM dichloromethane 

TMS trimethylsilyl 

TBAF tetra-n-butylammonium fluoride 

TLC 
E 

Thin-Layer Chromatography 
Energy 

L Ligand 

Ln Lanthanide 

HSAB Hard Soft Acid Base 

DTPA 
LMCT 

diethylenetriaminepentaacetic acid 
Ligand-to-Metal Charge-Transfer 

CAN 
DMSO 

Ceric Ammonium Nitrate 
dimethyl sulfoxide 

UV Ultraviolet radiation 

ICP-MS Inductively Coupled Plasma Mass Spectrometry 

EDX Energy-Dispersive X-ray spectroscopy 

 

 

 



 

xii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

1 
 

 

 

 

 

 

 

CHAPTER 1 

 

 

 

 

 

Introduction and Objective of Thesis 
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1.1 Background and Literature Review 
 

In recent years billions are spent every year on research for the improvement of the life-

standards of the diagnosis and therapy of deadly diseases. For instance, the major cancer 

treatment modalities are chemotherapy, radiation therapy, photodynamic therapy (PDT) 

and surgery. Compounds which are called imaging agents are essential and are widely used 

either to enhance imaging, such as contrast agents in MRI (Magnetic Resonance Imaging), or 

as theranostics, such as in PET (Positron Emission Tomography), SPECT (Single-Photon 

Emission Computed Tomography) or optical imaging. Such complexes can also be used as 

PDT agents. PDT is a highly-grown technique which is easier applied in contrast to surgery 

and does not result in serious side effects due to organ failure as it is the case after radiation 

and chemo therapies. The PDT agents are also characterized as photosensitizers. A 

photosensitizer is a key component in PDT. It can transfer the energy of light to surrounding 

oxygen, producing highly reactive oxygen species, such as singlet oxygen (1O2), to destroy 

diseased tissues or microorganisms. 

 A great number of research groups have published work on the development of imaging 

agents for the diagnosis and/or therapy of various diseases including cancer, 

atherosclerosis, neurological and bacterial diseases. In this first chapter, examples of such 

imaging agents and their application are mentioned and described. The agents can be 

characterized as theranostic agents when they contain parts for both the diagnosis, 

depending on the proposed imaging modality, and the treatment of diseases, such as 

complexes after bioconjugation with a protein or antibody.  
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In the previous year, Dmitriev et al.1 synthesized and evaluated Pt(II)- porphyrins coupled to 

peptides, proteins and self-assembling protein nanoparticles (Figure 1). The high brightness 

and O2 sensing properties made their complex appropriate for measurements on time-

resolved fluorescence microplate readers with controlled targeting. This enables the future 

design of this kind of compounds with an improved brightness due to multiple chelation 

sites. 

 

Figure 1: The Pt(II)-porphyrin coupled to a protein system. 

 

Pomarico et al.2 studied the different charges of meso-triaryltetrabenzocorroles (Figure 2) 

when the extended aromatic system is coordinated with different metals of the main-group 

of the periodic table. They prepared Al(III), Ga(III), Ge(IV) and P(V)  tetrabenzocorrolates in 

order to obtain intense fluorescence quantum yields. The metal complexes were 

characterized electrochemically, showing a HOMO- LUMO gap decrease as a result of the π-

conjugated system expansion. Moreover, their photophysical characterization showed very 

high fluorescence and singlet oxygen values. The phosphorus derivative gave the highest 



 

4 

 

values. Furthermore, peripheral methyl ester groups were used as ligands in this case and 

these can be hydrolyzed making this derivative hydrophilic. These characteristics make this 

kind of compounds particularly promising for PDT and imaging applications. 

 

Figure 2: The theranostic meso-triaryltetrabenzocorrole. 

 

Coutsolelos et al.3 were among the first researchers who synthesized the chlorogallium(III) 

porphyrins with the chloride at axial position in order to obtain a stable Ga(III) center. The 

research conditions they used back then are the same as the ones we use today. For 

instance, acetic acid was used as the solvent for the metalation reaction, giving a very 

satisfactory yield up to 90%. They tested different ligands around the porphyrin moiety and 

made a conclusion that the yield of the reaction and the photophysical measurements 

highly depend on the nature of both the axial and the equatorial ligands (Figure 3). For 

example, the ligands that were examined were the –OMP, -OEP and –TPP 

(Octamethylporphyrin, Octaethylporphyrin and Tetraphenylporphyrin, respectively). The 

UV/Vis wavelengths that were obtained increased like: OMP< OEP< TPP. 
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Figure 3: Tetraphenylporphyrin examples. 

 

Liu et al.4 successfully developed a novel supramolecular PDT photosensitizer which showed 

an improved antibacterial effect. The design of this agent was based on a host–guest 

interaction which is relatively simple to be performed, highly efficient and environmentally 

friendly. Additionally, the number of required reaction steps are less in this case. Moreover, 

it allows for switchable photophysical properties of a complex. Their complex (Figure 4) was 

characterized as the best porphyrin-based PDT agent that was known until that time (April 

2013). This was in terms of the low amount of porphyrin and light that were needed. It 

could also improve the porphyrins’ anticancer properties. 
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Figure 4: The best porphyrin-based PDT agent that was known until April 2013. 

 

Zhao et al.5 investigated the imaging and PDT properties of porphyrin-TiO2 nanowhiskers. 

They were particularly interested in the autoimmune disease, rheumatoid arthritis, and they 

were the first who developed an agent capable of early diagnose and in vivo fluorescence 

imaging of the arthritis site, and PDT for the disease. 

Shi et al.6 also synthesized a porphyrin-based PDT agent. This time the porphyrin core is 

coordinated to a Cu metal center. The metal was the 64Cu radioisotope enabling the 

complex to be used as a PET imaging agent too apart from a PDT and fluorescence probe 

(Figure 5). The uptake of the complex in tumor cells was visible and gave rise to a high 

tumor-to-muscle ratio allowing the probe to be characterized as highly selective- an 

essential feature for the diagnose and treatment of diseases. This was the first time that a 

porphyrin-based optical theranostic probe with outstanding in vivo tumor targeting features 

and with an ability of switching to a targeted nuclear imaging probe through a radioisotope 
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coordination was successfully developed. This achievement is of high importance as it has 

enabled its translation to any targeted porphyrin-based agent. 

 

Figure 5: Multifunctional chelator- capable of PET and optical imaging, and PDT. 

 

PDT has been shown to be an effective treatment modality for surface-oriented neoplasms 

of the skin, esophageal, gastrointestinal, and urogenital systems. An example of such an 

agent is the hexyl-HPPH. HPPH belongs to the pyropheophorbide series whish are very 

effective photosensitizers and show mitochondrial localization. The use of the HPPH 

derivative, hexyl-HPPH, was explored by Magne et al. in the treatment of squamous cell 

carcinomas on cats’ facial skin. The tumors were exposed to the laser light at 665 nm 

wavelength at 24 h post injection of HPPH. Another example of PDT agents is 

benzoporphyrin which was initially prepared by Johnson et al. under Diels Alder reaction 

conditions. By a similar procedure, a series of pyropheophorbide-a analogs were 

synthesized by Pandey and Smith et al. Additionally, the same research group constructed 

benzobacteriochlorin from 8-vinyl mesopyro pheophorbide-a. 
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After decades of research on the development of porphyrin-based PDT agents, there are 

important parameters that have to be considered for their design and synthesis. For 

example, the corresponding carbohydrate analogs, the glucose and galactose derivatives, 

were not the substrate for ABCG-2 (ATP–binding Cassette, SubFamily G, Member 2), and 

thus do not pump out quickly from tumor cells. This may be one of the reasons for their 

higher efficacy than HPPH, which is eliminated from the cells quickly. Moreover, the 

naturally occurring Chlorophyll-a and bacterio-chlorophyll-a moieties provide unique 

opportunities for developing effective agents with long wavelength absorption in the range 

of 660–800 nm. Furthermore, photosensitizers containing hydrophobic groups on one side 

of porphyrin and hydrophilic substituents on the opposite side were found to work better 

than in the case where these alternate around the molecule. Differences in lipophilicity are 

significant for the good and controlled pharmacokinetic and pharmacodynamic properties 

of the complex. In addition, the existence of aggregation and/or a metal at the center of the 

porphyrin core play an important role on the photophysical properties of the 

photosensitizer. For instance, metals like Ga, Re, In, Pd and Zn enhance notably the singlet 

oxygen yield which is the most essential parameter of a PDT photosensitizer.7 

There is a great number of metaloporphyrins that has been synthesized so far. Apart from 

PDT agents, metallocomplexes like metalloporphyrins have various applications such as to 

serve as anion ionophores with high selectivity when they are incorporated into plasticized 

poly(vinyl chloride) membranes. Steinle et al.8 have proved that the metals which belong to 

the 13 group of the periodic table can serve as charged carrier type ionophores for anions 

via separate additions of ionic sites. Additionally, while their electronic configurations are 

relatively similar to each other, they may display different potentiometric anion responsive 



 

9 

 

characteristics. Studies were made on PVC membranes by the group and showed that 

Ga(III)-centered porphyrins give the best selectivity in polymer membrane electrodes. These 

complexes can be used as modifiable detectors in enzyme linked immunoassays (ELISA), as 

optical sensors and micro-fabricated sensor arrays. In addition, Th(III)-porphyrins can offer 

reduced interferences from salicylate and thiocyanate present in blood for example when 

they are used for clinical chloride measurements in complex samples. 

Of course there are many more types of molecules which have been evaluated apart from 

porphyrins. For instance, the tripodal tris(hydroxypyridinone) ligand synthesized by Ma et 

al.9 (Figure 6). The group has studied this tripodal ligand quite extensively. For instance, it 

was tested for PET imaging using metals like 89Zr. They concluded that the bifunctional 

chelator derivatives of H3DFO (siderophore desferrioxamine-B) are preferable to 

bifunctional chelator derivatives of H3CP256 (tris(hydroxypyridinone) for 89Zr PET imaging 

with bioconjugation where prolonged in vivo stability is necessary. 

 

Figure 6: The tripodal tris(hydroxypyridinone) ligand. 
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Lanthanide metals have also been used widely, affording highly promising agents for a 

broad range of applications including clinical applications like diagnosis and therapy of 

numerous diseases. For example, the so-called Chameleon luminophore from Miyata et al. 

was able to sense temperatures by controlling the metal-to-metal and energy back transfer 

in lanthanide- coordination polymer. Lanthanide complexes exhibit unique luminescence 

with narrow emission bands and long emission lifetimes (>1 ms), which make them suitable 

for use in sensing devices. Therefore, using Eu(III) and Tb(III) in a single tripodal 

organometallic structure, it was feasible to measure differences in temperatures under a 

wide range of 200-500 K by first estimating the emission changes of the two lanthanides. 

The particular luminophore will be discussed in detail in the last chapter of the thesis. 

Nanoparticles is another upgrading area in the science field nowadays and these can also 

involve lanthanide metals. For instance, Rocha et al.10 worked on Nd(III)- doped LaF3 

nanoparticles. They obtained in vivo fluorescence images by working at the second 

biological window under optical excitation at 808 nm. These high-contrast in vivo images 

were offered using the Nd(III) nanoparticles with insignificant auto-fluorescence 

involvement. The specific nanoparticles were earlier characterized as capable of 

temperature sensing. All the above factors make the lanthanide nanoparticles promising 

multi-parameter nanoprobes for in vivo fluorescence imaging with multiple applications in 

biomedicine.  

Rao et al.11 studied the thermal sensitivity of metal-organic frameworks (MOFs). They 

successfully synthesized a highly sensitive mixed lanthanide metal−organic framework (the 

Ln-PIA) self-calibrated luminescent thermometer (Figure 7). Most of the lanthanides were 

examined and the most promising results were given by Tb(III) and Eu(III). They concluded 
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that luminescence-based thermometers are superior when compared to conventional 

thermometers due to their ability to be used noninvasively and because they provide 

accurate and fast responses. Additionally, the luminescence-based thermometers offer high 

spatial resolution and can work in strong electromagnetic fields and fast-moving objects.  

 

Figure 7: X-ray crystal of TbPIA showing (a) coordination environments around Tb(III), (b) 2-D framework, (c) 2-
D square planar topology, and (d) 3-D packing viewed along the b axis.11 

 

 

One year earlier, Cui et al.12 had the same idea of preparing a luminescent MOF 

thermometer which would contain a mixture of lanthanides. Once more, the ideal mixture 

was Tb(III) with Eu(III) and their complex was given the name Eu0.0069Tb0.9931-DMBDC (Figure 

8). 
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Figure 8: The crystal structure of Tb-DMBDC indicating: (a) the 1-D Tb(III)-carboxylate chain, and (b) the crystal 
packing viewed along the a crystallographic direction.12 

 

Wong et al.13 have performed a great number of studies on lanthanide complexes, such as 

compounds with flexible tripodal carboxylate ligands. For instance, their results showed 

efficient indirect upconversion sensitization fluorescence in Tb(III) complexes, and that upon 

sensitization with a suitable ligand an enhanced two-photon induced lanthanide emission 

can be obtained. The upconversion efficiency improves as the pump energy increases. 

Therefore, this kind of complexes can be applied in three-dimensional imaging and in the 

design of effective luminescence devices, materials and probes. In the particular piece of 

work, the research work of the Wong et al. group will be discussed and analyzed in detail. 

Borisov et al.14 developed novel luminescent complexes for dual and simultaneous sensing 

of oxygen and temperature. The synthesized probes (Figure 9) were incorporated into 

polymer microparticles which controlled the probes’ selectivity and sensitivity. The 

profound differences in their absorption and emission spectra, give rise to a complete 

separation of their luminescence signals. This novel material provides negligible cross- 

sensitivity of the temperature probe to oxygen, high homogeneity and photostability. 

Therefore, the dual-metal material is suitable for contactless and simultaneous imaging of 
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air pressure and temperature. This characteristic is essential for many applications, such as, 

in wind tunnels, in high-resolution oxygen profiling, and in numerous (micro)-biological as 

well as in medical applications. 

 

Figure 9: The luminescent complexes for dual and simultaneous sensing of oxygen and temperature. 

 

Okabe et al.15 also studied molecular thermometers because the biochemical reactions 

within the cells depend on intracellular temperature, and thus, it is essential for the latter to 

be measured and controlled. Therefore, they were the first who performed intracellular 

temperature mapping using a fluorescent polymeric thermal sensor and fluorescence 

lifetime imaging microscopy (Figure 10). The measurements showed that the nucleus and 

centrosome have a higher temperature than the cytoplasm, and that the temperature gap 

between the nucleus and the cytoplasm differed depending on the cell cycle. The proximal 

local increase in temperature due to the energetic mitochondria was also observed. 

Moreover, the outcome was that their new thermometry could regulate an intrinsic 

relationship between the temperature and organelle function by measuring the changes in 

fluorescence, making it promising for clinical applications. 
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Figure 10: The first intracellular temperature mapping using a fluorescent polymeric thermal sensor and 
fluorescence lifetime imaging microscopy. 

 

 

Allison et al.16 reviewed the instrumentation required for and the applications offered by 

remote thermometry using thermographic Tb(III) and Eu(III) phosphors. Their technique 

provide high sensitivity ('0.05 °C) and robustness, such as stability of the sensor in harsh 

environments. Moreover, such systems might offer remotely sensed measurements of 

pressure, heat flux, shear stress and strain.  

Ross et al.17 examined a technique for the measurement of fluid temperatures from room 

temperature to 90oC in microfluidic systems based on temperature-dependent 

fluorescence. The technique is easy to be performed with a standard fluorescence 

microscope and CCD camera. Furthermore, the technique can be used to measure fluid 
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temperatures with micrometer spatial resolution and millisecond time resolution. The 

precise range is from 0.03 to 3.5oC which depends on the amount of average signal. The 

spatial resolution was achieved at 1 μm and the temporal resolution at 33 ms. 

Last but not least, Sun et al.18 developed and synthesized temperature- sensitive 

luminescent nanoparticles and films. These were based on a Tb(III)-complex probe. The 

luminescence intensity and lifetime of the optical temperature Tb(III) sensor highly depend 

on temperature in the range from 15 to 65 °C. The probe (Figure 11) was characterized as an 

excellent temperature sensor, as it was tested in two kinds of optical sensor membranes. 

Both the highly biocompatible polyurethane hydrogel and the nanoparticles- poly(vinyl 

alcohol) sensing films offered an outstanding sensitivity toward temperature change, both 

in luminescence intensity and in luminescence decay time, making them promising for the 

optical sensing and imaging of temperature in the physiologically relevant temperature 

range. By increasing the temperature, the emission intensity and lifetime decrease which is 

expected and it is due to thermal deactivation of the excited state. However, the emission 

intensity of the nanoparticles in solution was found to increase with increasing temperature 

in the range of 20-65°C. This is due to due to a shift in equilibrium from a less luminescent 

species or state to a more luminescent species or state. In the case of the films, this rare 

behavior is missing, due to the non-existence of such an equilibrium shift. 
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Figure 11: The tripodal ligand which was used for the development of the excellent temperature sensor. 

 

 

In conclusion, in this first chapter, several examples of different types of imaging and/ or 

therapeutic agents were outlined in order for the reader to get an indication of what will 

follow. This is followed by two chapters in which two chemistry research projects are 

analysed in detail and their subject lies on the development of medicinal metal complexes 

and the evaluation of their photophysical properties. 

 

1.2 Thesis Objective 
 

The aim of both projects was to establish metal complexes in order to be used in biological 

applications. Although numerous medicinal multi-modal agents and imaging probes like 

thermal-sensors have already been developed, there is always a need to further improve 

their structure and properties making them more and highly stable, selective, specific and 

effective, less cytotoxic, with minimal side effects and with better bio-distribution and 
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pharmacokinetic outcomes. For these reasons, the scope of the particular research work 

was to develop general methodologies for the preparation of agents with biological 

functions. The actual synthesis, characterization and the evaluation of the properties of 

these complexes were among the objectives. In particular, the chosen complexes were a 

porphyrin-based agent and a tripodal ligand host for a mixture of lanthanide metals. This 

selection was due to the highly promising properties that complexes in the specific 

categories have shown to offer (examples of which are presented in the previous section). 

The porphyrin structure provides the opportunity of a dual-application in optical imaging 

and PDT treatment modality. Additionally, upon metalation with a certain metal, a 

porphyrin complex can be utilised in other imaging techniques as well, like PET imaging 

when its core acts as a host for a radionuclide. The existence of substituents around the 

porphyrin core gives the chance to alter and improve the properties in order to end up with 

an ideal agent. Finally, the chosen type of the tripodal ligand is known for its thermostable 

structure (important for a thermal-sensor candidate), and upon metalation with metals like 

lanthanides, the complex is capable of fluorescence imaging. Many different ratios of a 

metal mixture on the ligand have to be examined in terms of the properties they offer due 

to their interactions and inter-relationships with each other and with the ligand. 
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Development of Multifunctional Porphyrin-Based Probe for 

Antibacterial, Fluorescence and PET Imaging 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

19 

 

2.1 Background Theory 

2.1.1 PhotoDynamic Therapy (PDT) 

2.1.1.1 History of PDT 
 

Scientists had started realising the benefits of the concept behind photodynamic therapy 

since the Ancient times. For instance, it was well known by then that sunlight could treat 

various diseases like psoriasis, vitiligo, rickets and even skin cancer. Phos (φως) in Greek 

means light and dynamic (δυναμικό) means power. Therefore, the “Photodynamic” term 

stands for the “power of light”. Within the previous century, people tried to describe the 

oxygen-consuming chemical reactions induced by photosensitization, and this was when 

PDT was developed.19-21 

Herman Von Tappeiner was the person who defined photodynamic action and applied 

topically eosin and white light. PDT was then developed with regards to W. Hausmann who 

did the first studies with haematoporphyrin and light. In this initial in vitro studies, 

paramecium and red blood cells were killed. Another large step was done in 1913 when 

Friedrich Meyer-Betz managed to treat patients’ skin (and actually he first tried it on his own 

hands) using porphyrin as the photosensitizer. However, as a consequence, swelling and 

pain were occurring. It was not earlier than in 1942 when the specific uptake, localisation 

and retention of haematoporphyrin photosensitizer were detected by fluorescence in 

tumours. This was followed by the observation of cancerous cell death due to the irradiation 

which was applied. It was much later-in the 1960’s-when haematoporphyrin derivatives 

(HpD) were developed and found to be twice as phototoxic as their precursor. In the 1970’s, 

the PDT model was used again. This time the patients were injected with a 

dihaematoporphyrin photosensitizer, and wavelength of red-light laser was applied. This 
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resulted in either a complete or a partial remission of the treated tumours. The first cancer 

type to be tested was bladder cancer. However, until then, most of the PDT applications 

were prepared on the skin. This was due to both the easy and direct exposure of light to the 

skin as well as the simplicity and convenience of topical use of the appropriate 

photosensitizer. Currently, apart from dermatological applications, PDT had found its way to 

be utilised more and more frequently in order to treat diseases in a variety of fields, such as 

respiratory medicine, urology, ophthalmology, and gastroenterology.19-25 

Mostly porphyrins or phthalocyanines have been studied as appropriate PDT 

photosensitizers. It was in Canada and back in 1999 when the first PDT drug was approved. 

The table below (Table 1) is a summary of the main discoveries in PDT.  

 

Table 1: Outline of PDT’s history; from the far to the near past. 
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2.1.1.2 Principles of PDT 
 

Photodynamic therapy requires a stable photosensitizer (PS) which is specific for and 

selectively accumulated in the lesion or tumour. Additionally, it requires irradiation with 

specific wavelength of light, typically visible or near-infrared, to induce the excitation of the 

photosensitising agent. This light is generally selected to correspond with the maximum 

absorption wavelength of the PS. In the case of absence of irradiation, the PS must be silent. 

However, when the light is applied to the lesion, then the disease can be diagnosed due to 

fluorescence signals from the agent which has specifically reacted with the desired substrate 

(target) under study. At the same time, destruction of tumour cells is achieved due to the 

phototoxicity capabilities of the agent. Some of its excited electrons are involved in 

intersystem crossing and internal conversion. These electrons then experience electron spin 

conversion to their triplet electronic state, where they are retained for a longer period of 

time. This leads to other reactions which give rise to the final requirement of the PDT which 

is the generation of high reactive oxygen species (ROS).24-28   

There are two different mechanisms (Figure 12), the Type I and Type II reaction mechanisms 

which create molecular singlet oxygen (1O2). Type I involves a direct reaction with the target, 

and a transfer of a hydrogen atom to form radicals from other substrate molecules in the 

surroundings which then react with a dioxygen to generate the desired oxygenated species, 

such as superoxide anion radicals, hydrogen peroxides and hydroxyl radicals. On the other 

hand, in the Type II mechanism, the energy is directly transferred to a dioxygen and the 

formation of a singlet oxygen is achieved. The Type I/Type II ratio depends on the type of 

the photosensitizer, the concentration of the target, the binding affinity of the two as well 

as the concentration of the dioxygen. 
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The singlet oxygen has a vital role in the molecular processes initiated by PDT. It has a 

lifetime of approximately 3 µs and can be diffused in no more than 0.07 µm in cells. 

Therefore, the initial damage is limited to the site of the PS molecule. This site might be at 

the mitochondria, Golgi apparatus, plasma membrane, endosomes, lysosomes, or at the 

endoplasmic reticulum. Moreover, the damage of the subcellular organelles and/ or plasma 

membrane eventually leads to one of the cell death types, in other words to either 

apoptotic, autophagy or necrosis.28-34 

 

Figure 12: Chart to show the two different types of reaction mechanism leading to singlet oxygen production. 

 

 

As it has already been mentioned, PDT deals with singlet oxygen. If we take one step back 

and consider the dioxygen molecule (Figure 13), then it would be easier to understand the 

concept behind PDT. Dioxygen is paramagnetic in its ground state. Because of spin 
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restriction, triplet oxygen, 3O2, participates only in non-selective radical reactions, whereas 

singlet oxygen, 1O2, is both very reactive and selective.23, 24 

 

Figure 13: Molecular Orbital diagram of dioxygen molecule. 

 

 

2.1.1.3 Photosensitizing Agent or Photosensitizer (PS) 
 

2.1.1.3.1 Definition 

 

PS should be highly selective and specific to the target. A target can be the cell membrane, 

cell organelles, a specific-for-the-disease protein (such as antigen and hormone), etc. At the 

same time, the target or biomarker itself has to be very specific for the disease under study. 

Moreover, PS should be photostable as well as biological stable. In other words, upon 
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irradiation of the appropriate wavelength, the PS should not be affected. The same has to 

be true for the different environments inside the organism. Furthermore, PS should be 

cytotoxic only in the presence of light and should have a strong absorption at 600-800 nm in 

order to enable for good tissue penetration. Additionally, a long enough lifetime at the 

triplet excited state is another necessity for an appropriate PS agent.35-40 

The localisation of the PS inside the organism is vital and it gives rise to the destruction of 

the affected cells as it has already been mentioned in the previous section. For instance, 

localisation in the mitochondria or the endoplasmic reticulum has been found to induce 

apoptosis, whereas localisation in either the plasma membrane or the lysosomes delays or 

blocks the apoptotic pathway. However, even in that case, cell destruction is still feasible 

due to the autophagic or necrotic pathways. It is suggested that the ideal pathway for the 

cell death is the apoptotic pathway. Moreover, although it is advocated that singlet oxygen 

works as the central cytotoxic substrate and as the one which enable the harmful effects of 

PDT to take place, at the same time, the free radicals, formed by the Type I mechanism, 

contribute extensively to cell death too.36-41 

 

2.1.1.3.2 PS used for PDT: PS Generations 

 

PS have been known and synthesised since many years now (Table 2). They are divided into 

three different generations which are worth describing. The first generation of PS 

compounds is described by the haemoporphyrin derivative (HpD) or its purified form, the 

porfimer sodium (Photofrin). Photofrin is a mixture of monomers, dimers and oligomers, 

and was the first PDT drug to be approved in Canada in 1999. It is the most commonly used 
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PS and its mechanism relies on destroying the mitochondria. Another active constituent of 

HpD is DHE. The usual dosage for HpD is 3.0 mg/kg and for DHE it is 2.0 mg/kg. Their usage 

was limited due to the high concentration of PS and light needed, their general (not specific) 

intravenous administration and the resulted extended phototoxicity which lasts for six to 

ten weeks. This problem has been overcome by the use of the second generation of PS 

molecules. Examples of this generation include m-tetrahydroxyphenyl-chlorin, tin ethyl 

etiopurpurin, phthalocyanines (contain diamagnetic metal ion), and chlorins (reduced 

porphyrins; derivatives from chlorophyll or porphyrin) which are pure compounds and can 

be activated by light wavelengths in the range of 660–690 nm. Finally, the third generation 

of PS is currently under enormous development. This generation has as a scope and it is 

described by highly selective and specific antibody-conjugated PS and lutetium texaphyrin. 

These properties are allowed due to deep tissue penetration of the agent, with absorptions 

as high as 700-800 nm. These conditions result in both the reduction of time of sunlight 

sensitivity after the treatment, as well as the enhancement of drug’s potency.42-46 

Although the essential improvements that have been made so far towards the target-

specific response using third generation PS, there are still numerous restrictive features. For 

instance, an observed angiogenic effect or a strong acute inflammatory response are 

possible consequences once the PDT treatment is done. In order to overcome these 

challenging side effects, a new and attractive approach is the synergistic anti-tumour effect 

of combination of PDT and other kinds of therapy. For example, the PDT-induced hypoxia 

has been shown to be related with a proliferation of a great number of active angiogenic 

growth factors.47-50 
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However, although the pronounced inflammatory response which is expressed as a tumour-

localized edema caused by PDT is considered one of the side effects, at the same time it 

serves to positively reverse the tumour-host relationship. That is, the tumour dominated 

response changes to a response which is oriented against the tumour. Therefore, by 

combining PDT with immunotherapy, the immune response generated by PDT, would be 

strengthen, and thus, the anti-tumour immune response would be considerably enhanced 

as well. 

The third generation of PS gives rise to combination therapy by linking itself directly to 

either an anticancer drug or an antibody enabling the specific recognition of highly tumour-

expressed receptors. Moreover, for this type of combination to be easily achieved, 

nanotechnology could be used.50-55 

Disease Drug (PS) Country 

Pre-cancer   

Actinic keratosis Levulan, Metvix EU 

Barrett’s oesophagus Photofrin EU, USA 

Cervical dysplasia Photofrin Japan 

Cancer   

Basal-cell carcinoma Metvix EU 

Cervical cancer Photofrin Japan 

Endobroncheal cancer Photofrin Canada, Denmark, Finland, 
France, Germany, Ireland, 
Japan, The Netherlands, 
UK, USA 

Oesophageal cancer Photofrin Canada, Denmark, Finland, 
France, Ireland, Japan, The 
Netherlands, UK, USA 

Gastric cancer Photofrin Japan 

Head and neck cancer Foscan EU 

Papillary bladder cancer Photofrin Canada 
 
Table 2: Table to show examples of approved PS.42 

Where: EU: Europe, UK: United Kingdom and USA: United States of America. The light doses of the 
photosensitizers in Jcm-2 are 10 (Levulan), 20 (Foscan), 75 (Metvix), 120 (photofrin). 
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2.1.1.4 A Simple Introduction to Porphyrins 
 

The so called porphyrins, have been characterised as “the pigments of life”. Porphyrin is the 

main constituent of both human and plant life. We only have to consider how vital 

photosynthesis and respiration are for the planet and its living organisms. 

It all began when oxygen started to be evolved in life. Cyanobacteria changed the 

atmosphere for good due to oxygenic photosynthesis. This procedure involves water 

oxidation forming dioxygen which is freely released into the atmosphere. Hence, the 

anaerobic atmosphere became aerobic (dioxygen dependent), having as a consequence 

chloroplast-containing eukaryotes and plants for photosynthesis, as well as haemoglobin-

containing vertebrates for respiration. All these resulted in the dramatic increase in 

biodiversity. These vital processes of life are described below in order to uncover their 

relation with porphyrins.56-58 

 

2.1.1.5 Light Sources in PDT 
 

The source of light is an essential tool of PDT since it defines the initiation of the treatment 

by exciting the photosensitizer. A great number of the light sources used in PDT are 

consisted of light-emitting diodes (LEDs), filtered xenon arc and metal halide lamps, 

fluorescent lamps, and lasers. Almost the same degree of efficacy in topical PDT is offered 

by lasers and filtered broadband sources and these are widely used. Despite this fact, these 

sources have some limitations, such as instability, high price and they do not offer broad-

area illumination fields. These disadvantages could be overcome by the utilisation of the 
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non-laser sources which provide the opposite features compared to the laser sources. For 

instance, LEDs had showed a noteworthy improvement in their design, leading for their 

appropriate use for broad-area irradiation making themselves approved for clinical studies. 

They are focused on the 630 to 635 nm activation peak and, by rejecting any inappropriate 

wavelengths of a broadband source, allow shorter irradiation times. Additionally, with such 

an activation peak, the tissue penetration is enhanced. This is a feature which serves as an 

advantage for PDT as many lesions, like solid tumours, are deeply rooted, and thus, using 

LEDs the treatment of such cases is achievable. On the other hand, filtered halogen lamps 

with a peak of emission within the 560-740 nm range, do not allow for such a deep PDT 

action. Overall, for an effective PDT treatment (for example in the case of tumours) a safety 

light dose would be within the range of 100-200 Jcm-2 in order to allow the therapeutic 

activity and sufficient penetration but also, at the same time, to protect the healthy areas 

and not burn the tissues.43-45 

 

2.1.1.6 PDT vs. Other Treatments 
 

Any organism as well as almost any cell type can be affected by the disease. There are 

several different kinds of cancer depending on the cell type. If we consider skin cancer, the 

traditional treatments are surgery, electrodessication, cryosurgery, topical application of 

podophyllin or 5-fluorouracil and radiation. Although there are many different treatments, 

they all have a high number of essential drawbacks. For example, they are described as 

highly-cost methods. Additionally, the patients do not feel comfortable to receive the above 
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therapies as pain, inflammation, irritation, pigmentation changes and scarring are the 

consequences during and/or after the treatment. 

The most promising treatment for skin cancer is by using PDT. The skin is easily reachable 

from light exposure. Usually a topical administration is done and the treatment is non-

invasive, characterised by its short photosensitization period and its exclusion of side 

effects. Moreover, it is well accepted by patients globally and contributes to good cosmetic 

outcomes. Last but not least, PDT can treat multiple lesions with limited damage of the 

surrounding tissues.39-43 

Furthermore, clinical studies have been made on superficial skin cancer types like actinic 

keratosis (AK), Basal cell carcinoma (BCC), Squamous cell carcinoma (SCC) and Bowen’s 

disease (BD). After the follow-up, there have been neither clinical nor histopathologic signs, 

that is, there is no evidence of tumour in the treated area. This characterizes PDT’s outcome 

as a complete response (CR) with negligible side effects. 

One of PDT’s limitations is that the photosensitivity of patient’s skin is retained longer than 

the time needed for the treatment to take place. Usually it is gone within one week after 

the exposure. Additionally, a minor number of patients expresses pruritus, facial edema, 

blistering, erythema and tingling. In an extreme case, a patient might get severe 

intermittent burning pain. Such conditions may continue for two weeks. Nonetheless, their 

occurrence is generally infrequent, and therefore, overall PDT stands out from the rest of 

the treatment types as a unique modality with numerous important advantages which also 

counteract its limited drawbacks.39-42 
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2.1.2 General Characteristics of Tumour Cells 
 

The morphology of tumour cells is different and more variable compared with the same 

type of normal cells. The irregularity in shape is due to the loss of contact inhibition. In 

addition, there is a difference in the mitotic cells’ population. There is an increasing number 

of mitotic cells which are the cells that undergo cell division. For reference, the mitotic index 

of normal or benign cells is less than 1/1000 cells whereas the one for malignant tumour is 

more than 20/1000 cells. 

The nucleus of tumour cells is different too. It is usually large in size and chromatin is more 

apparent than in normal cells. There is a higher nuclear to cytoplasmic ratio. Moreover, in 

the case of malignant tumours there is an abnormal number as well as translocation of 

chromosomes.23-25 

 

2.1.2.1 Types of Tissue Growth 
 

Hypertrophy is a condition characterised by tissue growth due to an increase in cell size. On 

the other hand, hyperplasia, is a condition that deals with cell division increasing the 

number of cells. In the case of normal cell growth there is no increase in the total number of 

dividing cells because only one of the two cells produced by each cell division normally can 

divide. This is not the case for tumour cells where both of the resulted cells retain the ability 

to divide leading to hyperplasia. Therefore, hypertrophy is the consequence of hyperplasia. 

Dysplasia is another type of tissue growth where there is an abnormal growth having as a 

result the production of tissue in which the ordinary cell and tissue organisation is 

disrupted. Moreover, another condition is when the affected cells are proliferated in an 
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uncontrolled manner which is relatively autonomous, and thus, resulting in a continual 

growth in cells number. This condition is called neoplasia. Its result is a mass made of 

abnormal cells or tissue, and this is the definition of a tumour. In this case, the affected cells 

acquire the specialised properties that distinguish the one cell type from another. However, 

the ordinary cell organisation and cell role become disrupted.19-27 

 

2.1.3 Positron Emission Tomography (PET) 
 

Typically, a drug development process takes more than ten years to be completed and it is 

very costly. Additionally, there is a high failure rate in developing new drugs. Moreover, and 

most importantly, every time there is a high probability for inappropriate metabolism and 

pharmacokinetics. 

With the use of PET, the procedure is reduced to less than ten years. As soon as a drug 

candidate reaches the in vitro screening stage, PET studies can be conducted. This enables 

the quick transition to the Phase I clinical trials, minimising the number of preclinical tests. 

In this case, not only the overall time of the procedure is reduced but also there is less need 

to work on animals. 

Apart from PET’s contribution to the development of new drugs, in general terms, PET has 

been shown to be a very promising imaging modality improving both the diagnosis and 

treatment of various diseases. Additionally, it has been characterised as an ideal technique 

as it can work with as little as micro-dosing in human studies. The sub-pharmacological 

doses that are administered to the patients, do not have any toxicological or biological 

effects.25-28 
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2.1.3.1 PET Tracers 
 

Since the last decade, hundreds of molecular imaging probes have been developed for PET. 

Labelled compounds include ligands, hormones, antibodies, peptides, peptoids, proteins, 

oligonucleotides and drugs (medical and illicit). These constituents contribute to the 

selectivity of the tracer. They enable the ability of PET complexes to recognise the specific 

for the disease targets. The most renowned example of PET radiotracer is the 2-[18F]fluoro-

2-deoxy-D-glucose, [18F]FDG.26-29 

The process of isotopic labelling for PET comprises of six stages. Firstly, a simple, PET 

radiolabelled compound is produced by a cyclotron. The automated unit which is used for 

the production of the radioisotope has improved the safety and reproducibility of the 

procedure making it standardised. Secondly, the precursor molecule which is called 

‘synthon’ is synthesised. The main, simple, one-pot radiolabelling reaction follows and its 

product is purified by High Pressure Liquid Chromatography (HPLC). Additional analysis is 

needed which is followed by the formulation and approval of the PET drug. Lastly, it is 

injected into the patient and after scanning an image is acquired.33-35,59-61 Although the 

procedure includes several phases, it must be done simply and in a fast rate as it involves 

radiochemistry. A radioisotope has a certain half-life which is usually short, and thus, the 

process of isotopic labelling must take this in consideration in order for the drug to remain 

active until the image is obtained. For instance, microfluidic and microwave reactors are 

technologies for enhancing the reaction rates. In addition, when dealing with 

radiochemistry someone should take into account the difficulties, for example the limiting 

availability and the high cost both regarding the specialised equipment (especially the 

cyclotron) that are utilised, the shielding, the stoichiometry of the reactants and products, 
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the reaction kinetics, the necessary characterisation, such as the pharmacological 

characteristics, the type and energy of decay and the biodistribution of the drug, the specific 

activity as well as the radiochemical purity and yields. Finally, the amounts used are in the 

nanomolar (trace) scale which might be challenging regarding their handling. Of course the 

final point contributes to the advantages of the modality, such as an easy purification 

stage.24-27,36 

 

2.1.3.2 PET Radiometals and Chelators 
 

Nowadays, a typical chelator for PET applications is a bifunctional chelator. In this structure, 

a metal, hold by a ligand, is bonded on one end and a targeting vector on the opposite end 

of the molecule, and an appropriate linker connects the two. The main features that a 

bifunctional chelator should have are six; kinetic stability (kinetically inert) under biological 

conditions, rapid complexation, selectivity, versatile conjucation chemistry as well as 

accessibility. 

Well-known examples of chelators are the acyclic polyaminocarbonates which are 

characterised by rapid loss to serum albumin in vivo. The cyclic polyamines, another group 

of chelators, rapidly form metal (such as cupper) complexes which are stable in vivo. The 

latter is a constituent of the macrocyclic effect which creates the desire of the specific 

chelators to saturate all the coordination sites of the metal. Additionally, they are kinetically 

stable. Furthermore, another class of bifunctional probe is the cyclic 

polyaminocarbonxylates which also have the ability to form strong bonds and, thus, hold 

the metal in place very well. Examples of these chelators are DOTA, CB-DOTA, TETA and CD-
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TETA. Last but not least, the tetradentate ligands named bis-thiosemicarbazones, follow the 

bifunctional chelator approach. Although they are kinetically stable for over twelve hours, 

this is not good enough when compared with the macrocycles. In addition, their 

radiochemical yield is low giving poor results overall. However, the advantage of bis-

thiosemicarbazones is their lipophilic character. This offers to the complex the ability of 

diffusion across the cell membrane and its dissociation via redox reactions with intra-cellular 

thiols.34-40 

Two of the most common metals that are used for PET imaging are copper-64 and gallium-

68. The first one offers high-resolution images as it has a high specific activity as well as 

radiochemical yield. Moreover, copper-64 has been used for both imaging and therapeutic 

purposes with a suitable half-life of 12.8 hr. Additionally, when Cu(II) is reduced to Cu(I) by 

reducing agents like phospines, thiolates and iodide, both coupling chemistry (with 

peptides, antibodies, etc) and metal-essential chemistry are possible. However, a significant 

limitation of copper is that Cu(II) is paramagnetic and has preference for harder 

(intermediate) donors, such as amines and pyridyl, compared to the reduced Cu(I) which is 

diamagnetic and there is no ligand field splitting. In the second case, the coordination 

number and geometry are dictated by the steric effects of the ligand. The low coordination 

numbers allowed for Cu(I) contribute to the preference of the ion for soft donors like 

phosphines, thioethers, nitriles and isonitriles. Therefore, once copper is reduced inside the 

body, its preference for the ligand changes resulting in the disadvantage of the metal.35, 37-

47,62-66 

On the other hand, gallium-68, which is Ga(III), is aqueous and no further redox chemistry is 

feasible at physiological pH. Its labelling is done in the presence of weakly coordinating 
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citrate or acetate ligands. Furthermore, Ga-68 is a hard Lewis acid, and thus, binds strongly 

to hard Lewis bases, such as carboxylates and phosphonates. The properties of Ga(III) can be 

understood more easily when considering Fe(III). With very similar ionic radii (Ga(III): 0.62 A 

and Fe(III): 0.65 A) exchange of the two can occur in vivo resulting in Ga(III) accumulation in 

lung, liver and bone due to the binding of free gallium with haemoglobin. To overcome this 

highly toxic outcome, Ga(III) must perfectly fit in and tightly bonded to the strong donors 

ligands or bifunctional chelators. A very good example of bifunctional chelator for Ga(III) is 

NOTA. NOTA’s bifunctionality is achieved by the coordination with a metal as well as the 

modification of a carboxylic arm in order to maintain the hexadentate coordination enabling 

a strong binding between the vector and a suitable receptor in the body. NOTA enables fast 

and efficient labelling as well as high in vivo stability. For instance, Ga(NOTA) has a nine 

orders of magnitude higher stability constant compared to Ga(DOTA) and this characteristic 

is given by the better fit of Ga(III) ion (low strain) in NOTA.33-35 

Furthermore, another very promising ligand for the coordination of Ga(III) is porphyrin. As it 

is described above, porphyrin is used in PDT, therefore, with metal chelation it can also be 

used as an imaging agent. This dual functionality characterises porphyrin as a theranostic 

agent. This kind of agents are described as single-treatment agents and give rise 

personalised medicine which is vital as each organism and patient is unique in terms of 

dealing with the various diseases, drugs and therapies. Moreover, Ga(III) is an ideal ion for 

porphyrin chelator as it is diamagnetic, whereas paramagnetic isotopes like Cu(II) would 

quench the therapeutic activity of their chelator (porphyrin in this case). In addition, the 

paramagnetic copper-64 limits its use. For instance, it could not be used as a theranostic 

agent.53-58 The administration of the diagnostic and therapeutic agents has to be done in 
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separate doses which should be accompanied with an appropriate delay between one 

another in order to allow for clearance of the radiolabelled species (in the case of PET) from 

the body.  Furthermore, Ga(III) has a good half-life which equals to 68min. However, it emits 

a quite high positron energy, and therefore, it offers poor resolution as the energy flows 

more in tissue. Lastly, Ga(III) has the advantage that can be formed inside a generator. A 

generator has a much lower cost than a cyclotron and it is much easier to operate. 

Moreover, its small size is convenient and allows its usage within any laboratory (which 

deals with radioisotopes). This is in contrast with the massive cyclotron which can only be 

found in specific institutions.30-37  

 

2.2 Project Objective 
 

The specificity achieved from drugs’ uptake, its selectivity and the combination with light 

targeting makes PDT an appealing approach. Additionally, imaging modalities like PET and 

optical imaging can extensively be used for diagnosis purposes either combining two or 

more of them, or use them individually. Combining therapeutic (PDT in this case) with 

imaging methods, personalised medicine can be achieved which is essential as each 

organism acts differently when affected by a disease as well as in the presence of a drug/ an 

agent (bioprobe, metal complex, imaging agent, or photosensitizer). As a consequence, 

there is always a need for the synthesis and characterisation of new agents with better 

properties as it was discussed in the previous section. The particular project was selected 

with the scope of developing a new PDT agent with the potential, future ability to act as a 
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PET probe too with anti-bacterial properties. The complex under study is a porphyrin and its 

structure is shown in Figure 14 which includes indications of the effect of each part. 

 

Figure 14: Illustration of the desired porphyrin-product (por-linker-peptoid). 

 

2.3 Results and Discussion 
 

The aim of the particular project (Chapter 2), as it was mentioned in the previous section, 

was the development of a new porphyrin-based multi-modal theranostic agent. This 

modified heterocyclic macrocycle organic compound would have a potential usage as a PDT, 

optical and PET probe. As this project was initially designed for a period of 36 months, it is 

sensible that not all of its stages have been examined. However, as far as it was feasible 

(related to the availability of the chemicals), all the stages were well performed. Most of the 

time was dedicated on the synthesis part of the project which is described by the synthetic 

route given in Figure 15. Both the synthesis and purification of almost all the steps on this 
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route were challenging and required a lot of effort and patience in order to be completed 

with success. 
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Synthetic Route: 

 

Figure 15: Reaction scheme of Ga-68-Por(-peptoid). 
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The first reaction required was the synthesis of the desired benzaldehyde. This was chosen 

to be the 4-[(Trimethylsilyl)ethynyl]benzaldehyde (it will be referred as TMS-benzaldehyde 

for convenience in the rest of the chapter) and it was obtained by a Sonogashira coupling 

reaction. As both the TMS-benzaldehyde and bromobenzaldehyde starting materials are 

small compounds, the reaction between the terminus alkyne of the TMS and the bromide of 

the aldehyde was achieved very easily and quickly, and none repeating steps were required 

(except of scaling up) for this reaction. The purification of the TMS-benzaldehyde product 

was performed using silica gel and yielded a highly pure compound in a very good yield. It is 

worth noting that after removing the solvent of the wanted layer from the column 

chromatography using the rotary evaporator, the flask containing the desired compound 

(TMS-benzaldehyde), which was a light yellow oil, was left for a few minutes in the open air. 

As a consequence, white (cream colour) crystals were obtained and very clear NMR and MS 

spectra were acquired confirming the identity and the purity of the desired product. As a 

result, the specific aldehyde was then used as one of the starting materials of the following 

reaction step. 

This next step was the second reaction of the project which had as a goal the synthesis of 

the initial-stage porphyrin. The initial-stage porphyrin for this project can be described as a 

porphyrin complex with some, important substitutions on the basic core, parent structure, 

the porphin. The latter is consisted of four pyrrole subunits interconnected at their α-carbon 

atoms via methyne-bridges and a porphin changes to a porphyrin by substitutions on the 

core structure. These may occur either on the pyrrole units or on the methyne groups. In 

the case of the particular project, the pyrrole groups were unaffected and the attention was 

drawn to the methyne bridges. Therefore, instead of connecting the pyrrole rings with each 
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other using the simplest aldehyde (formaldehyde) in order to form the larger macrocycle 

ring (porphin), the more complicated benzaldehydes were used to substitute the hydrogen, 

which would result from the formaldehyde, for our proposed porphyrin. Two different types 

of benzaldehydes, the TMS-benzaldehyde and 3-methoxy-benzaldehyde, were used in this 

case because the desired initial-stage porphyrin structure for the project would contain both 

the TMS-phenyl and 3-methoxy-phenyl groups in a ratio 1:3. This ratio was preferred as the 

final porphyrin structure would require to have one available position for the binding with 

the appropriate peptoid. This position was designed to have a terminal alkyne group in 

order to achieve another Sonogashira coupling between this group and a halide as it will be 

discussed later. The other group (the 3-methoxy-phenyl) was chosen to be used as the main 

aldehyde (three of this aldehyde for the 3:1 ratio required) because it would enable easier 

purification, as it is highly soluble in organic solvents, and also it would offer good 

photophysical properties. An example of the latter is the enhancement of the emission 

intensity, as it will be mentioned later in this section. 

Therefore, the well-known reaction for the obtainment of the initial structure of the 

proposed porphyrin was performed using, as it was described above, the pyrrole, TMS-

benzaldehyde and 3-methoxy-benzaldehyde starting materials. The reaction itself is simple 

without requiring very special handling, with the exception, though, of the addition of the 

pyrrole into the reaction flask. This was done dropwise because the direct addition of the 

pyrrole would result in the polymer formation. Additionally, the open-air requirement for 

this reaction, in order to allow the expansion of the system into the formation of the 

macrocycle, can be characterized as an advantage because no extra care is needed as with 

the case of close-nitrogen-system reactions. However, the mixture resulted from this easy, 
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3-hour reaction should neither be stored prior its separation for a long period of time nor be 

recrystallized. Otherwise, it would be stuck on the walls of the flasks. In addition, unlike the 

simplicity of the reaction forming the initial-stage porphyrin, the purification of the resulted 

mixture is very crucial and very challenging. This mixture contains all the different possible 

ratios. In other words, despite the fact that a specific ratio (3:1) was chosen, the reaction 

yields all the five different combinations with respect to the ratio between the two 

benzaldehydes. This of course leads to a very low yield of the desired-ratio product. 

Moreover, the low yield is unaffected by the reaction time. That is, with a longer than 3 

hours reaction time, there is no change in the yield. Furthermore, regardless of the low 

yield, a massive amount of starting materials in order to improve the yield cannot be used, 

as the resulting mixture would be stuck on the silica gel and could not be separated. 

Therefore, there is a rule of thumb that a maximum mass of around 10 grams in total for all 

the reactants can be used for the porphyrin formation. 

The six products that comprise the mixture obtained after a porphyrin-synthesis reaction 

using the specific starting materials, contain the porphin centre plus one of the following 

cases of substitutions around the core structure: 1. four TMS-benzaldehyde groups, 2. three 

TMS-benzaldehydes and one 3-methoxy-benzaldehyde (3:1), 3. two TMS-benzaldehydes and 

two 3-methoxy-benzaldehydes (2:2), 4. once more 2:2 but the different configuration which 

is possible, 5. 3:1 but this time three 3-methoxy-benzaldehydes and one TMS-benzaldehyde, 

and 6. four 3-methoxy-benzaldehydes. Of course, number 5 case was the most abundant in 

our case as its ratio was the initial ratio chosen for this reaction. Moreover, the separation 

of the mixture usually is done in two stages. At the first stage, all of the purple 6-porphyrin 

mixture is separated from other black impurities, such as unreacted reactants. This is easily 
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done and it is a fast process (usually it is done by flushing the column) as these impurities 

are highly non-polar, and thus, become stuck at the top of the silica gel. The collected purple 

mixture is then combined, collected and the second stage of separation takes then place. 

This is necessary to be done very slowly as there are six layers that need to be separated 

and the difference in the polarity between porphyrins 4-6 is not extreme. Additionally, 

number 1 side-product is the most polar complex of the six, and thus, was loaded first from 

the column chromatography using dichloromethane (chloroform may also be used). As the 

polarity decreases from 1 to 6, our desired product (number 5), which was the second least 

polar, was loaded after a long period of time. Even so, the patience is worth it as a very pure 

porphyrin 5 was obtained and it was named por-TMS for convenience. Furthermore, before 

the final decision of using the specific synthetic route other trial reactions were also 

conducted. For instance, instead of using the TMS-benzaldehyde reactant, the porphyrin 

was formed in the first stop using a 3:1 ratio but this time with bromo-benzaldehyde in the 

place of TMS-benzaldehyde (that is, the 1 in the 3:1 ratio). Although by this route one less 

step is needed for the scheme, it was not preferred because of the difficulties in the 

continuation of the route which contained a Sonogashira Coupling for the substitution of 

the terminal bromide of the porphyrin moiety by the TMS-alkyne. In that case, the drawback 

was not only the bulky nature of the porphyrin, but also the poor leaving-group-nature of 

bromide. This resulted in obtaining very low yields of the desired porphyrin (por-TMS) with 

the major product being the porphyrin dimer (MS: [M+1]+ =  1816.8 m/z). Therefore, the 

synthetic route proposed here was chosen and followed. 

The trimethylsilyl (TMS) group is often used as a protecting group for alkynes. Therefore, it 

had to be removed in order to continue with the synthetic work. Following the time 
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consuming procedure of the porphyrin synthesis, the deprotection of the terminal 

substituted ethyne was performed by the addition of a fluorinating agent, TBAF. The 

fluoride reacts with the silicon in TMS and this gives rise to the deprotection. A very good 

advantage of the TBAF-mediated deprotection is that it enables a tremendously good yield 

to be achieved. Caution should be taken though as the reaction time of this reaction is 10-

15min and in case the solution is over-reacted it may result in different end products. 

Furthermore, although the complete transformation of the porphyrin starting material to 

the deprotected porphyrin product (denoted as por-H for simplicity), a column 

chromatography has to be run in order to remove any unreacted TBAF. This preferably is 

done on the same day with the reaction as soon as the latter is over. This is because of the 

highly reactive alkyne terminal group on the afforded porphyrin. In addition, the pure 

product it is good to be stored in a sealed container. Nevertheless, it is worth mentioning 

that in general the porphyrins are highly stable compounds. This might be due to their bulky 

nature. 

The following step was the coupling of the porphyrin (por-H) and a reagent (4-iodophenyl-

maleimide). The latter’s moiety would act as a linker between the porphyrin and the 

peptoid. This linker was chosen to be phenyl-maleimide, which contains a double bond on 

the 5-membered heterocycle of its structure. This double bond enables the maleimide 

compound to act as a Michael acceptor. It is capable of reacting with a thiol group which 

could be present on the peptoid sequence as the side chain of the terminus amino acid 

(Cysteine (Cys)). The thiol group is a nucleophile, and thus, prone to attack the maleimide 

double bond. In our case, this reaction, which is specific and forms a stable conjugate 

protein through a thioether bond, would result in the porphyrin-linker-peptoid final 
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(unmetalated) product. The strong C-S bond of the thioether would be irreversible, and 

therefore, unaffected by the action of reducing agents. Finally, this reaction would take 

place at a non-alkaline pH as hydrolysis of maleimide to maleimic acid could occur. 

The 4-iodophenyl-maleimide reagent was chosen to act as the reagent for the coupling 

reaction of por-H with the maleimide linker. The maleimide contained an iodide (a halide is 

needed for the coupling) and this was selected due to its good leaving-group-nature which is 

in contrast to other halides, for example, bromide. Once the maleimide reagent was 

successfully synthesised and recrystallized, its high purity was confirmed and the trials of 

the desired reaction became. 

The next step was the most challenging and problematic part, and it gives rise to the main 

limitations of the project. Although the porphyrin-maleimide reaction was one more 

Sonogashira Coupling reaction, excessive trials had to be performed in order to achieve the 

expected result. For instance, this was due to the very bulky porphyrin compound which 

provide a high degree of steric hindrance and was not allowing the reaction between the 

alkyne of the porphyrin and the halide (iodide in this case) of the maleimide. This was in 

contrast to the first reaction of this project which was again a Sonogashira Coupling, 

although with small reactants. The size of the different starting materials used in these two 

cases was the only difference. All the reaction conditions and the rest of materials needed 

were the same. The same reaction was attempted numerous times as the Sonogashira 

Coupling is a very well tested mechanism and the good handling for this reaction had 

already been confirmed. However, these trials were unsuccessful. Different catalysts, 

solvents and reactions conditions such as temperature had also been tested. Nonetheless, 

nothing seemed to work. 
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Things eventually changed once the same, initial reaction conditions (that is, the same as 

the first reaction of the scheme) were tested once more, now with a difference in the 

procedure. This was the addition of one step which involved the cannula transfer process. 

This alteration gave rise to the formation of the desired product, porphyrin-maleimide linker 

(por-mal for short). The cannula transfer allows the very careful addition of the dry solvent 

ensuring an air-tight system; a fact that is crucial for this type of reaction. Moreover, after 

around three days all the por-H had successfully become por-mal (no point of por-H on TLC 

at all) and the desired product was separated from the maleimide reactant, catalysts and 

also from the trace amount of porphyrin dimer (which is an expected side-product in the 

case of a coupling reaction with a porphyrin as the starting material) by column 

chromatography. Additionally, the reaction using the particular methodology was effectively 

repeated in order to scale-up the production. Therefore, it could be concluded, that in the 

case of a Sonogashira Coupling reaction with a porphyrin starting material, it is vital for the 

reaction to be performed under a highly air-tight system with the help of the cannula 

transfer process and a prolonged period of time in order to achieve the desired results. This 

is due to the large, bulky porphyrin reactant, and thus, extra support is needed. Despite all 

the trouble, the desired final-porphyrin, por-mal, was successfully synthesised and the 

reaction could be effectively repeated. 

The subsequent step of the project would be the peptoid coupling reaction with the por-mal 

complex. The addition of the small protein, peptoid, on the agent under study is important 

as the peptoid is able to recognise an affected area specifically. More specifically to the 

particular project, the peptoid would act as a sensor for the desired bacterial target/ 

biomarker. The peptoids which were chosen in order to be tested in the specific project and 
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will be discussed later in this section, have been ordered a few months ago from a partner 

university abroad. Unluckily, at the time of writing, the peptoids have not been received yet. 

As a consequence, this step could have not been done. Despite the fact, the available 

porphyrin (por-mal) was used to perform the photophysical studies required for the project. 

The study of the photophysical properties of a probe are essential in order to estimate its 

capability to be used as an imaging agent. For instance, its ability to be used as a 

fluorescence (optical) imaging probe depends exceedingly on its absorption, excitation, 

emission, quantum yield and life-time. Fortunately, all these measurements should not 

change (dramatically at least) upon peptoid’s addition. This is an advantage in our case as 

these properties could be measured for the por-mal and, at the same time, conclusions 

could be made regarding the final product, por-mal-peptoid. Therefore, the results are 

shown in the figures below. 
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Figure 16: Absorption spectra of por-mal at various concentrations (2 µM, 5 µM, 10 µM and 20 µM). 

 

In Figure 16, for instance, the absorption of the por-mal was measured in various 

concentrations. In total five peaks were obtained as expected for a porphyrin. These are 

present at: 424 nm, 518 nm, 549 nm, 591 nm and 648 nm. The major absorption is given at 

424 nm. The rest of the peaks are of a much lower intensity although they are still 

observable, especially the ones at 518 nm and 549 nm. Three of these concentrations were 

chosen to represent the correlation between the absorbance and concentration which can 

be characterised as linear in this case (as shown in Figure 17). 
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Figure 17: Absorption versus the three concentrations of por-mal which gave the best results showing a linear 
correlation between absorbance and the concentration. 

 

 

 

Figure 18: Excitation spectrum of por-mal (slit: 8 mm). 

 

Moreover, after the absorption measurements, the excitation of por-mal was examined 

(Figure 18). Three peaks were assigned at a long wavelength range, specifically at: 413 nm, 
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wavelength was used for the emission measurements. The emission spectrum of por-mal 

(Figure 19) shows three distinguished peaks in the visible range. Specifically these are 

obtained at: 608 nm, 660 nm and 725 nm. The main emission takes place at 660 nm. The 

resulted emissions at long wavelengths (in the visible region) are of a great importance in 

imaging as it has already been mentioned earlier in this chapter. 

 

 

Figure 19: Emission spectrum of por-mal at λexc = 440nm (slit 5). 
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Figure 20: Emission spectrum of standard (H2TPP) at λexc = 440nm (slit 5). 

 

 

In order to calculate the emission quantum yield, the right concentration of por-mal and 

standard had to be found which would give an absorbance value as close as possible to 0.05. 

A very low concentration (0.95 µM) of por-mal was needed to obtain such as an absorbance. 

The standard that was used was the H2TPP (porphin with an unmetallated core centre and 

substitution on the four methyne-bridge by four phenyl groups). Its emission spectrum is 

also shown in Figure 20 above. The only difference between the two spectra is the emission 

of por-mal at 608 nm which is not present at the standard’s spectrum. This was expected as 

it is a result of the difference in the structures between the sample and the standard. 

Additionally, from the data of the two emission spectra (at the concentration which gave 

0.05 absorbance), the integrated emission intensity (I) could be calculated. This had to be 

done as the “I” parameter is required for the calculation of the quantum yield. In particular, 

the equation used for the estimation of the quantum yield (QY or Φ) of a sample is: 
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𝛷𝑠𝑎𝑚𝑝𝑙𝑒 =  𝛷𝑠𝑡𝑑  ×  
Astd

Asample
 ×  

Isample

Istd
 ×  

η2sample

η2std
                                    (a) 

Where: sample is the por-mal, std is the standard (H2TPP), Φ is the quantum yield, A is the 

absorbance (0.05), I is the integrated fluorescence intensity, and η is the refractive index of 

the solvent (the solvent that was used in this case it was the same for the sample and the 

standard/ reference and it was dichloromethane, that is: η = 1.424). 

The integrated emission intensity was found to be Isample = 8272875 for por-mal and Istd = 

14334047 for the porphyrin standard. Also, the Φstd = 0.12 in DCM. Therefore, using all the above 

information, the QY of por-mal was calculated to be: Φsample = 0.07. The final physical 

measurement that was performed was the life-time. However, the LED that was available 

was not appropriate for the excitation of por-mal (not long enough excitation wavelength). 

Thus, the estimation of the life-time could not be performed. Nevertheless, this section will 

continue with a discussion on the final stage of the complex. 

Even though the peptoids could not be used, at this point it is worth it to make a few notes 

about them, their importance and finally to focus on two specific kinds and explain the 

reason behind this choice. Therefore, in the part of the current section that follows, the final 

stage of the project is analysed which was studied although there was no chance to be 

completed in practice. 

An essential characteristic for an imaging agent is its ability to recognise the target under 

study. This can be done in various known ways. For instance, appropriate metals which have 

the capability of acting as metal-sensors exist and have been widely used. In the case of 

ytterbium for example, the metal complex would be driven to and affect the Golgi 

apparatus. Moreover, as it has been mentioned earlier, another even more effective way to 
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recognise and at the same time to increase the selectivity and specificity of a probe is to use 

carriers-conjugated proteins, such as peptides or peptoids. These are extremely selective for 

a certain type of disease. In the case of the project under study, a peptoid was chosen to be 

used (denoted by “Rn” on the reaction scheme) with a sequence specific for the recognition 

of certain bacteria, such as BSL1 Gram-negative (Escherichia coli JM109) and Gram-positive 

(Bacillus subtilis BR151) bacterial strains. A peptoid was selected over a peptide due to the 

similarities between the two but also, at the same time, due to the significant and profound 

advantages of the first ones. For example, peptoids are highly stable against proteases, they 

can form stable helical structures and there is lack of hydrogen-bonding potential, and thus, 

no aggregation is possible. Additionally, peptoids are more cell-permeable than peptides 

and their synthesis is easier and at low cost. A potential peptoid sequence for the specific 

project is: Cys-[NGly-NGly-(NLys-Nspe-Nspe)4]-NH2, and its structure is shown in the figure 

(Figure 21) below along with its shorter alternative Cys-[NGly-NGly-(NLys-Nspe-Nspe)2]-NH2. 

This peptoid was distinguished over others because, based on the literature, its structure 

meets the desired characteristics of peptoids used for selection purposes. For instance, the 

longer the overall length of the peptoid, the lower the ED50, and the shorter the side chains 

(on the amine), the more enhanced is the activity. In addition, the antimicrobial effect 

increases with the increase in the aromaticity and chirality of the building block as the 

helical secondary structure is more stable. Peptoids made of Nspe amino acids have already 

been tested in antimicrobial studies on both Gram positive and Gram negative bacteria and 

have given good results in both cases. Nspe offers short side chains which give rise to 

chirality (methyl and phenyl groups) and aromaticity (phenyl group). Both of these terms are 

ideal characteristics for an ideal antimicrobial peptoid also known as an ampetoid. 
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Furthermore, keeping the same amino acids and decreasing the overall length of the 

sequence, the two different sizes of the peptoid were chosen to be tested in order to 

confirm the higher efficiency of the larger peptoid (longer overall length).  

 

Figure 21: The structures of the proposed peptoids. 

 

Moreover, the preparation of the peptoid that is needed prior the porphyrin-peptoid 

coupling was studied. Firstly, a peptoid coupling reagent is required, and examples of this 

reagent include the HATU, HBTU, HCTU, TATU and TBTU. The HBTU and TBTU result in 

insignificant racemisation. Very well-known and highly used in coupling reactions are the 

DIC and EDC reagents which are carbodiimides. They are urea by-products, they remain in 

solution and can be easily removed by extraction from the reacted mixture. The 

disadvantages of these reagents lie on the racemisation and side reactions that are highly 
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possible from both of these carbodiimides. To avoid this, other reagents have been used for 

the coupling process, such as BOP, PyBOP, PyAOP, PyBrOP and BOP-Cl. The preparation 

generates –OBt esters in situ. Moreover, caution is required when the BOP reagent is used 

as it gives rise to the highly carcinogenic side-product, hexamethylphosphoramide (HMPA). 

From all the coupling reagents listed above, the PyBOP reagent would have been chosen for 

the continuation of the particular project, as it offers valuable characteristics and properties, 

and advantages over the rest of the examples. For instance, it is very efficient in coupling 

amino acids at the same degree as BOP does and it allows very short reaction times, 

however, it is less hazardous compared to the latter as the HMPA by-product is not formed. 

Additionally, PyBOP can be used for the (final version of) peptide/peptoid synthesis without 

a loss of the coupling efficiency. Furthermore, apart from the coupling reagent, a reagent 

which contains a protective group for thiols is needed, such as 3-(Tritylthio)propionic acid in 

which the three phenyl groups (the “Trityl” term of the name) acts as the protecting group. 

This group is required as a thiol group would react with the double bond of the maleimide 

(the linker between the porphyrin and the peptoid) in order to yield the coupled porphyrin-

peptoid product. The thiol functional group cannot be added directly because of the 

reaction conditions needed for the removal of the resin which is attached to the peptoid 

sequence. Overall, a general representation of the reaction (using PyBOP) for the 

preparation of peptoids that would have been tried if the latter were available is: 
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Finally, for this project, the metal chosen for the studies was Ga-68 which is characterised 

by various advantages over other metals, as it is described above. The metalation step 

would consist of the addition of GaCl3 (3 eq.) and sodium acetate (28 eq.) into a flask which 

would contain the porphyrin-maleimide complex. This would be done in a glovebox as GaCl3 

is highly hygroscopic. The solids would then be dissolved in acetic acid, followed by reflux of 

this mixture for 48 hr at 120oC. This procedure has already been tested and verified by using 

the porphyrin with the alkyne terminal group (the compound prior the Sonogashira coupling 

step with the maleimide), which gave MS: [M+1]+ = 976.6 m/z. Moreover, another 

procedure that has been tested and confirmed was using microwave irradiation for 15 mins 

at 110oC to obtain the Ga-porphyrin product. Of course the latter methodology would be 

preferred for the studies with ‘hot’ Ga-68 radioisotope due to its half-life (even though 68 

min is not an extremely limited half-life, it is always desirable to find the quickest way when 

dealing with radioisotopes). 

All the above information is essential for generating appropriate imaging agents and 

understanding the necessity for the latter. The agent should be characterized by a high π-

conjugation system which enable for both good fluorescent signals and increased levels of 

singlet oxygen production. This is true as the porphyrin complex is a high π-conjugation 

system and the presence of the three 3-methoxyphenyl groups around the core enables 

even more profound electron delocalization. This, as a consequence, enhances the 

fluorescence (or emission) of the system as well as other properties, such as the quantum 

yield. Additionally, novel compounds that absorb light of long wavelength, in order to offer 

better tissue penetration, are vital for both PDT and optical imaging, and this is where the 

scope of the specific project lies on. Fortunately, as it was shown above, the actual results of 
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the spectroscopic studies, such as the absorption and emission, support the objective of the 

project. That is, it is highly promising that our proposed porphyrin complex could be used as 

an imaging agent, such as for optical imaging. 

 

2.4 Conclusions 
 

The synthesis of the porphyrin moiety (por-mal) was successfully synthesized and purified. 

Furthermore, the analysis, characterization and physical measurements for this complex 

were performed giving good results. For instance, the excitation at long wavelengths at the 

UV region and the emission at long wavelengths at the visible region are crucial 

characteristics of a bio-probe. The results from all the above studies confirm the capability 

of the porphyrin complex to be used as an imaging agent. 

 

2.5 Future Work 
 

The coupling reaction between the already synthesized porphyrin-maleimide compound and 

the desired peptoid (when this arrive) as well as the metalation step with ‘hot’ Ga-68 have 

to be done and the stability of the new metal complex should be estimated. Furthermore, in 

vitro studies, such as cellular uptake and cytotoxicity, and, in the long term, in vivo studies 

have to be performed once the synthesized complex is coupled to the related peptoid in 

order to validate its activity as a biological agent. 
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2.6 Research Methodology 
 

1.  

 

A Sonogashira coupling was performed for the first step of the reaction scheme. 

Bromobenzaldehyde and trimethylsilylacetylene were used as the reactants. The catalysts 

used were CuI and PdCl2(PPh3)2. TEA was used as a base along with dry THF. All the solids 

were added in the flask and after treating with N2(g), the solvent was added. The mixture 

was stirred for 5 min and then TMS was added dropwise. The final reaction mixture was 

stirred overnight at RT. High yield was obtained after column chromatography which gave a 

white (cream) crystalline product. 1NMR (300 MHz, CDCl3) δ/ppm 10.00 (1H, s), 7.80 (2H, d), 

7.65 (2H, d), 0.30 (9H, s). MS: [M+1]+ = 202.3  m/z. 
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2.  

 

The porphyrin was formed under the typical procedure using propionic acid and heat 

(140oC). The two benzaldehydes were dissolved in propionic acid and pyrrole was added 

dropwise. The reaction mixture was left stirring for 4 hr in open air. After column 

chromatography, using DCM, the usual dark purple porphyrin was obtained in a low yield as 

expected. 1NMR (300 MHz, CDCl3) δ/ppm 9.07 (6H, s), 8.91 (2H, s), 8.08 (2H, d), 7.98 (2H, d), 

7.50 (6H, s), 4.17 (9H, s), 3.92 (18H, s), 1.85 (9H, s), -2.82 (2H, s). MS: [M+1]+ = 981.4 m/z. 

Note: The important peaks are indicated with bold characters. 
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3.  

 

 

The protected with TMS terminal alkyne of the porphyrin resulted from reaction 2 was de-

protected using TBAF agent and THF at RT for 5 min (5 min reaction time is enough for the 

deprotection although the general methodology states 15 min, as shown in the reaction 

representation above). The pure desired product was obtained by column chromatography 

using dichloromethane and methanol in a 150:1 ratio. 1NMR (300 MHz, CDCl3) δ/ppm 9.07 

(6H, s), 8.91 (2H, s), 8.08 (2H, d), 7.98 (2H, d), 7.50 (6H, s), 4.20 (9H, s), 3.97 (18H, s), 3.87 

(1H, s), -2.82 (2H, s). MS: [M+1]+ = 909.1 m/z. 

Note: The important peaks are indicated with bold characters. 
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4.  

              

 

The maleic anhydride and amiline were dissolved separately in diethyl ether at RT (the 

amount of solvent used for the amiline was the 1/5 of the amount used for the maleic 

anhydride). The dissolved maleic anhydride was then added dropwise to the flask which 

contained the amiline and a dark brown suspension was formed. The stirring continued for 

about 1 hr at RT and stopped when a great amount of light grey precipitate was formed. 

After placing the reaction flask in an ice-bath, the substituted maleanic acid was isolated by 

filtration. The dried intermediate was then added into a flask containing anhydrous sodium 

acetate in acetic anhydride, and the mixture was stirred in a hot-water bath for half an hour 

before it was poured into an ice-water bath. The resulted precipitation was filtrated and 

washed several times with cold water. Lastly, when the solid was dried, an ethanol/water 

mixture was used to recrystallize the desired grey-brown product, that is, the N-substituted 

maleimide (4-iodophenyl-maleimide). 1NMR (300 MHz, CDCl3) δ/ppm 7.80 (2H, d), 7.10 (2H, 

d), 6.90 (2H, d). MS: [M+1]+ =  298.9 m/z. 
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5.    

 

 

 

 

 

 

 

After degassing an empty round-bottom flask the base and the solvent were added to it. 

Nitrogen gas was then applied for several minutes to ensure that no oxygen is present. In a 

second flask (reaction flask), all the weighted starting materials (including the catalysts) 

were added. After degassing the reaction flask, the solution (solvent with base) from the 

first flask was added by cannula transfer to the second (reaction) flask. The mixture was 

stirred for three days under reflux (50oC). The main point on the TLC plate was separated 

from the maleimide starting material and impurities due to the catalysts by column 

chromatography using dichloromethane and methanol in 100:1 ratio. The pure product was 

successfully obtained. 1NMR (300 MHz, CDCl3) δ/ppm 9.07 (6H, s), 8.83 (2H, s), 8.46 (2H, d), 

8.12 (2H, d), 7.72 (2H, d), 7.80 (2H, d), 7.50 (6H, s), 7.26 (2H, d), 7.13 (2H, d), 4.23 (9H, s), 

3.97 (18H, s), -2.82 (2H, s). MS: [M+1]+ =  1080.4 m/z. 

Note: The important peaks are indicated with bold characters. 
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Thermal Sensor with a Mixture of Lanthanides 
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3.1 Background Theory 

3.1.1 Fundamentals of Lanthanide Chemistry and Properties 
 

The rare earth elements or lanthanides (Ln) comprise fifteen f-block metals with the 

electronic configuration [Xe]6s25d0-14f1-14 and atomic numbers starting from 57 and ending 

with 71. They are located at the third column and sixth period of the periodic table. Their 

name has Greek roots as it is derived from the word ‘λανθάνειν’ (lanthanein). This is 

translated "to lie hidden" and it is an interpretation which agrees with their property of 

“hiding” behind each other in minerals. This is a contradiction to their natural abundance as 

they could not be characterised as hidden elements although they are also known as rare 

earths. To be more specific, cerium, which is the most abundant lanthanide, is more copious 

than cobalt, tin and zinc which are metals found even in our organisms. Additionally, 

thulium which is the least abundant of the 4f series, it is more copious compared to silver 

and similar to mercury. The major sources are ores, for example, bastnaesite, monazite and 

xenotime, and are mainly found in China, USA, India, Australia and Brazil. They are available 

as oxides and salts in the form of metal ingots or powders. Their cost differs from one 

another, with cerium, lanthanum and neodymium being the least expensive as they are the 

most abundant.67-78 

Lanthanides are often used as reductants for organic functional groups or in C-C forming 

reactions. In addition, the stable Ln(III) offer unique functional group transformations. 

Furthermore, due to the low polarizability and high charge density of the Ln(III) ions, they 

are characterised as hard acids based on the Hard Soft Acid Base (HSAB) classification. 

Therefore, they have a strong affinity towards hard bases. Good examples of hard bases are 

the nitrogen- or oxygen- donor ligands (strong oxophilicity). Their bonding is defined as 
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electrostatic and non-directional. Therefore, the steric factors are essential for the 

coordination number. In addition, upon complexation the enthalpy of a bond formation 

does not fully compensate for the dehydration enthalpy. Lastly, by the usage of polydentate 

ligands, such as DTPA (Figure 22), may allow sufficient change in entropy, and thus, a 

favourable Gibbs free energy value is still feasible. An increase in metal-based luminescence 

can be achieved by pendant arm ligation.71,77 

 

 

Figure 22: The structure of the DTPA polydentate and multi-studied ligand. 

 

The 4f elements are closely related with each other occupying the 4f shells sequentially. The 

most common/stable oxidation state is +3. Nevertheless, when empty, half-filled or 

completely filled 4f shells are attained, lanthanides can also have +2 and +4 oxidation states. 

Eu(II) and Yb(II) are the most stable for this oxidation state although they gradually react 

with water. Sm(II) is the most synthetically useful. The +4 oxidation state is more unusual 

and it is found in oxidants, such as CAN and CAS. The oxidation state of the lanthanides 

affects their ionic radius which decreases going from +2 to +4. The ionic radius decreases as 

the atomic number increases and there is the well-known lanthanide contraction. The latter 

has as a consequence the ineffective shielding of the 4f electrons, and as the effective 

nuclear charge increases, the ionic radius decreases. Overall, they have relatively large ionic 

radii compared to the other blocks.77 This characteristic is important when someone 
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considers coordination numbers. The latter increases as the atomic number decreases, and 

starting from six, they allow up to twelve ligands around them. The most usual coordination 

numbers are 7-9. In addition, in the case of very bulky ligands, low coordination numbers 

are feasible. Moreover, the redox properties of the lanthanoid series depend on electronic 

factors (inherent stability of the f-shells), the medium such as the solvent and the pH, and 

the ligand to which the metal is bonded. The toxicity of the lanthanide salts like nitrates, 

carbonates and chlorides is analogous to that of sodium chloride, and therefore, they are 

considered orally non-toxic. However, they are characterised as moderate toxic for the 

lungs and eyes where they are introduced via the intraperitoneal route.79-81 

The Russel-Sounders coupling scheme offers an accurate description of the energy and the 

splitting pattern of the ground and excited states of the lanthanides. The latter states are 

produced by their spin and orbital angular momenta. The spins, s, of the individual f 

electrons are coupled together to give the spin quantum number, S. Similarly, vectorial 

addition of the orbital angular momenta, l, give the total number, L. For lanthanides, which 

are f-electrons, l = 3. Moreover, a very useful representation of the above theoretical 

numbers is denoted from the atomic multiplet term symbol or Russel-Sounders (spin-orbit) 

coupling, 2S+1LJ, where J = L + S. The splitting of the 2S+1LJ multiplet into levels labeled by: 

J = |L+S|, |L+S -1|,…, |L-S| 

Therefore, the Russel-Sounders expression (symbol for the electronic configuration) enables 

the precise labelling of the various energy levels of a polyelectronic atom (Figure 23) and it 

is essential for the assignment of the electron movement. Moreover, for this 

representation, its ground state ion has to obey the Hund’s rules. Therefore, it should have 

a spin multiplicity, 2S+1, as high as possible. Additionally, in the case of presence of many 



 

67 

 

terms with the same spin multiplicity, the term with the highest L number is defined as the 

ground state. Finally, the third rule is that for a shell less than half-filled, the J is the lowest 

possible. The opposite is true for a shell more than half filled.71,77,82-85 

 

 

Figure 23: A microstate energy diagram of free trivalent lanthanide cations doped in LaF3.71 

An example of assigned energy level diagrams that shows the importance of the Russel-Sounders coupling 
terminology. 

 

 

 

Overall, seven f-oribitals are generated and perturbed by the 5s and 5p electron cloud 

(Figure 24) to give very narrow transitions.87-92 Moreover, thousands of microstates are 

enumerated and calculated by: 14!/N!(14-N)!.77 
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Figure 24: Illustration of the radial distribution of the various selected orbitals.86 

 

 

3.1.1.1 Atomic Theory of the 4f Elements 
 

The application of the central field approximation to the non-relativistic Hamiltonian (H) 

results in the Schrödinger equation and wave functions. The Hamiltonian operator is the 

total amount of energy (both the kinetic and the potential energies) of the particles in a 

given system. The first noteworthy perturbation for the f-electrons is given by H1 which is 

expressed by the below equation:  

 

𝐻1 =  ∑
𝑒2

𝑟𝑖𝑗

𝑁
𝑖<𝑗                                                                                      (i) 

This correlates the electrostatic repulsion of electron pairs with the Russell-Sounders 

coupling. By the introduction of the spin-orbit interaction (H2) the crystal field parameter 

(H3) and the Zeeman operator (H4), further relativistic corrections are allowed. These are 

defined by the equations which are given below: 
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𝐻2 =  ∑ 𝑖  (𝑟𝑖)𝑠𝑖𝑙𝑖 =  
𝑛𝑙

𝑆 .𝐿                                                          (ii) 

𝐻3 =  ∑ 𝐷𝑘
𝑞

𝑖,𝑘,𝑞 (𝑟𝑖
𝑘)𝑌𝑘

𝑞(𝜃𝑖, 𝑖
)                                                        (iii) 

𝐻4 =  𝛽 (𝐿 + 2𝑆). 𝐻                                                                         (iv) 

where H represents the external magnetic field and  is the Bohr magnetron. The spin-orbit 

interaction, which becomes more pronounced as the atomic number (Z) increases, is 

diagonal in J, and this explains the splitting pattern of the 2S+1LJ mutiplet in to its related 

levels as it was described earlier.71,77,93 

 

3.1.1.2 Electronic Absorption Spectroscopy 
 

There are three types of electronic transitions: the f-f transitions, the nf-(n+1)d transitions 

and the ligand to metal f charge transfer transitions. The transition of electrons from one 

energy level to another is governed by selection or transition rules, given by the equation: 

<vf/µ/vi>, where vi and vf are the initial and final electronic states, respectively, and µ is the 

operator (either electronic, magnetic or electric quadrupole operator).67,75,77 

f-f transitions 

The intra 4f-4f transitions were first studied from Van Vleck by both electric and magnetic 

dipole radiation. These were observable (fluorescence) as relatively weak electronic-dipole 

transitions. The Laporte Rule states that in a centrosymmetric environment, transitions 

between like atomic orbitals are forbidden. Taking this into account, the magnetic-dipole 

transitions are parity-allowed, and this is in contrast to the electric-dipole transitions which, 

similarly to d-d transitions, are parity-forbidden. However, the electric-dipole transitions can 
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still be observable as they are coupled to anti-symmetric vibrations or ligand fields with 

different parity. Nonetheless, the interactions that allow f-f transitions are weak due to the 

small radial extend of the f-orbitals. As a result, these transitions have a much lower 

intensity and very much sharper absorptions when compared to d-d transitions. Finally, 

their excited state lifetimes are long lived which a sensible fact after the consideration of 

the forbidden nature. 

Overall, the poor absorptivity (low extinction coefficient) of the lanthanoid series can be 

overcome by the usage of an intense laser light source that is able to populate directly the 

Ln(III) excited state. However, this solution is inappropriate for the most biological samples 

as an exposure in a high energy environment results in the damage of tissues and cells. 

Luckily researchers have found another way to overcome both of the above drawbacks and 

this is done by introducing chelating chromophores with a large extinction coefficient to the 

system. This is known as the antenna effect and it is described as the energy that is intra-

transferred from one centre, the sensitizer/chromophore, to the activator which acts as the 

second centre. This can take place when the two centres are close enough in energy to each 

other. With the antenna effect, the lanthanide complexes offer characteristic and very 

intense emissions (Figure 25) valuable applications in various fields, and therefore, are 

utilised both in industry and academia research. This sensitization emission event is 

described in more detail in the following chapters. 
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nf-(n+1)d transitions 

The f-d transitions are Laporte allowed, and thus, in comparison to f-f transitions are of 

much higher intensity. This masks, for example, the weak f-f transitions of the divalent 

samarium and erbium ions. In addition, they are much broader with a half-width of 1000 

cm-1.  

For instance, the 4f-5d transitions in solution occurs at a wavenumber of 1500 cm-1. These 

give relatively intense bands in the UV region of the spectrum, examples of which being the 

trivalent cerium, praseodymium and terbium ions. Moreover, in the case of samarium, 

europium and ytterbium divalent ions, they have lower-lying 4fn-15d configurations 

compared with their trivalent kind.  

L-MCT (Ligand-to-Metal Charge-Transfer) 

The ligand to metal charge transfer transitions are also Laporte or parity allowed, and thus, 

they are of a high intensity. Furthermore, they reliably produce and control the energy 

levels within expanded lanthanide assemblies. There is very little interaction between the f-

electrons and the crystal field. However, electronic transitions do show evidence of 

interaction with the crystal field as the absorption of complexes shift to lower frequencies 

when compared with the ones of the free ions. This red shift is explained by a nephelauxetic 

effect which is the outcome from the metal-ligand covalent bonding. Another case is the 

hypersensitivity of the transitions where their intensities are tremendously sensitive to the 

ligand environment depending on the ligand’s nature. However, the latter property is not 

met by all of the 4f elements. For instance, some lanthanides, such as Ce(III), Gd(III) and 

Yb(III) show no hypersensitive transitions at all, whereas the transitions due to Nd(III) and 
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Er(III) are the most hypersensitive. The hypersensitivity results in changes in the symmetry 

and strength of the ligand field. There are also indications of maxima shifting to longer 

wavelengths, band splitting and intensity variations.71-77 

 

Figure 25: Illustration of the fingerprint emission of the lanthanides that have been mostly used in synthesis 
for various applications in industry and academia.70 

 

 

3.1.1.3 The Two Main Mechanisms of the Sensitization Process 
 

The most important mechanisms of energy transfer are the Forster and the Dexter 

mechanisms. The Forster mechanism follows a dipole-dipole or Coulombic path. This 

interaction takes place between the donor and acceptor, and it is expressed as the energy 

transfer rate (kET) which is a function of the separation between the donor and acceptor 

(RDA) with a distance dependence of 1/RDA. On the other hand, the Dexter mechanism is 

characterised as the exchange mechanism. This is because it involves the mutual exchange 

of electrons between the donor and acceptor keeping though the multiplicity of the system 

unchanged. Sufficient orbital overlap of the electronic orbitals of both the donor and the 

acceptor is needed for this process to be achievable.  
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In both cases, the energy transfer rate decreases exponentially when the separation 

between the sensitizer and acceptor (RDA) increases. As the distance from the nucleus 

increases, the electron densities drop exponentially, and thus, a small enough separation 

between the donor and acceptor are required in order for an effective sensitization to be 

achieved. The minimum separation between the two has been determined and its value is 

1850 cm-1.71-77 

 

3.1.2 Organic-Ln Complexes and Their Photophysical Characteristics 
 

Anions play a crucial role in nature and they are wide ranging. They can be easily noticed at 

the intracellular level of various biological processes where they act as signalling species or 

sources of chemical energy. Moreover, the pH is important for the nature and properties of 

the anions. For instance, some anions exist within a specific pH range, and others’ 

electrostatic interactions change due to charge alterations within a narrow pH window. 

Because of these events, in order to estimate the amounts of anionic species, the pH of the 

analyte in solution has to be both measured and controlled.77 

Furthermore, the photoluminescence of the trivalent rare earth compounds has been 

captivating researchers for decades. One of their most important characteristics is the high 

colour purity of the emitted light resulted by their non-linear line-like emission due to 

intraconfigurational 4f-f transitions. This emission occurs in the visible or near-infrared 

spectral regions upon irradiation with ultraviolet radiation, a process which is called near-

infrared-to-visible photon upconversion. Moreover, as a consequence of the shielding effect 

of the 4f shell, the electronic configurations of the trivalent lanthanide ions are disconcerted 
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to a very limited extent resulting in the long lifetimes of the excited states as well as the 

characteristic emission intensities of the lanthanide-based complexes. A great number of 

biological assays and imaging applications have extensively used luminescent lanthanide 

probes in biochemical research and diagnosis of various diseases. This kind of probes can 

overcome a number of essential drawbacks, such as auto-fluorescence which can be a 

typical phenomenon in biological applications when biological fluorophores emit light in the 

short range, light scattering occurs, or when other type of metals are used due to their 

shorter emission. Lanthanide ions provide a long-lived (photo)luminescence which, 

therefore, enables lanthanide-based complexes to offer a high signal-to-noise ratio. This is 

an advantage for the time-resolved luminescence techniques. In addition, their long 

phosphorescence or delayed fluorescence lifetimes enable the easy and profound 

detection, even in very small quantities, of these complexes in comparison to other 

fluorophores which possess short lifetimes. Additionally, another advantage of the 

lanthanide-centered complexes is the fairly high quantum yield that can be achieved. The 

most broadly applied luminophores are the ones which contain Eu(III) and/or Tb(III). These 

two cases are distinguished over the others due to their even larger Stokes shift, their easily 

recognized sharp emission intensities in the visible spectral region and their ease to be 

inserted into various chromophores and be sensitized. These features are particular useful 

for bio-imaging.67-90,94 

As it was mentioned in previous sections, a limitation of the tripositive lanthanide ions is 

their weak light absorption, and as the f-f transitions are Laporte forbidden, their direct 

excitation is challenging. Nowadays, this issue can be overcome utilizing different methods 

for the sensitization of the luminescence. For instance, a widely used method is associating 
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a chromophore into the ligand of the complex. Then the organic ligand (chromophore) acts 

as a sensitizer or an antenna giving rise to intramolecular energy transfer (charge transfer is 

also feasible, however it is irrelevant to our study). This energy transfer enables the indirect 

excitation of the lanthanide ion and involves the transfer of chromophore’s energy through 

either a non-resonant photon-assisted or resonant process from the lowest-energy 

(exceptions have been met) triplet level to an excited state of the lanthanide ion, which 

follows the chromophore’s strong absorption of incident light and its translation to a triplet 

excited state by non-radiative intersystem crossing which is enhanced due to the heavy 

nature of the lanthanide atom (Figure 26). As a consequence, the lanthanide ion is capable 

of a radiative transition from a resonance level to a lower 4f state, and this process is the 

reason behind the exceptional sharp lanthanide-centered photoluminescence (the 

lanthanide ion may also be deactivated by non-radiative routes which involve vibronic 

coupling with the organic ligand or due to solvation).71-74 As a final note on the 

intramolecular energy transfer, the overlap between the ligand’s phosphorescence and 

lanthanide’s absorption spectra, should be considered as the energy transfer’s effectiveness 

is directly proportional to this overlap. In addition, for the optimum population of the 

resonance level, and thus, for the efficient energy transfer to take place, it is essential that 

the lowest triplet state of the compound has an equal or, preferably, a higher energy with 

respect to the energy of the lanthanide ion’s resonance level. The location of the triplet 

excited state of the ligand depends on the type of ligand itself and it is influenced by the 

environment, such as temperature changes and also by other constituents related to the 

ligand, as it has been proposed in the past for the electrochemistry of the redox-active 
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ferrocene which reversible switches the process of the energy transfer, and thus, the 

luminescence of the lanthanide-centered dyads.76-78 

 

 

Figure 26: Representation of the different energy transfer transitions that take place in the case of a 
chromophore-Ln complex, where Ln(III) = Tb(III) (Tb(III) was used as an example here). 
Transitions start from the light absorption of the chromophore and finish with the Ln emission due to the last 
energy transfer step (from the chromophore/antenna to the Ln). The excitation of the chromophoric ligand 
occurs from its ground state, S0, to its excitation state, S1, which is followed by intersystem crossing (ISC) from 
S1 to its triplet state, T1. Then energy transfer (En) occurs from T1 to the emissive or resonance state of the 
Ln(III), 5DJ where J = 4 in the case of Tb(III) used in this instance. As a consequence, emission from 5DJ to 7FJ 
takes place. However, prior the emission step, energy back transfer can result in the case where the T1 and 5DJ 
levels are close enough in energy. 

 

 

3.1.2.1 Luminescence Quantum Yield 
 

The absorption of the sensitizer (antenna) with a high enough molar extinction coefficient at 

the appropriate wavelength, the fast intersystem crossing and the resulted energy transfer 

to the activator, all contribute to effective lanthanide emissions, and the efficiency of these 

steps is described by the total luminescence quantum yield. The quantum yields of each 

independent energy transfer stage which is involved in reaching the lanthanide emissive 
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state, result in the overall luminescence quantum yield (Φtot) of the system in question. In 

other words, it is defined by the ratio of the number of photons emitted (through the 

luminescence of the lanthanide) over the number of photos absorbed (by the sensitizer), 

and its value can be calculated using the following equation: 

      Φtot = ηsenΦLn                                        (v) 

where: ΦLn = kr/ (kr + knr). ηsen is the sensitization efficiency, ΦLn is the quantum yield of the 

lanthanide luminescence step and it provides a comparison of the rate constant of the 

radiative processes (kr) with the one of the non-radiative processes (knr).71,77 

 

3.1.2.2 Photophysical Properties of Eu(III) 
 

The Eu(III) ion is very broadly used lanthanide in Ln-complex synthesis. The most informative 

emission spectrum is the one of an Eu(III) complex when compared with all the rest of the 

Ln(III) ions. This is true due to sensitized transitions that take place at the Eu(III) 

coordination environment. As examples, someone could consider the number of distinct 

Eu(III) fields, the ligand field strength and symmetry, as well as the coordination 

environment around Eu(III) as events that occur giving rise to the 5D0  7F0, 5D1  7F0, and 

5D2  7F0 sensitized transitions, respectively. 

Usually the strongest emissions arise from the 5D0  7F1 and 5D0  7F2 transitions at 590 

and 613 nm, respectively. The magnetic dipole character of the first one (ΔJ = 1) is largely 

independent of the coordination sphere. On the other hand, due to the electric dipole 

character of the second one (ΔJ = 2) the transition is very sensitive to the ligand field in 

terms of its nature and symmetry. Therefore, the intensity of the particular transition can be 
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increased by symmetry distortion around the ion and by the presence of polarisable donor 

groups. Additionally, another transition which is mainly electric dipole in character, and 

thus, sensitive to the coordination sphere and relatively intense, is the 5D0  7F4. Moreover, 

the 5D0  7F3 transitions are weak. Finally, the amount of absorption and emission bands 

obtained is associated to the number of chemically discrete fields around the Ln ion. This is 

true as the 5D0 and 7F0 levels are non-degenerate.70,77 Table 3 summarizes the characteristics 

of the Eu(III) transitions from its main emissive state, 5D0. 

Transitions of 
Eu(III) 

Wavelength (nm) Characteristics of Eu(III) Transitions 

5D0  7F0 580 Extremely weak; induced electric dipole  
5D0  7F1 590 Magnetic dipole emission 
5D0  7F2 613 Hypersensitive; induced electric dipole 

emission; dominant 
5D0  7F3 650 Extremely weak; induced electric dipole 

emission 
5D0  7F4 700 Weak; induced electric dipole emission 
 

Table 3: Illustration of some of the main Eu(III) transitions.70 

 

3.1.2.3 Photophysical Properties of Tb(III) 
 

All the Tb(III) emissions arise from the 5D4 excited state. The most intense emission band is 

found at 545 nm and represents the 5D4  7F5 hypersensitive transition. However, it is not 

as sensitive as the extremely hypersensitive transition (5D0  7F2) of the Eu(III). Therefore, 

not enough information about the local symmetry around the ion can be provided from the 

analysis of the fine structure of the emission intensity peaks on the spectra. There are plenty 

of transitions, which usually are not fully resolved, that consist each emission band. 
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Moreover, splitting of the J states into many sub-levels is the consequence of the high J 

values of the main levels involved in the transitions.71,78 

 

3.2 Project Objective 
 

Possible applications of the non-linear luminescence from organic-lanthanide probes include 

three-dimensional fluorescence imaging, lithographic microfabrication, optical data storage, 

and laser device fabrication. In this work, we have been interested in their applications in 

imaging and therapy of various diseases. A longer wavelength is less damaging to the body’s 

cells and tissues and effective penetration with less destruction is allowable. These are the 

consequences of the multiphoton, such as the indirect three-photon, processes which 

enable the excitation of fluorophores in an energetically lower spectral region like in the red 

or near-infrared light region. As it has been mentioned above, this is true in the case of the 

lanthanide-centered complexes. 

The tripodal ligand N-[2-(bis{2-[(2-methoxybenzoyl)amino]ethyl}amino)ethyl]-2-

methoxybenzamide that was used for this study had been developed and synthesized in the 

past, and with a lanthanide center (Eu, Tb) it is capable of a direct three-photon 

upconversion process upon excitation at a long wavelength. X-Ray crystallography studies 

had shown that the metal has a tricapped trigonal prism coordination geometry and that 

the complex adopts a polymetallic dendritic arrangement upon complexation with the 

lanthanide. In order to confirm that this non-linear/non-radiative energy-transfer emission 

is induced by the ligand, control experiments of the lanthanide salts were conducted. As 

expected the characteristic red and green emission due to the Eu(III) and Tb(III), 
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respectively, was only observed in the case of the lanthanide-containing tripodal ligand, and 

it was due to the relaxation from the 5D0 excited state for Eu(III) and the 5D4 for Tb(III). This 

multi-photon nonlinear sensitization process induced by the aforementioned tripodal-

ligand-based complex gives rise to plentiful applications including chemistry imaging.67 

 

3.3 Results and Discussion 
 

A bio-probe embedding a lanthanide complex is beneficial for its thermal stability and 

luminescence output. The scope of the particular study lies on the good binding strength of 

the ligands, the ultraviolet absorption properties absence of high frequency vibrational 

modes, and the efficient position of the donor excited state which are important criteria to 

be considered for a sufficient antenna effect and they are met in the case of the lanthanide 

complex containing the tripodal ligand described above. The difference from the previous 

study is based on the number of lanthanide metals that are coupled with the ligand. The 

photoluminescence properties of the lanthanide complexes make the latter apposite for use 

in sensing devices. The first dye with thermal sensitivity employed a Eu(III) complex in a 

polymer film. Previous studies have shown an advantage in using two lanthanides together 

in a complex. This enables the energy transfer from one metal (the one with the higher-

energy emissive state) to the other. The reason behind the selection of a lanthanide pair is 

that such a complex would provide more accurate thermal measurements from two 

independent emission bands than from a single-lanthanide probe.94 

The project is based on the Tb(III)/Eu)(III) pair where non-resonant energy is transferred 

from the emissive level of Tb(III), 5D4, to the emissive level of Eu(III), 5D0. Several different 
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ratios of the two lanthanides have been tested in order to determine the most promising 

probe to be used as a thermal sensor. The criterion for this selection lies on the 

measurements of the emission intensities of the lanthanide complexes under a wide 

temperature range which enables the detection of energy transfer with respect to the 

temperature change. The expected result of the ideal ratio is a decreasing mode of 

terbium’s emission intensity and increasing manner of europium’s intensity with respect to 

increasing temperature. The energy transfer from Tb(III) to Eu(III) depends on temperature. 

As it was mentioned above, the position of the triplet excited state of the ligand is 

influenced by temperature, and as a result, the lanthanide ion’s emission intensity changes. 

Additionally, it was stated that the triplet state of the chomophore should be of higher 

energy compared to the lanthanide’s emissive level but at the same time the two states 

should be close enough for obtaining a good emissive signal. Nevertheless, the orbital 

overlap between the two spectra (the ligand’s phosphorescence and lanthanide’s 

absorption spectra) should not, usually, be very close matched either, because energy back 

transfer takes place from the lanthanide ion to the triplet state of the ligand (Figure 16). This 

overlap decreases as the energy of the triplet state increases.79,80,92-94 

However, in our case we are seeking for and want this energy back transfer to occur as this 

would give rise to an increased energy transfer from Tb(III) to Eu(III). To be more specific, 

the process we would desire our probe to follow is consisted of the same route as described 

above (excitation of the ligand, its relaxation, followed by the energy transfer from its triplet 

state to the resonance state of the lanthanide ion) but, as it involves two types of 

lanthanides, an energy transfer is feasible from one lanthanide to the other. Taking as an 

example the Tb(III)/Eu(III) pair, in the stage where the emissive level of the Tb(III) gets 
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populated, this energy is transferred back to the tripodal ligand (due to the close enough 

correlation of the two energy levels), and thus, enabling an enhanced number of photons to 

be absorbed at the terbium’s excited energy level. This second energy transfer (from the 

ligand to Tb(III)) supports the energy transfer process from the excited state of the Tb(III) 

ion (5D4 = 20,500 cm-1) to the excited level of the Eu(III) ion (5D0 = 17,525 cm-1). All these 

energy transfer processes are summarized and simple represented in the figure (Figure 27) 

below which illustrates our proposed theoretical model of such transitions in our example of 

tripodal ligand-Tb(III)/Eu(III) complex. 

 

 

  

 

 

 

 

 

Figure 27: Energy transfer processes of our Tb(III)/Eu(III)-chromophore (L(OMe)) complex. 
Where: EnT: energy transfer, BEnT: energy back transfer and Em: emission. 
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possible. This energy transfer can be easily confirmed by visualizing the colour of the 

product after the metalation reaction under a long-wavelength UV light (365nm). The colour 

has to be red in the case that sufficient energy transfer has occurred from Tb(III) to Eu(III), 

which is a process that follows an efficient energy back transfer from the Tb(III) to the 

ligand, as it was described earlier. This process requires the energy states of the three 

constituents to be close enough in energy, and this is true particularly for the ligand and 

Tb(III) triplet and resonance levels, respectively, as the difference between the two has to 

be less than 1850 cm-1 in order to get an efficient energy back transfer. Of course proper 

emission measurements had to be performed as well in order to confirm the outcome.94 

The case of our proposed mixed-lanthanide probe agrees with the above concept, and thus, 

we can detect the desired alterations in the emission intensities of the two lanthanides by 

changing the temperature at an excitation wavelength of 360 nm. This difference in 

intensity is strong, and thus, we can conclude that our probe can be utilized as a thermal 

sensor. Thermal sensors are advantageous to many applications, including materials 

chemistry and imaging, where there are cases in which the temperature-change monitoring 

is essential. The intense difference between the intensities of the two lanthanides in the 

complex under (even slight) different temperatures allows the easy monitor of temperature 

changes in a system. For instance, a hypersensitive sensor probe can be used and be very 

useful in the diagnosis of diseases that a temperature difference is noticed upon their 

progression. Hence, ideally, our lanthanide organic polymer will be able to act as a thermal 

sensor for such a request. This is true when a complex exhibits effective energy back 

transfer from the lanthanide ion to the excited triplet state of the ligand because this 
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transfer depends on the energy barrier of the process, and at the end, the emission intensity 

varies with temperature. 

The desired organic chromophoric ligand was successfully synthesised and purified by 

column chromatography (Figure 28). The particular ligand was selected due to its relative 

simple synthesis and advantageous structural characteristics. For instance, the tripodal and 

multidentate amide nature of the ligand offers a flexible coordination with the lanthanides, 

the phenyl groups act as chromophores, and the carbonyl groups serve as good “glue” for 

lanthanides. The aim is to use this ligand as the antenna and as the basis of biological probes 

capable of temperature sensitization in a wide temperature range. Hence, the tripodal 

ligand consisted of benzoate chromophores, which can yield high emission quantum yields, 

has been used for this project. Furthermore, the tripodal ligand was chosen over the dipodal 

alternative as the first one would yield a more stable Ln(III)-complex due to the higher 

number of oxygens available for binding with the lanthanides. Additionally, in the case of 

the tripodal ligand, more H-bonding occurs due to the more symmetric structure with 

respect to the position of its arms. More specifically, all of the arms of the tripodal ligand 

point at the same direction unlike the dipodal case where the two arms point at opposite 

sides because of the hindrance effect. 
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Figure 28: The desired tripodal ligand N-[2-(bis{2-[(2-methoxybenzoyl)amino]ethyl}amino)ethyl]-2-
methoxybenzamide or L(OMe) for simplicity. 

 

Then, the metalation reactions followed using Tb(III) and Eu(III) nitrates salts for the reasons 

that were described earlier. Many different ratios of the two lanthanides were achieved. 

With respect to the Tb:Eu ratio, the complexes that were synthesised had the following 

ratios: 99:1, 90:10, 95:5, 50:50, 5:95, 10:90, 1:99 and 99.5:0.5. The ratios were estimated by 

ICP-MS (data not shown) and EDX measurements (an example is given in Figure 29).  

The absorption spectra of L(OMe)Tb0.995Eu0.005 were measured at different concentrations 

(Figure 30) and a linear correlation between absorption and concentration was obtained 

(Figure 31). Moreover, after the estimation of the emission wavelength from the excitation 

spectra (an example is given in Figure 32), the emission spectra of all the complexes with the 

different ratios were obtained. In the 500-750 nm range, the same outcome was obtained 

from all of the complexes (Figure 33 and 34). Although at first sight it seemed like the 

emission spectra did not include emission bands due to the Eu(III) ion, analysing the peaks 

further it made possible to uncover them. To be more specific, after measuring the 

emissions at a wide range of wavelength (500nm-750nm), the measures were focused on 
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the shorter, 530nm-750nm range. This was done in order to examine the probable presence 

of the Eu(III) ion since the emissions at 550nm and 700nm are characteristic for this 

lanthanide. Indeed, peaks due to these transitions were assigned (Figure 34). 

 

 

Figure 29: EDX plot showing the existence of both Tb(III) and Eu(III) ions in the L(OMe)Tb0.995Eu0.005. 

 

 

 

Figure 30: Absorption spectra of L(OMe)Tb0.995Eu0.005 at various concentrations (1 µM, 10 µM, 500 µM and 1 
mM). 
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Figure 31: Absorption versus the three concentrations of L(OMe)Tb0.995Eu0.005 which gave the best results 
showing a linear correlation between absorbance and concentration. 

 

 

 

  

Figure 32: Excitation spectrum of the L(OMe)Tb0.995Eu0.005 at 540 nm emission wavelength showing a maxima 
at 350 nm. 
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Figure 33: Emission spectra of the L(OMe)Tb0.995Eu0.005 complex at different wavelengths (360 nm, 390 nm, 457 
nm, 476 nm and 488 nm) and at a temperature of 77 K in the solid state. 
Each peak was assigned to enable the ease of the transitions interpretation. One peak due to the ligand was 
assigned with respect to most of the tested excitations. An exception was shown from the excitation with a 
wavelength at 360 nm which clearly showed the emission peaks due to the Tb(III) presence. The noticeable 
breakage of the peak at 545 nm can be attributed either to the coordination of the metal with the particular 
ligand or to its solid nature (the powder was used for these measurements).  

 

 

 

Figure 34: Focused emission spectra of the L(OMe)Tb0.995Eu0.005 in order to confirm the presence of the Eu(III) 
in the complex. 
The peaks in the rounded rectangles clearly show and confirm the Eu(III) existence as they are found at 650 nm 
(5D0 7F3) and 700 nm(5D0 7F4). These two emission peaks have nothing to do with the Tb(III) ion; they can 
only be related to the Eu(III) ion. 
 
 
 

Tb(III): 5D4  7FJ  “JTb” 
Eu(III): 5D0  7FJ  “JEu” 
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Additionally, after the work-up of the finished metalation reactions, the emission colour of 

the solid products was observed in all cases under a long wave UV excitation of 365 nm. 

Almost all of them emitted a green colour. Its intensity was higher for a higher Tb:Eu ratio 

(and so Tb amount). An exception to that was seen from the complex with ratio 99.5:0.5 

(this ratio of Tb:Eu was obtained from ICP-MS studies). It gave a red colour under the same 

UV light. This proved the presence of energy transfer from Tb(III) to Eu(III), and thus, verified 

the efficient energy back transfer from the Tb(III) ion to the tripodal chromophore. A picture 

of both the yellow oily starting material and the white solid was taken. This demonstrated 

the difference in emissions as the oil appeared light green under the UV excitation (the 

ligand) and the solid appeared red (the Ln-complex). Therefore, this complex (the one with 

Tb:Eu  99.5:0.5) was examined further, and was named: L(OMe)Tb0.995Eu0.05. 

Moreover, the pattern of the emission intensities of the three major emissions (given from 

the emission spectra) of L(OMe)Tb0.995Eu0.005 with respect to different temperatures was 

acquired at 360 nm excitation wavelength (Figure 35). As it was expected, the plot which 

represents the main peak of the Tb(III) ion gives the higher intensity and the other two are 

of lower and similar to each other intensities. This was followed by measuring the emission 

intensities of the specific metal complex at different temperatures in order to get a 

representation of the energy transfer transitions (Figure 36). With increasing the 

temperature under a particular excitation wavelength (360 nm), the intensity of the main 

transition (J = 5) at 548 nm of Tb(III) decreases as expected from the energy back transfer 

mechanism. However, the intensity at 620 nm show a decrease but in a much lower degree 

when compared to the on at 548 nm. This is due to the increase in the energy back transfer 

and as consequence due to the energy transfer from Tb(III) to Eu(III). This explains the non-
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existance of the green colour with respect to the Tb(III) emission. All of the emission was 

due to the Eu(III) as a result of the energy that it was gained from europium through 

terbium. The outcome also confirms the close-in-energy correlation of the emissive levels of 

the two lanthanides and, at the same time, it indicates the presence of the emission level of 

Tb(III) located in a higher energy than the one of Eu(III). Moreover, with this result, another 

theoretical fact could be confirmed. The energy of the triplet state of the ligand is close 

enough (that is, equal or less than 1850 cm-1) to the energy of the Tb(III) emissive level. 

Therefore, it could be said that the practice agrees with the theory in a good manner.  

 

 

Figure 35: Diagram to represent the relationship of the three major emission peaks due to Tb(III) with different 
temperatures. 
The higher values were shown from the emission at 545 nm, as expected from the highest intensity emission. 
The emissions which gave similar-size peaks on the emission spectra, had similar values (from 2 to 8 a.u.) for 
temperatures varying from below 180 K to above 290 K.   
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Figure 36: Emission spectra for the L(OMe)Tb0.995Eu0.005 (at excitation wavelength: 360 nm) obtained at various 
temperatures in the solid state. 
The sample was tested from 177 K to 293 K. An extreme decrease in intensity of the Tb(III) emission peaks was 
observed at 545 nm (main transition: 5D4  7F5) with respect to the elevating temperature change. The other 
emission intensities showed also a slight decrease. However, this cannot be comparable to the JTb = 5 
transition. This is the result from the Eu(III) presence and the consequence energy transfer from Tb(III) to 
Eu(III) after the back energy transfer. The main transition due to the Eu(III) ion is at 618 nm (5D0  7F2) and this 
is the reason for the different relationship with the changes in temperatures compared to the relationship of 
the Tb(III) : 5D4  7F5 with temperature. 
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Figure 37: Emission spectrum of L(OMe)Tb0.995Eu0.005 in 1% HNO3 at 630 nm and at 298 K. 

 

 

Moreover, in Figure 37 it can be shown that the pattern of the emission spectrum of 

L(OMe)Tb0.995Eu0.005 is the same at various solvents, such as DMSO and 1%HNO3. Finally, an 

example of emission spectra that was obtained for the various L(OMe)TbxEuy where y>x is 

shown in Figure 38. The example is for a Tb:Eu ratio of 10:90 but all the spectra with y>x 

looked the same. It is worth mentioning that although Eu(III) predominates in all the cases 

of the y>x complexes, the spectra that were obtained showed peaks (emission transitions) 

with respect to Tb(III). Therefore, even with a large amount of Eu(III), the presence of the 

latter ion cannot be confirmed by the first look/ interpretation of the emission spectra 

which gives the wrong impression that Eu(III) ion is not present. Thus, in every case of the 

L(OMe)TbxEuy complex, it is necessary to detect and confirm the presence of Eu(III) by 

focusing once more at the wavelengths which are specific for the Eu(III) ion. These are the 

650 nm and 700 nm wavelengths of emission due to the Eu(III) transitions 5D0 7F3 and 5D0 


7F4, respectively.  
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Figure 38: Emission spectra the complex with a Tb:Eu ratio of 10:90 in DMSO at 630 nm and at 298 K. 
 

 

 

3.4 Conclusions 
 

The synthesis and physical measurements were done for the complex containing the 

L(OMe) tripodal ligand (N-[2-(bis{2-[(2-methoxybenzoyl)amino]ethyl}amino)ethyl]-2-

methoxybenzamide) and the two lanthanide ions, Tb(III) and Eu(III), in many different ratios. 

The presence of both metals was approved in all cases by EDX and emission measurements. 

The desired product, after examining all the ratios, is the one with a ratio of 99.5:0.5 for 

Tb:Eu. The reason behind this lies on the promising results obtained from the emission 

measurements with respect to elevated temperature changes, which showed that the main 

peak of Tb(III) emission decreases intensely, whereas the peak due to the main transition of 
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the Eu(III) ion decreases only slightly. This is a result of the energy back transfer from Tb(III) 

to the ligand/chromophore and the consequence energy transfer from Tb(III) to Eu(III). This 

outcome leads to the conclusion that the L(OMe)Tb0.995Eu0.005 complex can be served as a 

thermal sensor in various applications including bio-imaging.  

 

3.5 Future Work 
 

The changing in the emission intensities of the L(OMe)Tb0.995Eu0.005 in relation to 

temperature changes has to be examined once again. This time the measurements have to 

be done under a high temperature range as this is essential to confirm that it can be served 

as an ideal thermal sensor in a wide and high-temperature range. These measurements 

have to be performed abroad as the reason that they have not been performed yet is the 

nonexistence of an equipment which can reach high enough temperatures. 

 

3.6 Research Methodology 
 

Preparation of the L(OMe) tripodal ligand, N-[2-(bis{2-[(2-

methoxybenzoyl)amino]ethyl}amino)ethyl]-2-methoxybenzamide 
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The two starting materials were dissolved in dry dichloromethane in separate flasks, and the 

2-methoxybenzoylchloride solution was then added dropwise to the amine solution (which 

also contained the base), while the latter was stirring in an ice-bath. The mixture was stirred 

for 24 hr at RT. Purification of the chromophoric ligand was done by column 

chromatography using silica gel as the stationary phase and dichlomethane and methanol as 

the mobile phase (DCM:MeOH  20:1). 1NMR (300 MHz, CDCl3) δ/ppm 7.88 (3H, d), 7.42 

(3H, t), 7.00 (3H, t), 6.93 (3H, d), 3.79 (9H, s), 3.62 (6H, t), 2.91 (6H, t). MS: [M+1]+ =  549.3 

m/z. 

 

Metalation Reactions 

The general reaction that was followed for the metalation step is: 

L(OMe) + Tb(NO3)3.xH2O + Eu(NO3)3.xH2O  L(OMe)TbxEuy 

Where:  

L(OMe): The tripodal ligand N-[2-(bis{2-[(2-methoxybenzoyl)amino]ethyl}amino)ethyl]-2-

methoxybenzamide; x and y: the amount of Tb(III) and Eu(III), respectively, that was used in 

each case of the selected ratios (for example, for Tb:Eu  99:1 x = 0.99 and y = 0.01). 
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The ligand was treated with the lanthanide metals in methanol for 24 hr under reflux. The 

work-up of the finished metalation reactions was the filtration using methanol in order to 

separate the precipitate (product, i.e.: ligand coupled to lanthanides) obtained after the 24 

hr stirring from the suspension (starting material, i.e.: ligand). After washing the solid, white 

product with methanol, it was dried and stored in the fridge. 

 

EDX 

The samples were performed by first dissolving a small quantity of the product under study 

in an appropriate solvent and sonicating the mixture for a couple of minutes. A drop of the 

solution on a cupper grid (used for EDX studies) was enough to obtain the desired outcome, 

that is, the diagram with both Tb(III) and Eu(III) present. Equipment: Tecnai G2 20 S-TWIN 

(Hong Kong Baptist University). 

 

Absorption Measurements 

The samples were dissolved in DMSO and the following concentrations were tested: 1 µM, 

10 µM, 500 µM and 1 mM. Equipment: Agilent Technologies Cary 8454 UV-Vis (Hong Kong 

Baptist University). 

 

Emission/Excitation Measurements 

All the samples were tested in solution (DMSO) in 1 mM concentration. Except for the 

experiments in various temperatures, the temperature that was used was RT and the 
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excitation wavelength was 630 nm (except when many excitation wavelengths were 

examined). Equipment: Edinburgh Instruments FLS980 Spectrometer (Shenzhen), 

LaserStrobe TM-3000 Time-Resolved Spectrofluorometer PTI (Polytechnic University) and 

Photon Technology International (PTI) Powermax II P21NRXS-LNN-N8-17 (Hong Kong Baptist 

University). 
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Appendix 

 

1H NMR Por-Br: 
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1H NMR TMS-benzaldehyde: 
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1H NMR Por-TMS: 

 

MS Por-TMS: 
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1H NMR Por-H: 

 

 

MS Por-H: 
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1H NMR Maleimide: 

 

MS Maleimide: 
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MS PorMal (final product): 

 

MS PorMal: 
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MS L(OMe)TbxEuy in all the different ratios: 

 

99.5.0.5 
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