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ABSTRACT 

 

 

Synthes is of Poly( oxanorbor nene) der i vat i ves 

Conta in ing Phthalocyan ine  and I nvest i gat i on of The i r 

Ant im icrob ial  Photodynam ic Propert i es  

 

Erem AHMETALĸ  

 

Department of Chemistry 

Doctor of Philosophy Thesis 

 

Supervisor: Prof. Dr. M. Kasĕm ĹENER 

 

Bacterial infection is a serious problem in today's world. Excessive use of 

traditional drugs such as antibiotics has given rise to the development of resistance 

mechanisms of bacteria to these drugs. Thus, the search for potential agents that 

can inactivate bacteria is increasing day by day. Antibacterial polymers have taken 

attention because they successfully mimic antibacterial peptides and can be 

synthesized quickly and on purpose in the laboratory environment. Their 

mechanism of action originates from the electrostatic interaction between the 

negatively charged cell membrane of the bacteria and the cationic side of polymer, 

and the hydrophobic interaction between the tail groups of the phospholipids in 

the cell wall and the hydrophobic groups on the polymer. PONs are polymeric 

structures that are synthesized by the ROMP method with the help of various 

metal complexes. They have a significant place among the stars of antibacterial 

polymers thanks to being easily changed their substituents and controlled of their 

parameters such as molecular weight and charge density. On the other hand, aPDT 
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is an important method based on ROS formation on  the inactivation of bacteria. 

When the molecules called PS interacts with  the light of the appropriate 

wavelength, they can achieve intersystem crossing and produce ROS. Thus, they 

lead to protein dysfunction,  DNA damage, cell membrane disruption and provide 

photoinactivation of bacteri a. Pcs are among the most used PSs with the 

convenient absorption wavelength, long triplet lifetime, and high ROS generation. 

In addition, Pcs can carry hydrophobic, hydrophilic or cationic groups in their 

many positions that can contribute to the struggle against bacteria. 

Within the scope of this thesis, two antimicrobial agents (cationic PON and PS 

ZnPc), each with a different antimicrobial mechanism, have combined in a single 

molecule and the antibacterial properties of synthesized structures containing 

these components in different ratios were examined comparatively.  

In the first part of the thesis, the synthesis of PONs containing tert-butyl 

substituted ZnPc in their side chains was aimed. For this purpose, firstly, the 

òPolymer Bound Precursoró method was used. Oxanorbornene substituted 

phthalonitrile compound was synthesized (M1), this compound was polymerized 

by ROMP method (P1) and P1 was reacted with excess amount of tert-butyl 

substituted phthalonitrile compound for the synthesis of Pc-containing polymer 

(P2). However, although the monomer and the starting polymer were successfully 

synthesized and characterized (M1 and P1), the characteristic polymer peak could 

not be seen in the 1H NMR of the final product and it was understood that the 

polymer backbone could not be protected during Pc formation re action (P2). 

Therefore, it was decided to change the synthesis strategy and use the "Pc-

Containing Monomer" method. For this purpose, oxanorbornene monomer (M2) 

containing tert-butyl substituted ZnPc was synthesized for the first time, and other 

oxanorbornene monomers (M3, M4) containing phosphonium groups were 

synthesized according to the literature. Then, the synthesis and characterization 

of homopolymer (P3) containing only M2 monomer and copolymers (P4-P7) 

containing M2, M3 and M4 monomers in different ratios were carried out. 

Photophysical and photochemical parameters of all polymers (P3-P7) (first series) 

were measured, and aPDT activities against gram-negative E. coli and gram-
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positive S. aureus were investigated. In addition, t he bacterial-polymer interaction 

has been demonstrated by scanning electron microscopy. 

In the second part of the thesis, in order to increase biocompatibility, 

oxanorbornene monomer (M5) containing PEG substituted ZnPc in its side chains 

instead of tert-butyl groups was synthesized, and then the synthesis and 

characterization of its homopolymer (P8) and copolymers (P9-P11) containing M3 

and M5 monomers in different ratios were carried out. Photophysical and 

photochemical parameters of all polymers (P8-P11) (second series) were 

measured and aPDT activities were investigated against B. subtilis as gram-positive 

bacteria and E. coli as gram-negative bacteria. The bacterial-polymer interaction 

was proved with the help of fluorescence microscopy. 

Keywords:  poly(oxanorbornene), ring -opening metathesis polymerization, 

phthalocyanine, antimicrobial photodynamic therapy, macromolecular 

photosensitizer, singlet oxygen generation 
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ÖZET 

 

 

Ftalosiyanin ĸ­eren Poli(oksanorbor nen) 

Türevlerinin Sentezi  ve Antimikrobi yal 

Fotodinamik ¥zelliklerinin ĸncelenmesi 

Erem AHMETALĸ 

 

Kimya Anabilim Dalĕ 

Doktora Tezi 

 

Danĕĺman: Prof. Dr. M. Kasĕm ĹENER 

 

G¿n¿m¿z¿n d¿nyasĕnda bakteriyel enfeksiyon ciddi bir problemdir. Antibiyotik 

gibi geleneksel ila­larĕn aĺĕrĕ kullanĕmĕ ve bakterilerin bu ila­lara diren­ 

mekanizmalarĕ geliĺtirmesinden dolayĕ bakterileri etkisiz hale getirebilecek 

potansiyel ajanlarĕn arayĕĺĕ g¿n ge­tik­e artmaktadĕr. Antibakteriyel polimerler, 

antibakteriyel peptitleri baĺarĕyla taklit etmeleri ve laboratuvar ortamĕnda amaca 

uygun ve hĕzlĕ bir ĺekilde sentezlenebilmelerinden dolayĕ dikkat ­ekmektedirler. 

Polimerlerin etki mekanizmasĕ bakterinin negatif y¿kl¿ h¿cre zarĕ ile polimerin 

katyonik tarafĕ arasĕndaki elektrostatik etkileĺimden ve h¿cre duvarĕndaki 

fosfolipidlerin kuyruk gruplarĕ ile polimerin hidrofobik gruplarĕ arasĕndaki 

hidrofobik etkileĺimden ileri gelmektedir. PONõler ­eĺitli metal kompleksleri 

yardĕmĕyla ROMP metodu ile sentezlenen bileĺiklerdir. Kolaylĕkla modifiye 

edilebilmeleri ve molek¿l aķĕrlĕķĕ, y¿k yoķunluķu gibi parametrelerinin kolaylĕkla 

kontrol edilebilmesi sayesinde antibakteriyel polimerler sĕnĕfĕnĕn yĕldĕzlarĕ 

arasĕnda kendilerine yer bulmuĺlardĕr. Diķer yandan, aPDT bakterilerin etkisiz 

hale getirilmesinde reaktif  oksijen türlerin in üretimini esas alan önemli bir 
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yaklaĺĕmdĕr. Uygun dalga boyunda ĕĺĕk ile etkileĺtiķinde sistemler arasĕ ge­iĺ 

yapabilen PS adĕndaki molek¿llerin ¿rettiķi reaktif oksijen türleri protein, DNA ve 

h¿cre membranĕnĕn tahribi ne neden olmakta ve bakteri etkisiz hale gelmektedir. 

Pcõler absorpsiyon yaptĕklarĕ dalga boyu, sistemler arasĕ ge­iĺte uzun s¿re 

kalabilmeleri ve yüksek miktarda reaktif oksijen türler i üretebilme kapasiteleri ile 

en ­ok kullanĕlan PSõler arasĕndadĕr. Ayrĕca Pcõler uygun sentez stratejileri 

yardĕmĕyla bakteri ile m¿cadelede katkĕ saķlayabilecek hidrofobik, hidrofilik yada 

katyonik gruplarĕ pek ­ok pozisyonlarĕnda taĺĕyabilirler.  

Bu tez kapsamĕnda her biri farklĕ antimikrobiyal mekanizmaya sahip iki 

antimikrobiyal ajan (katyonik poli(oksanorbornen) ve ĕĺĕķa duyarlĕ ­inko 

ftalosiyanin) tek molek¿lde bir araya getirilmiĺ ve bu bileĺenleri farklĕ miktarlarda 

içeren yapĕlarĕn antibakteriyel ºzellikleri karĺĕlaĺtĕrmalĕ olarak incelenmiĺtir. 

Tezin birinci kĕsmĕnda yan zincirlerlerinde tert-butil sübstitüe ZnPc içeren 

PONõlerin sentezi ama­lanmĕĺtĕr. Bu ama­ doķrultusunda ilk olarak òPolimer Baķlĕ 

Baĺlangĕ­ Maddesió yºntemi denenmiĺtir. Bunun i­in ºncelikle oksanorbornen 

s¿bstit¿e ftalonitril bileĺiķi sentezlenmiĺ (M1), bu bileĺiķin ROMP metodu ile 

polimerizasyonu ger­ekleĺtirilmiĺ (P1) ve ftalosiyanin içeren polimer ( P2) 

molekülünün  sentezi için P1 aĺĕrĕ miktarda tert -butil s¿bstit¿e ftalonitril bileĺiķi 

ile reaksiyona sokulmuĺtur. Fakat monomer ve baĺlangĕ­ polimeri baĺarĕlĕ bir 

ĺekilde sentezlenip karakterize edilmesine raķmen (M1 ve P1), son ürünün 1H 

NMRõĕnda karakteristik polimer piki gºr¿lememiĺ ve ftalosiyanin oluĺum 

reaksiyonu sĕrasĕnda polimer omurgasĕnĕn korunamadĕķĕ anlaĺĕlmĕĺtĕr (P2). 

Bundan dolayĕ sentez stratejisinin deķiĺtirilmesine ve òFtalosiyanin ĸçeren 

Monomeró yºnteminin kullanĕlmasĕna karar verilmiĺtir. Bu ama­la tert-butil 

sübstitüe ZnPc içeren oksanorbornen monomeri (M2) ilk defa, fosfonyum gruplarĕ 

i­eren diķer oksanorbornen monomerleri (M3, M4) literatüre uygun olarak 

sentezlenmiĺtir. Daha sonra sadece M2 monomerini   içeren homopolimer (P3) ve 

M2, M3 ve M4 monomerlerini farklĕ oranlarda i­eren kopolimerlerin (P4-P7) 

sentezi ve karakterizasyonu ger­ekleĺtirilmiĺtir. T¿m polimerlerin (P3-P7) (birinci 

seri) fotofizik ve fotokimyasal parametreleri ºl­¿lm¿ĺ olup, gram-negatif E. coli, 

ve gram-pozitif S. aureus bakterilerine karĺĕ aPDT aktiviteleri incelenmiĺtir. 
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Bunlara ek olarak, bakteri-polimer etkileĺmesi taramalĕ elektron mikroskobu ile 

kanĕtlanmĕĺtĕr. 

Tezin ikinci kĕsmĕnda biyouyumluluķu arttĕrmak amacĕyla tert-butil gruplarĕ 

yerine yan zincirlerlerinde  PEG sübstitüe ZnPc içeren oksanorbornen monomeri 

(M5) sentezlenmiĺ ardĕndan bu monomerin homopolimerinin (P8) ve M3 ve M5 

monomerlerini  farklĕ oranlarda i­eren kopolimerlerinin (P9-P11) sentezi ve 

karakterizasyonu ger­ekleĺtirilmiĺtir. T¿m polimerlerin (P8-P11) (ikinci seri) 

fotofizik ve fotokimyasal parametreleri ºl­¿lm¿ĺ ve gram-pozitif bakteri olarak B. 

subtilis, gram negatif olarak yine E. coli kullanĕlarak aPDT aktiviteleri 

incelenmiĺtir. Ayrĕca bakteri-polimer etkileĺmesi floresans mikroskobu yardĕmĕyla 

kanĕtlanmĕĺtĕr.  

Anahtar Kelimeler:  poli(oksanorbornen), halka a­ĕlma metatez 

polimerizasyonu, ftalosiyanin, antimikrobiyal fotodinamik terapi, 

makromoleküler fotosensitizer, singlet oksijen üretimi  
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1  
INTRODUCTION  

 

1.1 Literature Review  

Bacterial infection and resistance of bacteria to antibiotics are major problems 

worldwide  [1] . The rapid increase in bacterial resistance to antibiotics has made 

the development of new generation antibiotics a necessity [2] . Moreover, another 

area of research to prevent the spread of infectious diseases is the development of 

materials that can be used on antimicrobial surfaces that limit bacterial 

colonization [3] . Synthetic antimicrobial polymers have come out as an important 

class of macromolecules that can serve both of these research areas [4] . Although 

different antimicrobial action mechanisms have been proposed for amphiphilic 

polymers, it is thought that the electrostatic interaction between the negatively 

charged cell membrane of the bacteria and the cationic polymer, and the 

hydrophobic interaction between the tail groups of phospholipids in the cell wall 

and hydrophobic groups at polymer backbone provide a lethal effect. Therefore, 

it is important that antimicrobial polymers have positively charged and 

hydrophobic structures in terms of interaction with bacteria [5] . Even though 

there are numerous polymeric structures containing effective groups against 

bacteria in the literature, PONs have been studied intensively because of the 

achievements of imitating antimicrobial peptides. 

Firat Ilker et al. investigated the effect of hydrophobic groups and molecular mass 

differences on antimicrobial activity by synthesizing amphiphilic water -soluble 

homopolymers with ROMP method. This study shows that hydrophobic-

hydrophilic  equilibrium and molecular mass play an important role in high 

selectivity and antimicrobial activity. In addition, copolymers that have high 

activity and nontoxic structure s have been synthesized thanks to mixing 

monomers of active and toxic polymer (poly3) and inactive and nontoxic polymer 

(poly2) in a certain ratio  (Figure 1.1)  [6] . 
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Figure 1. 1  PNs with different hydrophobic groups [6]  

In another study by Ceren Süer et al., amphiphilic PONs derivatives with different 

alkyl and aromatic phosphonium groups were synthesized. When the 

antimicrobial properties of the PON derivatives were examined, it was observed 

that the activities of the structures containing aromatic groups on the side chain 

were higher than those containing alkyl groups (Figure 1.2)  [7] . 

 

Figure 1. 2  Synthesis of PONs derivatives containing different phosphonium 

groups [7]  
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Colak et al. have investigated the incorporation of hydrophilic and biocompatible 

groups into polymeric structures through copolymerization of suitable monomers 

or post-polymerization of related polymers. PEG moiety is one of them and it has 

been used to give the structure hydrophilic character, water solubility and 

biocompatibility. Antibacterial study of these polymers showed that as the 

hydrophilicity has increased, the activity has decreased owing to the overall charge 

reduction but biocompatibility increased  (Figure 1.3)  [8] . 

 

Figure 1. 3  Synthesis of PNs derivative containing biocompatible PEG moiety 

[8]  

On the other hand, aPDT has emerged as a significant alternative method to 

antibiotic treatment since it is hard to be developed resistance by bacteria [9] . Its 

action mechanism involves the interaction of light with the substances which is 

called PS and the resulting ROS interact with cellular components, causing 

damage and death of the bacteria [10, 11] . Within the scope of aPDT, Pcs are 

important molecules since they fulfill  suitable properties (see Chapter 2.3) [12, 

13] . 

In the study performed by Lin et al., AB3-type asymmetric ZnPc containing 

triazatricyclodecane and quaternized derivative have been synthesized. The aPDT 

activit ies of these PSs against gram-positive and gram-negative bacteria have been 

investigated and the killing efficiency of PS which is containing the cationic group 

was found extremely high (99.99% killing)  (Figure 1.4)  [14] . 
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Figure 1. 4  Asymmetric ZnPcs used in aPDT [14]  

Veselin Kussovski et al. have examined the effect of changing the hydrophobic 

groups on the aPDT activity of Pcs. For this purpose, they have synthesized four 

different ZnPc containing alkylpyridyloxy groups of different hydrocarbon chain 

lengths. aPDT activities of these Pcs have been evaluated against gram-negative 

bacteria A. hydrophila. The study showed that the increase in hydrophilicity gives 

rise to higher accumulation capacity and aPDT activity (Figure 1.5)  [15] . 

 
 

Figure 1. 5  Symmetric ZnPc containing alkylpyridyloxy groups of different 

hydrocarbon chain lengths used in aPDT [15]  
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The other matter of interest is the introduction of a Pcs ring into macromolecular 

structures owing to the significant chemical and physical properties that both 

structures add to each other [16] . The importance of the combination of Pcs and 

polymers has shown itself in many studies thanks to the fact that Pcs can cause 

energy transfer as photoactive molecules and polymers can contain several 

functional units and have high chemical resistance [17, 18] . It is seen that 

although PPcs can be obtained by using different methods, sub-techniques of the 

side chain method are mostly preferred for synthesis of these type of structures in 

the literature (see Chapter 2.5). 

In the study performed by Jian Zhang et al., a PPc has been synthesized with the 

help of a polymer-bound precursor sub-technique of side chain method (see 

Chapter 2.5.4). Firstly, methacryloyl chloride has been incorporated into the 

phthalonitrile compound and then polymerization of it has been achieved by 

RAFT. The desired PZnPc has been obtained by reaction between polymeric 

phthalonitrile and 4 -(octyloxy)phthalonitrile i n the presence of zinc acetate 

dihydrate (Figure 1.6)  [19] . 

 

Figure 1. 6  A PPc have been synthesized with the help of polymer-bound 

precursor technique [19]  
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On the other hand, ROMP has gained significance as a powerful tool for 

synthesizing polymers with different shapes, sizes, and functions. While the 

previous studies of ROMP are generally related to the polymerization of 

monocyclic olefins, subsequent works are carried out on bicyclic and polycyclic 

olefins, especially norbornene derivatives with high ring tension. High ring tension 

provides high polymerization amount and soft reaction conditions and offers great 

advantages to prepare materials that can exhibit interesting mechanical, electronic 

and biological properties [20, 21] . 

Although there are many studies using ATRP and RAFT in the synthesis of PPc 

with different chemical structures , ROMP has rarely been used [22 -24] . While 

there are only a few studies in the literature in which PN and Pc are used together, 

there is no example except this thesis you are reading now in which PON and Pc 

are combined in one molecule. 

One of the case studies where Pc and PN were used together belongs to Andres de 

la Escosura et al. They have synthesized PNs which are containing Pc and fullerene 

units by using Pc-containing monomer sub-technique of side chain method (see 

Chapter 2.5.4). For this, asymmetric Pc and fullerene-containing norbornene 

monomers were synthesized and polymerization was carried out through  ROMP 

in good yields. It has been investigated whether there is electron transfer between 

donor Pc units and the fullerene acceptor units in copolymers and they can be 

used as materials for photovoltaic devices (Figure 1.7)  [23] . 

In the literature, there are several studies on the photodynamic activities of 

polymeric structures which is consisting of a photoactive agent. While porphyrin 

or bodipy derivatives were introduced into the polymer  backbone and their 

antibacterial properties were examined in some of them, the Pc molecule was 

combined with the polymer and its anticancer properties were examined in the 

others [25 -27] . Although there are some studies which are reporting the 

antibacterial properties of Pc-containing polymers, they are very scarce. 
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Figure 1. 7  Structure of PN which are containing Pc and  fullerene units as 

pendant [23]  

In the study by Zhenlong Xu et al., star-shaped PZnPc containing DMAE groups in 

the arms have been successfully synthesized by RAFT polymerization. Then, the 

quaternization of the star polymer has been carried out and aPDT activities for the 

bacterial capture and bacteria-infected wound healing have been examined 

(Figure 1.8)  [28] . 

 

Figure 1. 8  Chemical structure of star-shaped PZnPc containing DMAE groups 

in the arms [28]  
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In the study by Konstantin Strokov et al., hydrogel Pc which is composed of  SiPc 

derivative and chitosan has been synthesized via carbodiimide-mediated amine 

coupling reaction. The aPDT activity of the compound has been examined against 

gram-negative and gram-positive bacteria (Figure 1.9)  [29] . 

 

Figure 1. 9  SiPc hydrogel containing chitosan [29]  

In the study by Wei Tong et al., side chain PPc have been used while trying to 

obtain the target structure. The monoamine substituted ZnPc has been firstly 

synthesized and conjugation to poly(glycidyl methacrylate) is achieved via ROMP. 

Then, they reacted the remaining epoxy groups with excess ethylenediamine and 

provided dispersed the compound in aqueous solution. The aPDT activities of 

forming self-assembled nanoparticles have been studied extensively against S. 

aureus and E. Coli (Figure 1.10)   [30] . 
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Figure 1. 10  PZnPc example from literature prepared with side chain method 

[30]  

1.2 Objective of the Thesis  

In this thesis, it is aimed to bring together two molecules with different 

antimicrobial mechanisms. It is seen that PONs and Pcs containing suitable groups 

have antibacterial properties in the literature. The dual effect of these two agents 

when they meet in a single molecule is a matter of curiosity. Moreover, how the 

structure-activity relationship will change depends on the different ratios  is among 

the questions to be answered. In line with these ideas, it was planned to synthesize 

Pc monomers with different substituents and oxanorbornene monomers 

containing cationic groups and converted them into polymers by ROMP method. 

By measuring the photophysical and photochemical parameters, potentials of 

substances were investigated and their aPDT activities against gram-positive and 

gram-negative bacteria were examined. 

1.3  Hypothesis  

Nowadays the design and synthesis of new alternative molecules to antibiotics, 

like antibacterial polymers, has become an important research topic due to the 

increasing bacterial resistance. PONs are extensively studied in this field as 

antibacterial agents because their monomers can be substituted with suitable 

groups in mild conditions and these monomers can be converted into polymers in 

controlled and efficient steps. On the other hand, Pcs have great interest as 

photoactive antibacterial agents thanks to their ability to carry a large number of 
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functional groups and produce ROS as a result of their interaction with light. 

Although there are various studies in the literature containing PS in the polymer 

backbone, there is no study related to PON containing Pc or any PS. In this thesis, 

for the first time , PON containing Pc was synthesized, and the synergistic 

antibacterial properties of polymers that contain two antimicrobial agents 

(cationic PON and PS ZnPc) were investigated. 
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2  
GENERAL INFORMATION  

 

2.1 Bacteria and Antibacterial Tre atm ent  

Bacteria are single-celled organisms with prokaryotic cell structures that are 

invisible to the naked eye but can be detected with a microscope [31] . Although 

bacteria are classified into many categories, the most used one is based on Gram 

Staining. While bacteria having a thick peptidoglycan layer and retaining the 

purple color of crystal violet is called ògram-positiveó, bacteria having a thin 

peptidoglycan layer and losing crystal violet but retaining the pink/red color of 

counterstain safranine is called ògram-negativeó [32, 33] .  B. subtilis and S. aureus 

as gram-positive, E. coli and S. typhimurium as gram-negative are among the most 

well -known bacteria [34] . Even though most bacteria are harmless and even some 

of them are beneficial to the human body, the bacterial infection is one of the most 

common diseases in todayõs world [1] . Especially gram-negative bacteria have 

become a serious threat to humankind since it is harder to deactivate them 

because of the additional hard and protective outer membrane, although their  

peptidoglycan layer is much thinner than that of gram-positive [35] .  

Antibiotics are the most important class of commonly used substances in 

the treatment and prevention of bacterial infections [36] . However, the overuse 

of antibiotics in recent decades has significantly led to antibiotic resistance [2, 37] . 

Bacteria has developed many strategies for deactivating antibiotics such as 

antibiotic degrading enzyme, antibiotic altering enzyme, antibiotic -efflux pump 

(Figure 2.1)   [38] . On the other hand, antimicrobial peptides, which are another 

class of antibacterial agents, are natural antibiotics. These peptides are found in 

animals, plants and insects and they are part of the immune system. Their 

structures consist of short amino acid chains and carry amphiphilic  character. They 

can show activity against gram-negative and gram-positive bacteria, fungi and 

some other organisms thanks to capable of killing microorganisms (biocidal) and 

preventing the growth and reproduction of microorganisms (biostatic) like 

https://en.wikipedia.org/wiki/Therapy
https://en.wikipedia.org/wiki/Antibiotic_prophylaxis
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antibiotics [39] . In addition, they have a broad spectrum of action and do not 

cause bacterial resistance [40, 41] . Until now , numerous antimicrobial peptides 

have been isolated from natural organisms and synthetic mimics have been 

synthesized in vitro [42, 43] . 

 

Figure 2. 1 Strategies used by bacteria for inactivation of drugs [38]  

Inspired by natural antimicrobial peptides, more active and less toxic 

antimicrobial synthetic polymers can be obtained. In addition to the therapeutic 

use of these substances, their use in food packaging, coating of catheter surfaces, 

hospital paints, textile materials and first aid equipment for protection from 

microbes has recently increased considerably. The facts that the synthesis of 

polymer structures is easy and cheaper, their  structure can be functionalized 

according to the expected properties and their durability in ambient conditions 

show that they are more advantageous than peptides [40, 44, 45] . 
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Although there are many antibacterial mechanisms for these peptides and 

polymers, the main interactions with bacteria are thought thanks to cationic and 

hydrophobic groups (Figure 2.2) . While the cationic side electrostatically interacts 

with negatively charged cell membrane of the bacteria, the hydrophobic side 

interacts with tail groups of phospholipids in the cell wall. With these two 

phenomena, the dead is inevitable for bacteria [43, 44] . 

 

Figure 2. 2 Some action mechanisms of antimicrobial peptides (A) Barrel-Stave 

model (B) Carpet model (C) Toroidal pore model [43]  

2.2  Ring Opening Metathesis Polymeri zation and 

Poly(Norbornene) s 

ROMP is one of the important controlled polymerization methods, in which chain 

growth polymerization takes place and cyclic olefins are converted to polymeric 

substances. The basis of this polymerization method consists of olefin metathesis 

(metal-mediated carbon-carbon double bond exchange process) [21] . Different 

transition metal complexes are used as catalysts in this process. The unsaturated 

bond of the monomer is broken by the effect of metal complexes, the ring is 
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opened and the polymer chain is formed which is containing new double bonds in 

the backbone. This is significant and distinctive  characteristic property that apart 

ROMP from other olefinic polymerization  methods [20] . 

The ROMP mechanism was proposed by Chauvin in 1970 [46] . Cyclic olefins 

coordinate to transition metal -containing alkylid ene structures. This coordination 

is followed by [2+2] cycloaddition and cycloreversal reactions, and a new metal 

alkylide is formed (Initiation). Coordinating the monomer to the structure 

increases the size of the complex, but its activity towards cyclic olefins remains 

the same as that of the initiator. This allows the reaction to be repeated until all 

the monomer is used up and the desired polymer is obtained (Propagation). The 

polymerization is terminated by the external addition of the special reagent. This 

reagent removes the reactive metal tip at the end of the polymer and replaces it 

with a known functional group (Termination)  (Figure 2.3) [20, 21, 46] . 

 

Figure 2. 3 ROMP mechanism proposed by Chauvin in 1970  [20]  

The basis of ROMP and the used metal catalysts goes back to the 1950s. Although 

there are many studies in the literature examining the effect of the catalysts on 

the ROMP, the most effective ones known; molybdenum complexes developed by 

Schrock et al. in 1993 and ruthenium-based complexes developed by Grubbs et al. 

in 1995 [47, 48] . Especially, Grubbs catalysts are preferred due to their selectivity 

to the olefinic group, being more resistant to ambient conditions like air and 

humidity, and being compatible with various solvents. Based on the RuCl2(PPh3)3 

structure, the first ruthenium transition metal -containing metathesis catalyst was 
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synthesized and this substance became a pioneer in the development of other 

derivatives (Figure 2.4) [49] . Robert H. Grubbs, Richard R. Schrock and Yves 

Chauvin were awarded the Nobel Prize in Chemistry in 2005 for òthe development 

of the metathesis method in organic synthesis". 

 

Figure 2. 4 Grubbs catalyst derivatives [50]  

Previous studies of ROMP are generally related to the polymerization of 

monocyclic olefins. However, subsequent works are carried out on bicyclic and 

polycyclic olefins, especially norbornene derivatives with high ring t ension. High 

ring tension provides high polymerization amount and soft reaction conditions. 

For instance, while the ring tension of cyclohexene is 1.4 kcal/mol, that of 

norbornene is 27.2 kcal/mol and it can polymerize quickly and easily with many 

metal catalysts (Table 2.1). Another reason for preferring norbornene compounds 

as monomers is that they can be easily turned into desired derivatives by different 

organic reactions [40, 51] . 
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Table 2. 1  Strain energies of some cyclic olefins [40]  

 

2.3 Ant im icrob ial Photodynam ic Therapy  

All applications in which ultraviolet, visible or near -visible light is used 

therapeutically are called PDT. The fundamental of PDT is based on the fact that 

ROS, which is formed as a result of the activation of the substance called PS with 

light in the pr esence of molecular oxygen, interact with many biological 

molecules. PDT is mostly used in the treatment of acne, a common skin problem, 

and one of the biggest health problems of our time; cancer [11, 52] . 

However, nowadays, one PDT derivative which has existed since the 1990s has 

gained a lot of importance due to the increasing resistance of bacteria to 

antibiotics; aPDT. The fundamental process contains three main steps: (i) When 

the PSs are exposed to the light with  the appropriate wavelength (usually red 

light), they transition from the ground state (S 0) to the first excited state (S1) (ii) 

This unstable excited singlet state can cause the transition to excited triplet state 

(T1) via intersystem crossing (iii) The PS in the triplet state transfers the excess 

energy from its structure to the surrounding molecules by two different types of 

mechanisms. When the PS generates radicals, such as hydrogen peroxide (H2O2), 

the superoxide anion radical (O2
.-), or hydroxyl radicals (OH .); this reaction is 

called a Type I reaction. The reaction in which the PS creates singlet oxygen by 

directly transferring its energy to molecular  oxygen is called Type II reaction. 
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Lately, in the study Hamblin et al., the new mechanism containing oxygen-

independent photoinactivation is described as a Type III mechanism. ROS leads to 

protein dysfunction, DNA damage, cell membrane disruption and provide 

photoinactivation of bacteria. This approach has many advantages over others, 

such as activity against resistant bacteria, short treatment times, and simple 

application (Figure 2.5) [53 -56] . 

The most important and changeable factor that can contribute to activity of aPDT 

is the properties of the PSs. Ideal PS should have sufficient ROS generation, long 

triplet lifetime,  negligible dark toxicity, good photostability, and biocompatibility. 

Moreover, absorbing light in the appropriate wavelength and having a high 

extinction coefficient are important requirements for a PS, which needs the ability 

of high tissue penetration. Chlorines, Porphyrins, BODIPYs and Pcs are among the 

some PS examples with suitable properties [54, 57, 58] . 

 

Figure 2. 5 Jablonski diagram showing the aPDT mechanism [54]  
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2.4 Phthalocyanines  

Pcs are tetrapyrrole derivative macrocyclic aromatic compounds that contain four 

isoindole units connected at 1,3-positions by aza bridges. They have planar 

structure, 18 Ù-electron system and the ability to bind more than 70 metal and 

semimetal cations in the periodic table instead of the two hydrogen atoms in their 

core [59 -61] . Pcs were first synthesized as a blue-colored by-product by 

researchers named Braun and Tscherniac in 1907 by chance, and their structures 

were lightened thanks to the studies of Linstead and Robertson's X-ray diffraction 

analysis in 1933 [62, 63] . 

After the understanding of their structures, synthesis methods began to develop 

gradually and it was understood that Ps could be modified for appropriate 

purposes. While the positions of 2, 3, 9, 10, 16, 17, 23, 24 are called peripheral 

(ɼ) and the positions of 1, 4, 8, 11, 15, 18, 22, 25 are called non-peripheral (ɻ). 

They can be substituted in a total of 16 positions with eight peripheral and eight 

non-peripheral (Figure 2.6). Synthesis of Pcs can be carried out by the 

cyclotetramerization reaction of starting materials such as phthalic anhydride, 

diiminoisoindoline  and phthalonit rile. Since it is more economical, phthalic 

anhydride derivatives are mostly preferred industrially  in the production of Pc 

compounds. However, in scientific research, the most used starting compound is 

phthalonitrile derivatives (1,2 -dicyanobenzene) because the reaction yields are 

much better and the possibility of forming by -products is very low [59 -62] . 

 

Figure 2. 6 Substitution points  of Pcs 
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The starting compounds are substituted according to the positions at which Pc is 

desired to be functionalized. By using a single phthalonitrile compound, the 

structure, in which all isoindole units contain the same substituents, can be 

obtained and this is called òSymPcó. On the other hand, if two different 

phthalonitrile compounds are used, òAsymPcó can be obtained which has isoindole 

units with different substituents. High temperature, a suitable solvent and a base 

source are needed for the synthesis of both types of Pcs (e.g., 150 °C, pentanol, 

DBU). However, if the solvent already has a basic character, the reaction can be 

carried out with only solvent (e.g ., 140 °C, DMAE). Moreover, the synthesis of 

MPc can be achieved via the addition of metal salt to the reaction mixture. Column 

chromatography is an essential purification step in obtaining both SymPc and 

AsymPcs as pure substances [64 , 65] . 

Pcs are very significant components that can be used in many applications such as 

liquid crystals, nonlinear optic, molecular magnets, solar cells, gas sensors, 

batteries, organic thin-film transistors and electrocatalytic reduction due to their 

stable structure, chemical, physical and optical properties [64 -66] . In addition, 

they can exhibit photodynamic anticancer and antibacterial activity thanks to their 

long absorption wavelength maxima (650ð800 nm)(Figure 2.7) , high extinction 

coefficient (ὑ~2×10 5 M-1cm-1), long triplet lifetime, and high ROS generation. 

These properties make them one of the most used PS. However, a drawback of Pcs 

is the low solubility in aqueous media. This arises from its unsubstituted core 

which has extreme hydrophobic and planar structure, leading to the formati on of 

aggregates and deterioration of the parameters. This disadvantage hinders the 

activity of the Pcs as PS. Nevertheless, this challenge can be overcome by different 

strategies. While Pcs can be modified  up to 16 substituents with water-soluble 

hydrophilic groups, on the other hand, it can be taken advantage of properties as 

Ps by incorporating them into different structures such as micelles and polymers. 

It should not be forgotten that the design and synthesis of Pc with different 

substituents requires a meticulous and skillful effort  because it is important to find 

the correct hydrophobic-hydrophilic balance [9 -13] . 
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Figure 2. 7 An example to typical UV-vis spectrum of MPcs 

2.5 Polymeric Phthalocyanines  

The incorporation of a Pc ring into macromolecular structures has been a matter 

of curiosity due to the important chemical and physical properties it can contribute 

to the polymers. Firstly, the presence of Ù-electrons in the ring system and d-

electrons belonging to the central metal ion which can cause electron transfer are 

their main features. Secondly, electron or energy transfer can be provided under 

irradiation with visible light. With all these features, combinations of Pc and 

macromolecules can be used in many areas such as electrical conductivity and 

photoconductivity,  electrocatalytic and photocatalytic reductions/ oxidations, 

electrochemical charge/discharge, metal ion sensor and PDT. PPc can be classified 

based on the formation type of the macromolecule as network, hydrogel, main 

chain, side chain and star shaped [16, 18, 67 -69] . 

2.5.1 Network Phthalocyanines  

Network is a chemical compound in which the atoms or molecules are bonded 

by covalently and repeated themselves through in a 2D or 3D stucture. In a 

network, there are no individual  molecules, and the entire crystal or amorphous 

solid is considered a macromolecule [70 -72] . For a Pc network, a bifunctional 

https://en.wikipedia.org/wiki/Chemical_compound
https://en.wikipedia.org/wiki/Covalent_bond
https://en.wikipedia.org/wiki/Molecule
https://en.wikipedia.org/wiki/Crystal
https://en.wikipedia.org/wiki/Amorphous_solid
https://en.wikipedia.org/wiki/Amorphous_solid
https://en.wikipedia.org/wiki/Macromolecule
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starting material is required such as bis(phthalanhydride)  or bis(phthalonitrile)  

containing two pairs of ortho -nitrile groups . The desired products can be obtained 

by reacting these derivatives with related metal salts under Pc formation 

conditions (Figure 2.8)  [16, 73, 74] . 

 

Figure 2. 8 Synthesis of network PPc [67]   

2.5.2 Hydrogel Phthalocyanines  

Hydrogels are the type of polymeric networks which have both hydrophilic  groups 

and cross-linked bonds in their structure. They arenõt soluble in water but, they 

have the ability to swell with water. While their water -absorbing ability originates 

from hydrophilic functional groups connected to the polymeric backbone, they 

resist being dissolved in water because of the cross-linked bonds in the network  

[75, 76] . Hydrogels can be prepared via two methods; i) physical interactions 

(electrostatic or hydrophobic interactions ii) dynamic covalent bonds. A Pc 

hydrogel can be obtained by reaction between symmetrical Pc derivative and 

hydrophilic  biopolymer which are both have functional end groups. The formation 

of the hydrogel can be achieved via different synthesis strategies such as Schiff -

base reaction and carbodiimide-mediated amine coupling reaction (Figure 2.9)  

[29, 77 -79] . 

https://en.wikipedia.org/wiki/Hydrophilic


41 

 

Figure 2. 9 Preparation of ZnPc hydrogel containing chitosan and difloxacin [77]  

2.5.3 Main Chain Polymeric Phthalocyanines  

The polymer chain or simply backbone defines the main chain of a polymer that 

is consisting of elements that repeat themselves in a certain order. Polymers are 

frequently categorized concerning the elements in the main chains. While most of 

main chain of polymers have composed of carbon as in examples such as 

polyethylene and polystyrene, some of them have additional oxygen and nitrogen 

atoms in their backbones e.g. polyesters and polyamides [80 -82] . In the main 

chain PPcs, the repeating element, or with the more accurate expression, 

òrepeating unitó is the Pc itself. Obtaining a main chain PPc requires a bifunctional 

Pc monomer that has A3B or A2B2 unsymmetrical structure (Figure 2.10)  [16, 83, 

84] . 

https://en.wikipedia.org/wiki/Polyester
https://en.wikipedia.org/wiki/Polyamide
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Figure 2. 10  Chemical Structure of main chain PPc [84]  

2.5.4 Side Chain Polymeric Phthalocyanines  

Side chain is defined as chemical group that is connected to a core of a polymer 

backbone. It has different constitutional or configurational properties that depart 

from those in the main chain. A side chain molecule is also known as òpendant 

groupó which refers the moleculesõ appearance of resulting polymer [85, 86] . 

Three different strategies are available to synthesize the side chain Pc polymers; 

i)  Grafting Pc onto a preformed polymer ii)  The use of polymer-bound precursor 

iii)  Polymerization of Pc containing monomer.  

The first method needs two precursors; polymer backbone with functional groups 

that are shared along the whole chain and Pc with a functional end group. The 

formation of the graft polymer is achieved by the suitable reactions between these 

preformed compounds [16, 87, 88] . In the second method, a diiminoisoindoline 

or phthalonitrile compound (B) is bound to a polymer and reacted with the excess 

amount of different diiminoisoindoline or phthalonitrile (A) to form a Pc. It is 

assumed that the resulting mixture contains symmetrical Pc (A4) and asymmetrical 

Pc (A3B). Considering the solubility and chromatographic properties, symmetric 

Pc (A4) is removed by washing or column chromatography method and PPc is 

obtained [16, 89] . The first and second methods have many difficulties like as the 

possibility of crosslinking and forming an insoluble polymer. Hence, it is 

considered that the third method, in which a Pc molecule with a polymerizable 

substituent is used, is the healthiest method to obtain side chain Pc polymer. 

https://en.wikipedia.org/wiki/Substituent
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Obtaining PPc with this method requires a monofunctional Pc monomer which has 

A3B unsymmetrical structure (Figure 2.11)  [16, 22 -24] . 

 

Figure 2. 11  Synthesis strategies of the side chain PPcs 

2.5.5 Star -Shaped Polymeric Phthalocyanines  

The polymers in which secondary polymer chains are attached to a primary 

backbone are called òBranched Polymersó and star, H-shaped, pom-pom, and 

comb-shaped polymers can be given as examples for this category. The simplest 

class of branched polymers is star polymers. They have a number of linear chains 

or òarmsó connected to a central core that was mentioned in the branched 

polymerõs definition as the primary backbone. While the core can be 

an atom, molecule and macromolecule, the arms can consist of many organic 

chains with changeable properties and lengths. Pc can be part of the star-shaped 

polymeric structures as a òcoreó [86, 90, 91] . 

https://en.wikipedia.org/wiki/Branching_(polymer_chemistry)
https://en.wikipedia.org/wiki/Atom
https://en.wikipedia.org/wiki/Molecule
https://en.wikipedia.org/wiki/Macromolecule
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The most widely used method to obtain a star-shaped PPc is the synthesis of a òPc 

Initiator" containing  a convenient group that can start the preferred 

polymerization reaction. Many different Pcs can be synthesized according to the 

number of substituents of starting compounds such as tetra, octa and hexadeca 

substituted. Hence, the number of substituents of Pc determines the number of 

arms of the star polymer (Figure 2.12)  [66, 92 -96] . 

 

Figure 2. 12  Structure of star-shaped PZnPc containing poly(ʀ-caprolactone)s 

in the arms [92]    
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3  
EXPERIMENTAL PART  

 

3.1 Materials  

All reagents and solvents were obtained from commercial suppliers. 4-

nitrophthalonitrile, 4 -tert-butyl phthalonitrile , 1,3-diphenylisobenzofuran 

(DPBF), 9,10-anthracenediyl-bis(methylene)dimalonic acid ( ADMA) were 

purchased from Sigma-Aldrich. Hydroxyl substituted oxanorbornene, hydroxy 

phenoxy substituted phthalonitrile (1), tosylated oxanorbornene (4), triphenyl 

phosphonium substituted oxanorbornene (M3) and tri ethyl phosphonium 

substituted oxanorbornene (M4) were synthesized according to the published 

procedures [7, 97, 98] . Phosphate-buffered saline (PBS) solution (pH 7.4) was 

prepared using Na2HPO4 and KH2PO4 in ultra -pure Millipore water . B. subtilis 

(DB104), S. aureus (ATCC 25923) and E. coli (ATCC 25922) were taken from 

Davies Diagnostics. 

3.2 Instruments  

Thermo Scientific iS10 FT-IR was used to record FT-IR spectra. Shimadzu UV-

2450 was used to measure electronic spectra. Agilent VNMRS 500 MHz 

spectrometer was used to record NMR spectra. Mass spectra were measured on a 

Bruker Microflex LT MALDI TOF-MS. Varian Eclipse spectrofluorometer was used 

to measure fluorescence emission spectra. Time correlated single photon counting 

setup (TCSPC) was used to calculate fluorescence lifetimes. Laser flash photolysis 

system was utilized to obtain t riplet quantum yield values. Niello LED Grow light 

(UFO) light source (150W and 300W) was used for photo-irradiations . Zeiss EVO 

MA 10 and Zeiss Axio Observer 7 were used to record SEM and fluorescence 

images, respectively. 
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3.3 Synthesis of Compounds  

3.3.1 Unsymmetrical t ert -butyl  Substitu ted Zinc(II) Phthalocyanine 

(3)  

In DMAE (4 mL), Zn(CH3COO)2 (97 mg, 0.529 mmol), 4 -(4-

hydroxyphenoxy)phthalonitrile  (1) (100 mg, 0.423 mmol) and 4 -tert-butyl 

phthalonitrile (2) (312 mg, 1.69 mmol) were stirred at reflux for 24 h. After 

cooling, the crude product was precipitated in water and filtrated. The purification 

was achieved by silica gel chromatography (Hexane/THF 4:1 to 2:1) yielding 3 as 

a blue solid. Yield: 70 mg (19%).  FT-IR  ʑmax (cm-1): 3255.51, 3069.45, 2955.01, 

2864.96, 1714.68, 1660.01, 1610.72, 1505.96, 1487.49, 1390.80, 1362.46, 

1331.19, 1282.10, 1256.44, 1218.49, 1198.99, 1150.60, 1087.08, 1045.60, 

964.14, 939.49, 921.52, 872.68, 828.13, 762.50, 745.70, 690.88, 671.94. UV/Vis  

(THF): ʇmax/nm = 673, 607, 349 nm. 

3.3. 2 PEG Substitu ted Phthalonitrile  (5)  

4-nitrophthalonitrile (0.400 g, 2.31 mmol) and tetraethyleneglycol monomethyl 

ether (0.962 g, 4.62 mmol) were taken into a 50 mL flask and dissolved with 8 

mL of DMF. The reaction mixture was stirred at room temperature for 24 hours 

after K2CO3 (1.280 g, 9.24 mmol) was added under nitrogen atmosphere. The 

resulting mixture was poured into ice-water, and extracted with ethyl acetate. It 

was dried with Na2SO4, filtered and th e organic phase was evaporated. The final 

substance was dried in a vacuum oven at 40 °C. An oily light green substance 5 

was obtained. Yield: 0.56 g (73%). FT-IR  ʑmax (cm-1): 3077.12, 2915.63, 2229.39, 

1596.46, 1561.88, 1491.74, 1454.23, 1349.46, 1319.97, 1254.84, 1199.75, 

1095.97, 1043.86, 966.07, 842.28, 729.36, 525.81. MALDI -TOF MS , dithranol: 

m/z  calcd.: 334.370; found: 373.483 [M+K] + , 357.518 [M+Na] + . 1H NMR  (500 

MHz, CDCl3): ɿ 7.71 (d, 1H), 7.31 (d, 1H), 7.24 (dd, 1H), 4.22 (t, 2H), 3.88 (t, 

2H), 3.70 (t, 2 H), 3.65 (m, 8H), 3.54 (t, 2H), 3.37 (s, 3H)  ppm. 13C NMR  (126 

MHz, CDCl3): ɿ 162.02, 135.15, 119.84, 119.57, 117.32, 115.66, 115.25, 107.35, 

70.59, 70.49, 69.21, 68.68, 59.00 ppm [99] . 
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3.3. 3 Oxanorbornene Substitu ted Phthalonitrile Monomer (M 1) 

Hydroxyl substituted oxanorbornene (0.2 g, 0.895 mmol) and 4 -

nitrophthalonitrile (0.129 g, 0.746 mmol) were taken up in a 50 mL flask and 

dissolved with 8 mL of DMF in a nitrogen atmosphere. The reaction mixture was 

stirred for  6 days at room temperature after the addition of K2CO3 (0.495 g, 3.58 

mmol). The resulting yellow -brown mixture was poured into ice -water and 

filtered. Dried in a vacuum oven at 40 °C. The product was purified by column 

chromatography first using DCM followed by DCM:CH3OH solvent mixture (80:1)  

yielding M1 as a yellow solid. Yield: 0.16 g (61%).  FT-IR  ʑmax (cm-1): 3060.51, 

3040.63, 2958.57, 2231.37, 1769.09, 1690.59, 1598.93, 1560.72, 1489.53, 

1469.94, 1435.28, 1400.39, 1367.33, 1347.99, 1308.91, 1286.11, 1255.98, 

1235.83, 1219.59, 1182.50, 1156.31, 1125.79, 1093.13, 1017.30, 956.88, 

918.38, 880.33, 853.78, 838.96, 812.38, 801.65, 771.16. 1H NMR  (500 MHz, 

CDCl3), ɿ 7.72 (d, 1H), 7.25 (d, 1H), 7.17 (dd, 1H), 6.53 (s, 2H), 5.23 (s, 2H), 

4.03 (t, 2H), 3.73 (t, 2H), 2.87 (s, 2H), 2.15 (m, 2H) ppm. 13C NMR  (126 MHz, 

CDCl3), ɿ 176.19, 161.78, 136.48, 135.19, 119.59, 119.31, 117.44, 115.66, 

115.23, 107.43, 81.03, 66.09, 47.39, 35.52, 26.87 ppm. 

3.3. 4 Unsymmetrical tert -butyl  Substitu ted Zinc(II) Phthalocyanine 

Monomer (M 2)  

3 (160 mg, 0.187 mmol), tosylated oxanorbornene (4) (156 mg, 0.413 mmol), KI 

(68 mg, 0.413 mmol) and K 2CO3 (103 mg, 0.749 mmol) were stirred in DMF (15 

mL) at room temperature for 6 days. The crude product was precipitated in water. 

it  was filtered and dried in vacuum yielding M2 as a blue solid. Yield: 170 mg 

(85%).  FT-IR  ʑmax (cm-1): 3065.15, 2953.07, 2864.90, 1772.27, 1692.43, 

1611.82, 1502.19, 1487.66, 1391.87, 1362.50, 1331.33, 1281.86, 1255.21, 

1215.87, 1199.34, 1181.31, 1150.47, 1086.22, 1045.03, 1025.42, 939.19, 

919.57, 875.59, 854.18, 827.15, 762.23, 745.73, 691.61, 671.81. UV/ Vis  (THF): 

ʇmax/nm = 673, 607, 349 nm. MALDI -TOF MS, ɻ-cyano-4-hydroxycinnamic acid: 

m/z calcd.: 1059.54; found: 1059.066 [M] + , 991.930 [M -furan] + . 1H NMR  (500 

MHz, CDCl3 + a few drops DMSO-d6), ɿ 9.54-9.28 (m, 8H), 8.25 -8.20 (m, 3H), 
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7.76 (m, 1H), 7.31 (d, 2H), 7.03 (d, 2H), 6.50 (s, 2 H), 5.28 (s, 2H), 4.04 (m, 

2H), 3.77 (m, 2H), 2.87 (s, 2H), 2.14 (m, 2H), 1.75 (m, 27H) ppm.  

3.3. 5 Unsymmetrical Zinc(II) Phthalocyanine Monomer (M 5)  

4-(4-hydroxyphenoxy)phthalonitrile (19.31 mg, 0.081 mmol), 4 -((2,5,8,11 -

tetraoxatridecan-13-yl)oxy)phthalonitrile  (4) (246 mg, 0.735 mmol), 

Zn(CH3COO)2 (37.49 mg, 0.204 mmol) and a few drops of DBU were stirred at 

the reflux temperature of 3 mL hexanol for 4 hours. The reaction mixture was 

poured into hexane and the oily substance was separated by centrifugation. The 

purification was conducted by silica gel chromatography (chloroform:methanol 

30:1). Symmetrical and unsymmetrical Pc mixture was obtained. The resulting 

residual (274 mg), tosylated oxanorbornene (175 mg, 0.464 mmol), KI (77 mg, 

0.464 mmol) and K2CO3 (116 mg, 0.840 mmol) were stirred in 10 mL of DMF at 

room temperature for 7 days. The resulting mixture was poured into cold water 

and extracted with ethyl acetate. It was dried with Na 2SO4, filtered and the organic 

phase was evaporated. The residue was dried in a vacuum oven at 30 °C. Column 

chromatography was made on the dried substance in a 25:1:1 mixture of 

dichloromethane, ethanol, and acetone on silica gel. An oily green substance M5 

was obtained. Yield: 5 mg (5% in two steps). FT-IR  ʑmax (cm-1): 3067.12, 2871.78, 

1770.49, 1698.36, 1606.56, 1487.78, 1450.28, 1394.42, 1337.05, 1282.19, 

1218.86, 1088.05, 1060.78, 953.42, 852.36, 773.76, 745.06, 729.10, 655.71, 

588.74. UV/ Vis  (DMSO): ʇmax/nm = 682, 615, 356 nm. MALDI -TOF MS , 

dithranol: m/z  calcd.: 1507.520; found: 1507.707 [M] + , 1439.201 [M -furan] + . 

1H-NMR  (500 MHz, DMSO-d6): ɿ 9.16-8.52 (m, 8H), 7.78 -7.65 (m, 4H), 7.46 (d, 

2H), 7.19 (d, 2H), 6.56 (s, 2H), 5.19 (s, 2H), 4.66 (m, 5H), 4.09 (m, 5H), 3.81 -

3.34 (m, 38H), 2.21 (m, 9H), 2.98 (s, 2H), 2.63  (m, 2H), 2.36 (m, 2H), 2.01 (m, 

2H) ppm. 

3.3. 6 Homopolimer Bearing Phthalonitrile (P1)  

M1 (75 mg, 0.214 mmol) was dissolved in 2 mL of DMF in a nitrogen atmosphere 

and Grubbsõ catalyst (2nd gen) (6.36 mg, 0.0075 mmol) in 0.5 mL of DCM was 

added in one shot to the stirring  monomer solution. The reaction was monitored 

by TLC and, after 135 minutes, 0.5 mL of 30% ethyl vinyl ether was added and 
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stirred for 30 minutes. It was then precipitated and washed with diethylether. 

After centrifugation, it was dried in a va cuum oven. A brown substance P1 was 

obtained (theoretical molecular weight = 10,000 g mol -1). Yield: 60 mg (80%). 

FT-IR  ʑmax (cm-1): 3077.12, 2948.07, 2229.59, 1775.61, 1695.02 1667.43, 

1595.89, 1562.35, 1491.92, 1470.12, 1437.15, 1395.86, 1319.34, 1253.34, 

1173.00, 1089.05, 1015.21, 966.81, 911.64, 836.71. 1H NMR  (500 MHz, DMSO-

d6): ɿ 7.72 (br, 1H), 7.67 (br, 1H), 7.37 (br, 1H), 5.9 1 (br, 1H), 5.74 (br, 1H), 

4.88 (br, 1H), 4.37 (br, 1H), 4.11 (br, 2H), 3.53 (br, 2H), 1.96 (br, 2H) ppm.  

3.3. 7 Homopolymer Bearing t ert -butyl  Substitu ted Zinc(II) 

Phthalocyanine (P2)  

P1 (90 mg, Mn = 10,000), 4 -tert-butyl phthalonitrile (538 mg, 2.92 mmol) and 

zinc(II) acetate (83 mg, 0.45 mmol) were stirred in a nitrogen atmosphere at 15 

mL DMAC. The reaction mixture was heated to 80 °C, then 4 drops of DBU were 

added and the temperature was raised to 130 °C. The reaction was continued for 

24 h, then precipitated and washed 5 times with diethylether. After centrifugation, 

it was dried in a vacuum oven. Soxhlet extraction with diethylether was applied 

to the dry product for five hours. A dark green color P2 was obtained. Yield: 55 

mg (61%).  FT-IR  ʑmax (cm-1): 2952.95, 1778.35, 1699.05 1466.56, 1392.75, 

1321.76, 1153.67, 1086.04, 1045.77, 919.23, 827.10, 749.02, 674.39. UV/Vis  

(DMF): ʇmax/nm = 681, 617, 349 nm. 1H NMR  (500 MHz, DMSO-d6): ɿ 9.43, 

8.36, 7.95, 7.81, 6.67, 5.30, 1.77, 1.34, 1.21, 0.84 ppm. 

3.3. 8 Homopolymer Bearing  tert -butyl  Substitu ted Zinc(II) 

Phthalocyanine (P3)  

M2 (30 mg, 0.0283 mmol) was dissolved in 2 mL of DMF:CHCl3 mixture in a 

nitrogen atmosphere and Grubbsõ catalyst (2nd gen) (2.54 mg, 0.003 mmol) in 

0.5 mL of DCM was added in one shot to the stirring monomer solution. The 

reaction was monitored by TLC and, after waited overnight, 0.5 mL of 30% ethyl 

vinyl ether w as added and stirred for 30 minutes. It was then precipitated and 

washed with diethylether. After centrifugation, it was dried in a vacuum oven. A 

blue colored substance P3 was obtained (theoretical molecular weight = 10,000 

g mol-1). Yield: 0.015 g (50%).   FT-IR  ʑmax (cm-1): 2953.28, 2161.26, 2034.89, 



50 

1777.32, 1703.01, 1611.93, 1501.43, 1488.05, 1392.02, 1362.70, 1330.75, 

1280.95, 1255.75, 1215.21, 1198.63, 1144.42, 1086.42, 1044.66, 962.47, 

938.46, 920.25, 894.75, 828.15, 746.16, 691.42, 672.34. UV/Vis  (DMSO): 

ʇmax/nm = 678, 637, 344 nm. 1H NMR  (500 MHz, DMSO-d6): ɿ 8.13-7.09, 5.95, 

5.76, 4.97, 4.44, 4.03, 3.54, 1.96, 1.75 ppm. 

3.3. 9 General Synthesis Procedure for Copolymers Bearing tert -butyl  

Substitu ted Zinc(II) Phthalocyanine (P4 , P5,  P6)  

M2 and M3 were dissolved in 2 mL of DMF:CHCl3 mixture in a nitrogen 

atmosphere and Grubbsõ catalyst (2nd gen) in 0.5 mL of DCM was added in one 

shot to the stirring  monomer solution. The reaction was monitored by TLC and, 

after waited overnight, 0.5 mL of 30% ethyl vinyl ether was added and stirred for 

30 minutes. It was then precipitated and washed with diethylether. After 

centrifugation, it was dried in a vacuum oven.  

3.3.9.1 Synthesis  of P4 

M2 (15 mg, 0.01416 mmol) , M3 (15 mg, 0.0271 mmol)  and Grubbsõ catalyst (2nd 

gen) (2.53 mg, 0.00298 mmol)  were used. A blue colored substance P4 was 

obtained (theoretical molecular weight = 10,000 g mol -1). Yield: 25 mg (83%).  

FT-IR  ʑmax (cm-1): 3391.54, 2954.81, 1775.51, 1698.94, 1613.02, 1488.32, 

1437.71, 1396.81, 1363.60, 1329.17, 1281.04, 1255.20, 1216.62, 1152.31, 

1111.71, 1086.11, 1044.52, 996.66, 938.28, 919.96, 831.38, 749.08, 723.33, 

689.12. UV/ Vis  (DMSO): ʇmax/nm = 680, 614, 349 nm. 1H NMR  (500 MHz, 

DMSO-d6): ɿ 9.26-7.08, 5.92, 5.70, 4.84, 4.39, 4.00, 3.50, 1.96, 1.73 ppm. 31P 

NMR  (DMSO-d6): ɿ 24.07 ppm. 

3.3.9. 2 Synthesis  of P5  

M2 (8.6 mg, 0.00812 mmol) , M3 (20 mg, 0.0383 mmol)  and Grubbsõ catalyst (2nd 

gen) (2.57 mg, 0.003 mmol)  were used. A blue colored substance P5 was obtained 

(theoretical molecular weight = 10,000 g mol -1). Yield: 0.024 g (84%). FT-IR  ʑmax 

(cm-1): 3381.84, 2953.80, 1774.84, 1697.97, 1587.57, 1487.53, 1437.49, 

1397.80, 1363.51, 1328.97, 1216.24, 1152.70, 1111.75, 1086.41, 1044.18, 

996.26, 938.24, 919.63, 832.25, 748.47, 722.94, 688.90. UV/Vis  (DMSO): 
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ʇmax/nm = 680, 613, 352 nm. 1H NMR  (500 MHz, DMSO-d6): ɿ 9.26-7.09, 5.93, 

5.74, 4.86, 4.43, 4.01, 3.53, 1.99, 1.73 ppm. 31P NMR  (DMSO-d6): ɿ 24.16 ppm. 

3.3.9. 3 Synthesis  of P6  

M2 (20 mg, 0.0188 mmol) , M3 (8.51 mg, 0.0155 mmol)  and Grubbsõ catalyst (2nd 

gen) (2.41 mg, 0.00284 mmol)  were used. A blue colored substance P6 was 

obtained (theoretical molecular weight = 10,000 g mol -1). Yield: 0.020 g (70%). 

FT-IR  ʑmax (cm-1): 3391.08, 2954.19, 1776.46, 1701.49, 1612.06, 1488.30, 

1437.83, 1393.57, 1363.41, 1329.11, 1280.72, 1255.34, 1216.25, 1197.94, 

1151.23, 1085.70, 1044.48, 963.56, 938.15, 919.92, 830.23, 748.91, 723.62, 

689.37, 674.24. UV/ Vis  (DMSO): ʇmax/nm = 679, 613, 346 nm. 1H NMR  (500 

MHz, DMSO-d6): ɿ 8.96-7.09, 5.93, 5.71, 4.84, 4.38, 4.01, 3.45, 2.03, 1.75 ppm. 

31P NMR  (DMSO-d6): ɿ 24.00 ppm. 

3.3. 10  Copolymer Bearing  tert -butyl  Substitu ted Zinc(II) 

Phthalocyanine (P7)  

M2 (8.46 mg, 0.00798 mmol) and M4 (19.6 mg, 0.0486 mmol) were dissolved in 

2 mL of DMF in a nitrogen atmosphere and Grubbsõ catalyst (2nd gen) (2.39 mg, 

0.00281 mmol) in 0.5 mL of DCM was added in one shot to the stirring  monomer 

solution. The reaction was monitored by TLC and, after waited overnight, 0.5 mL 

of 30% ethyl vinyl ether was added and stirred for 30 minutes. It was then 

precipitated and washed with diethylether. After centrifugation, it was dried in a 

vacuum oven. A blue colored substance P7 was obtained (theoretical molecular 

weight = 10,000 g  mol-1). Yield: 0.025 g (87%).  FT-IR  ʑmax (cm-1): 3339.73, 

2943.36, 1774.23, 1694.62, 1489.66, 1440.09, 1399.39, 1361.28, 1330.21, 

1215.58, 1154.61, 1086.83, 1043.46, 918.90, 877.37, 770.12, 750.64. UV/Vis  

(DMSO): ʇmax/nm = 680, 613, 353 nm. 1H NMR  (500 MHz, DMSO-d6): ɿ 9.41-

7.16, 5.97, 5.76, 4.94, 4.47, 4.09, 3.48, 2.28, 1.75, 1.10 ppm. 31P NMR  (DMSO-

d6): ɿ 39.25 ppm. 
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3.3. 11 Homopolymer Bearing  PEG Substitu ted Zinc(II) 

Phthalocyanine (P 8)   

M5 (41 mg, 0.0271 mmol) was dissolved in 1.5 mL of CHCl3 in a nitrogen 

atmosphere and Grubbsõ catalyst (3rd gen) (3.61 mg, 0.00408 mmol) in 0.5 mL 

of DCM was added in one shot to the stirring monomer solution. The reaction was 

monitored by TLC and, after 3 hours, 0.5 mL of 30% ethyl vinyl ether was added 

and stirred for 30 minutes. It was then precipitated and washed with diethyl ether. 

After centrifugation, it was dried in a vacuum oven. A blue colored substance P8 

was obtained (theoretical molecular weight = 10,000 g mol -1). Yield: 20 mg 

(48%). FT-IR  ʑmax (cm-1): 3068.32, 2921.73, 2870.19, 1772.93, 1702.51, 

1606.59, 1503.15, 1487.61, 1470.24, 1450.36, 1394.22, 1336.86, 1280.58, 

1219.77, 1198.18, 1178.23, 1088.90, 1058.52, 1040.58, 952.46, 825.74, 774.12, 

746.16, 729.99, 686.19, 656.84. UV/ Vis  (DMF): ʇmax/ nm =  677, 615, 350. 1H 

NMR (500 MHz, DMSO-d6): ɿ 9.18-7.07, 5.99, 5.84, 5.00, 4.54, 4.05, 3.78-3.42, 

3.21, 2.06 ppm. 

3.3. 12 General Synthesis Procedure for Copolymers Bearing PEG 

Substitu ted Zinc(II) Phthalocyanine (P 9, P10, P11 )  

M5 and M3 were dissolved in 1.5 mL of CHCl3 in a nitrogen atmosphere and 

Grubbsõ catalyst (3rd gen) in 0.5 mL of DCM was added in one shot to the stirring 

monomersõ solution. The reaction was monitored by TLC and, after 3 hours, 0.5 

mL of 30% ethyl vinyl ether was added and stirred for 30 minutes. It was then 

precipitated and washed with diethyl ether. After centrifugation, it was dried in a 

vacuum oven. 

3.3. 12.1 Synthesis  of  P9  

M5 (30.4 mg, 0.02 mmol), M3 (12.9 mg, 0.0235 mmol) and Grubbsõ catalyst (3rd 

gen) (3.8 mg, 0.0043 mmol) were used. A blue colored substance P9 was obtained 

(theoretical molecular weight = 10,000 g mol -1). Yield: 25 mg (57%). FT-IR  ʑmax 

(cm-1): 3060.16, 2870.18, 1775.18, 1701.26, 1606.15, 1487.90, 1470.33, 

1438.67, 1394.51, 1371.40, 1334.69, 1280.00, 1218.77, 1197.66, 1111.81, 

1087.50, 1058.07, 1039.71, 996.62, 951.24, 828.65, 773.24, 747.75, 724.07, 

689.31, 659.02. UV/ Vis  (DMSO): ʇmax/nm = 679, 613, 356. 1H NMR  (500 MHz, 
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DMSO-d6): ɿ 9.21-7.08, 5.93, 5.73, 4.87, 4.42, 4.05, 3.77-3.41, 3.21, 2.01, 1.77, 

1.61 ppm. 31P NMR  (DMSO-d6): ɿ 24.11 ppm. 

3.3. 12.2 Synthesis  of  P10  

M5 (31 mg, 0.02 mmol), M3 (31 mg, 0.0565 mmol) and Grubbsõ catalyst (3rd 

gen) (5.4 mg, 0.0062 mmol) were used. A blue colored substance P10 was 

obtained (theoretical molecular weight = 10,000 g mol -1). Yield: 40 mg (64%). 

FT-IR  ʑmax (cm-1): 3057.23, 2869.78, 1775.23, 1699.25, 1607.19, 1588.66, 

1487.86, 1438.06, 1396.55, 1369.70, 1335.31, 1280.68, 1219.63, 1111.95, 

1089.31, 1057.88, 1040.07, 996.56, 956.25, 848.55, 747.59, 736.11, 723.77, 

689.98. UV/ Vis  (DMSO): ʇmax/ nm =  680, 612, 359 nm. 1H NMR  (500 MHz, 

DMSO-d6): ɿ 9.25-7.08, 5.92, 5.75, 4.86, 4.42, 4.03, 3.76-3.39, 3.20, 2.01, 1.80, 

1.60 ppm. 31P NMR  (DMSO-d6): ɿ 24.14 ppm. 

3.3. 12.3 Synthesis  of  P11  

M5 (33.4 mg, 0.022 mmol), M3 (77.8 mg, 0.14 mmol) and Grubbsõ catalyst (3rd 

gen) (9.8 mg, 0.011 mmol) were used. A blue colored substance P11 was obtained 

(theoretical molecular weight = 10,000 g mol -1). Yield: 80 mg (71%). FT-IR  ʑmax 

(cm-1): 3055.89, 2923.93, 2869.01, 1774.55, 1698.46, 1667.76, 1607.09, 

1587.56, 1487.19, 1437.47, 1397.55, 1369.11, 1335.42, 1238.18, 1219.78, 

1151.50, 1111.82, 1037.45, 996.16, 969.81, 848.76, 806.15, 747.34, 736.98, 

723.05, 689.38, 660.34. UV/ Vis  (DMSO): ʇmax/ nm =  680, 612, 359. 1H NMR  

(500 MHz, DMSO-d6): ɿ 9.29-7.09, 5.92, 5.73, 4.84, 4.44, 4.03, 3.77-3.40, 3.20, 

2.02, 1.81, 1.62 ppm. 31P NMR  (DMSO-d6): ɿ 24.17 ppm. 

3.4  Antimicrobial Photodynamic Activities  

Bacterial strains were multiplied  on lysogeny broth (LB; Miller) agar and stored 

at 4 °C. One single isolated colony was taken from this plate, transferred to LB 

broth, and incubated aerobically overnight at 37 °C at 180 rpm. Bacteria were 

then suspended in fresh LB medium to an optical density OD600 å 0.1 and grown 

to attenuation of OD600 å 0.4. The bacterial suspensions were then centrifuged at 

4000 rpm and PBS was added to achieve the concentration of approximately 

1 x 10-8 cells per mL. This suspension was used for the irradiation experiments. 
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1 mL bacterial suspension containing a certain amount of PS was incubated in the 

dark at 37 °C in 24-well plate. Irradiation was performed with an LED lamp 

(660 ±  24 nm). After the incubation overnight at 37 °C, the number of CFU/mL 

was counted using an automated colony counter òProtoCOL2ó from Synbiosis.  
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4  
RESULTS AND DISCUSSION  

 

4.1 Synthesis of Monomers and Polymers  

There are three methods for the incorporation of Pcs into polymers as pendant 

groups (see Chapter 2.5.4). In this thesis, firstly the desired polymers have been 

tr ied to obtain via post-polymerization modification of the dinitrile substituted 

polymer precursor (Route A). However, since characteristic peaks couldnõt be seen 

in the 1H NMR spectrum of P2, the study has continued with other approach which 

involves the polymerization of  ZnPc-containing monomer (Route B). 

4.1.1 Synthesis of First Series Monomers and Polymers : Route A  

In route A, phthalonitrile derivative M1 was obtained by aromatic nucleophilic 

substitution reaction between 4-nitrophthalonitrile and hydroxy substituted 

oxanorbornene. Phthalonitrile -containing homopolymer P1 was synthesized via 

ROMP, which was carried out in DMF at room temperature using Grubbsõ Catalyst 

(2nd gen). Subsequently, P1 reacted with excess phthalonitrile derivative 4-tert-

butylphthalonitrile  to synthesize polymer P2 (Figure 4.1). Although different 

spectroscopic techniques were approved the formation of desired homopolymer 

P2, unfortunately, it  was not characterized in the 1H NMR spectrum. The typical 

polymer double bond peaks at around 5.7-5.9 ppm have fully disappeared which 

strongly suggests that the polymeric backbone was damaged during the formation 

of Pc ring (Figure 4.6). 

4.1.2 Synthesis of First Series Monomers and Polymers : Route B 

In route B, ZnPc with a phenolic moiety ( 3) was synthesized by statistical reaction 

of 4-(4-hydroxyphenoxy)phthalonitrile ( 1) and 4-tert-butylphthalonitrile ( 2). 

Later, the reaction between the tosylated oxanorbornene derivative 4 and 

unsymmetrical ZnPc 3 resulted in the desired macrocyclic monomer M2 (Figure 

4.2). Homopolymer (P3) and copolymers with different compositions ( P4-P7) 

were obtained by using M2, M3 and M4 monomers (Figure 4.3). Polymerizations 
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of monomers were conducted in DMF:CHCl3 solvent mixture in the presence of 

Grubbsõ Catalyst (2nd gen) at room temperature. 

 

Figure 4. 1  The synthetic route A 

 

Figure 4. 2  The synthetic route B for monomer synthesis 
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Figure 4. 3  The structures of first  series polymers 

4.1.3 Synthesis of Second  Series Monomers and Polymers  

Firstly, PEG substituted phthalonitrile ( 5) was obtained by the reaction of 4-

nitrophthalonitrile with tetraethyleneglycol monomethyl ether. Subsequently, an 

intermediate unsymmetrical and symmetrical ZnPc mixture  was prepared by 

statistical reaction of 4-(4-hydroxyphenoxy) phthalonitrile  (1) and excess amount 

of PEG substituted phthalonitrile (5). Finally, the mixture was used to synthesize 

AB3-type unsymmetrical ZnPc (M5) by reacting with excess tosylated 

oxanorbornene derivative (Figure 4.4). Homopolymer (P8) and copolymers with 

varying compositions (P9-P11) were synthesized by using M5 and M3 (Figure 

4.5).  Polymerizations of monomers were carried out in CHCl3 in the presence of 

Grubbsõ Catalyst (3rd gen) at room temperature.  
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Figure 4. 4  Synthesis of monomer M5 

 

Figure 4. 5  The structures of second series polymers 
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4.2 Characterization of Monomers and Polymers   

The structure of the new compounds characterized by FT-IR, ICP-MS, MALDI-TOF 

MS, UV-vis, NMR and GPC techniques. 

4.2.1 Characterization of First Series Monomers and Polymers  

In the FT-IR spectra of M1 and P1, the presence of the aliphatic C-H stretching 

vibrations at 2958 and 2948 cm-1, the aromatic C-H stretching vibrations at 3060 

and 3077 cm-1, wi th the protection of the -CſN vibration at around 2230 cm -1, 

showed that the monomer M1 was converted to polymer P1 (Figure S1 and S2). 

Meanwhile, in the FT-IR spectrum of P2, the disappearance of the -CſN vibration 

indicated the formation of Pc ring. The UV-vis absorption spectra of P1 and P2 

were recorded in DMF (Figure S4). P2 showed a typical Pc UV-vis absorption 

spectrum with bands at Ḑ349 nm, Ḑ617  and Ḑ681 nm while P1 didnõt show any 

absorption band. Thus, formation of Pc were proved thanks to the comparison 

with spectra. 1H and 13C NMR spectral characterization of compounds were 

achieved in CDCl3 for M1 and DMSO-d6 for P1 and P2 (Figure S5-S8). In the 1H 

and 13C NMR spectra of M1, the characteristic signals of oxanorborneneõs 

hydrogen and carbon atoms appeared at 6.53, 5.23, 2.87 ppm and 176.19, 136.48, 

81.03, 47.39 ppm, respectively. In the 1H NMR spectrum of P1, complete 

conversion was observed by the disappearance of the monomerõs olefin proton 

peaks at 5.0ð6.5 ppm and the appearance of the polymerõs backbone double bond 

protons as cis or trans signals at 5.74ð5.91 ppm. Conversely, these double bond 

protons could not be seen in 1H NMR spectrum of P2. Although we observed the 

formation of Pc moiety at P2 via UV-vis and FT-IR spectroscopy analyses, NMR 

analysis showed that the polymeric backbone was damaged and the target 

polymer P2 could not be successfully obtained (Figure 4.6).  
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Figure 4. 6  1H NMR spectra of M2 and P1-P3 

In the FT-IR spectra, aliphatic C-H bands at around 2864-2955 cm-1 and the 

aromatic C-H bands at 3069 and 3065 cm-1 were both observed for 3 and M2, 

whereas -O-H band at 3250 cm-1 was only seen for M2. In the FT-IR spectra of M2, 

the appearance of the C=O stretching vibrations at 1692 cm-1 and the absence of 

the -O-H band indicated the conversion of 3 to M2 (Figure S9 and S10). In the 

MALDI-TOF MS spectrum of M2, the molecular ion peak was observed at 

1059.066 m/z (Figure S12). The UV-vis spectra of 3 and M2 showed almost the 

same absorption and shape in THF. Their spectra showed a typical Pc Soret band 

at Ḑ349 nm and a Q-band at Ḑ673 nm (Figure S11). The UV-vis spectra of P3, P4, 

P5, P6 and P7 were recorded at the same concentration in DMF and all first series 

polymers showed the same absorption bands approximately at 349, 614 and 680 

nm. The results showed that the Q band absorption value increased in parallel 

with the Pc content. (Figure S19 and S20). 1H and 31P NMR spectral 

characterization of compounds were achieved in CDCl3 for M2 and DMSO-d6 for 
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P3, P4, P5, P6 and P7. In the 1H NMR spectrum of M2, tert-butyl groups were 

assigned at 1.79 ppm. Two peaks at 7.31 and 7.05 ppm showed the presence of 

the phenyl group, while peaks between 9.55 and 7.76 pointed out Pc ring in the  

structure. Moreover, the characteristic signals of oxanorbornene protons appeared 

at 6.50, 5.29, 2.87 ppm (Figure S13). In the 1H NMR spectra of all polymers (P3-

P7), it was seen that the polymerization successfully occurred, monomer peaks 

belong M2, M3 and M4 at 5.0ð6.5 ppm disappeared and double bond protonsõ 

signals representing polymer backbone came out at Ḑ5.92ð5.70 ppm (Figure S21-

S25). 1H NMR spectra of all polymers with the same theoretical molecular weights 

were taken at the same concentration (10.000 g mol-1). It is fact that there is a 

linear correlation between the amount of triphenyl groups in the polymer 

backbone and the signal intensity. The peaks belonging to the triphenyl groups at 

Ḑ7.7 ppm differ according to the polymer composition ( P3-P6). In the 1H NMR 

spectra of P7, two new peaks at 1.10 and 2.28 ppm derived from triethyl  groups 

were seen as expected (Figure 4.7). On the other hand, in the 31P NMR spectra of 

polymers, one peak was observed at 24 ppm for triphenyl groups in P4-P6, at 39 

ppm for tri ethyl groups in P7 (Figure S26). In addition, t he linear correlation for 

the triphenyl signal intensity in the 1H NMR followed the same trend in the 31P 

NMR. 

 

Figure 4. 7  1H NMR spectra of P4-P7 in DMSO-d6 
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4.2.2  Characterization of Second Series Monomers  and  Polymers  

In the FT-IR spectrum of monomer M5, stretching vibrations of aromatic C-H 

(3067 cm-1), aliphatic C-H (2871 cm -1), and C=O (1698 cm -1) appeared at 

expected frequencies (Figure S31). In the MALDI-TOF MS spectrum, [ M] +  and [ M-

furan] +  peaks were observed at m/z  1507.707 and 1439.201 for M5, respectively 

(Figure S33). The UV-vis spectrum of M5 showed a typical Pc Q-band at 682 nm 

and a B-band at 356 nm in THF (Figure S32). UV-vis spectra of polymers P8-P11 

were recorded in DMF at the same concentration. Polymers showed the same 

absorption bands approximately at ~ 350, ~ 615, and ~ 680 nm.  UV-vis spectra 

also showed that the increase in Pc molar ratio in the polymer  structures resulted 

in the rise of the Q-band absorption (Figure S39 and S40). The 1H-NMR spectrum 

of monomer M5 exhibited aromatic protons in the range of 9.16-7.19 ppm, 

integrating 16 protons for M5 as expected. The characteristic peaks of 

oxanorbornene protons appeared at 6.56 (olefin proton), 5.19 (cyclic ether 

proton) and 2.98 ppm. Also, the -OCH2 protons of PEG chains were observed 

between 4.66-3.39 ppm. The rest of the aliphatic CH3 and CH2 protons were 

observed at 3.21, 2.63, 2.36 and 2.01 ppm (Figure S34). The formation of 

polymers was proved with  the appearance of polymer double bond protons peaks 

at around 5.73-5.99 ppm and the disappearance of the olefinic peaks belonging 

to monomers at around 5.19 and 6.56 ppm in the 1H-NMR spectra of P8-P11 and 

these changes are in harmony with the reported values for PONs (Figure S41-S44) 

(Figure 4.8). In the 31P-NMR spectra of copolymers P8-P11, one peak was observed 

at 24 ppm for triphenylphosphonium groups  (Figure S45).  The spectrum showed 

that the peak intensity value increased in parallel with the triphenyl  content. 

Polymers (P8-P11) were analyzed by gel-permeation chromatography (GPC, in 

DMAC). In the GPC elugram, homopolymer and copolymers had a ranging 

polydispersity index (Mw/ Mn) from 1.22 to 1.05. While the target molecular mass 

for polymers P8-P11 was 10,000 g/mol, the calculated masses were significantly 

lower or higher (4213, 4102, 4013, 18695 g/mol, respectively)  (Figure S46-S49). 

ICP-MS technique was also used to determine Zn in copolymers (P8-P11). The 

Zn% in the same amount of copolymers (P8-P11) was found to be 2.39 ± 0.07, 
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1.62 ± 0.05 and 1.15 ± 0.03, respectively. This result is consistent with the ZnPc 

molar ratio in the copolymers. 

 

Figure 4. 8  1H-NMR spectra of M5, M3 and P8-P11 in DMSO-d6 

4.3 Photophysical Studies  

The fluorescence behavior of the first series polymer (P3-P7) was studied in DMSO 

and 5% DMSO-water. Figure 4.9 belongs to absorption, emission and excitation 

spectra of P5 and it represents all polymers. While excitation  values of the 

polymers (P3-P7) are 677 nm, 680 nm, 681 nm, 680 nm, and 682 nm, their  

absorption wavelength were determined at 677 nm, 678 nm, 679 nm, 678 nm, 

and 679 nm, respectively, in DMSO. While the absorption and excitation spectra 
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of P3 are the same, which means all fluorescence features result from a single 

molecule, the excitation spectrum of compounds P4-P7 is slightly red-shifted up 

to 3 nm (Figure 4.9). In addition, the observed Stokes shifts were 6 nm for P3, 10 

nm for P4, 10 nm for P5, 3 nm for P6, and 6 nm for P7. The fluorescence quantum 

yield (ɮF) is the number of the transform of absorbed light into radiated light.  To 

obtain the fluorescence quantum yields of the polymers, unsubstituted ZnPc and 

the comparative method were used [100] . The fluorescence quantum yields (ɮF) 

of first series polymers (P3-P7) were measured in DMSO and 5% DMSO-water. 

The ɮF values were found in DMSO 0.033 for P3 and 0.032 for P4, 0.059 for P5, 

0.047 for P6 and 0.032 for P7. All polymers (P3-P7) showed weaker fluorescence 

quantum yield than standard in DMSO. In aqueous media, copolymers (P4-P7) 

didnõt show fluorescent behavior. The fluorescence spectra for these polymers 

were not observed since the water increased the aggregation which lead to 

decrease the photoactivity of compounds [101] . Fluorescence lifetime values (ʐF) 

express the time that the absorbed photon spends in the excited state before going 

back to the ground state. The lifetime values of the studied polymers were 

determined as 2.97 ns for P3, 2.76 ns for P4, 2.71 ns for P5, 2.84 ns for P6 and 

2.71 ns for P7 in DMSO by TCSPC (time correlated single photon counting) 

method (Table 4.1). Figure 4.10 represent the fluorescence decay curve of P3 in 

DMSO. 

 

Figure 4. 9  Absorption, excitation and emission spectra of P5 (excitation 

wavelength: 617 nm) 
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Figure 4. 10  Fluorescence decay (blue), ʔ2 ýtting (black) and IRF (green) 

curves for P3 in DMSO 

The fluorescence behaviour of the second series polymers (P8-P11) were studied 

in DMF and water. In fluorescence measurements in DMF, an increase in ZnPc 

content clearly correlates with the emission intensity, while the emission intensity 

of P11 is significantly higher in aqueous media, indicating the role of 

monomerization in improving photophysical properties. Nevertheless, quenching 

of fluorescence in aqueous solutions for all polymers studied here further supports 

the presence of exciton coupling associated with Pc aggregation.  

The fluorescence quantum yields for P9-P11 determined in DMF at room 

temperature ranged from 0.11 to 0.39, while quantum yields in water were < 

0.01 (Table 4.2). Moreover, aggregation study of the second series polymers (P8-

P11) was carried out. In DMF, all compounds showed strong and sharp absorption 

maxima at about 680 nm associated with the S0-S1 transition of the monomeric 

ZnPc core (Figure 4.11a). Interesting insights arise from the comparison of the 

UV-vis spectra of the obtained copolymers in water. ZnPc residue tends to 

aggregate in an aqueous solution, leading to a decrease in the overall absorption 

coefficient and an increase in the peak characteristic of the formation of inactive 

H-aggregates. As could be seen from Figure 4.11b a blue-shifted peak at ca. 630 
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nm appears in the UV-vis spectra of all copolymers. A comparison of the individual 

components clearly shows that P11 contains less PS, but it is present in a markedly 

non-aggregated form. Increasing the ZnPc content in the polymer leads to 

increased aggregate formation. It can be derived that the relatively large and 

positively charged TPP units not only increase the solubility of the polymers in 

water but also interfere with the stacking of the ZnPc macrocycle. 

 

Figure 4. 11  (a),(b) UV-vis spectra (c),(d) fluorescence spectra of copolymers 

(P9-P11) in DMF and H2O (concentration: 10 ʈg/mL)  



67 

4.4 Singlet Oxygen Quantum Yields ( ɮD)  

The success of the photodynamic process is dependent on the generation of highly 

reactive and cytotoxic singlet oxygen (1O2).
 Singlet oxygen quantum yield (ɮD) 

reflects the ability of the PSs to transform the molecular oxygen into singlet 

oxygen [102, 103] . The measurement of 1O2 of the first series polymers was 

performed using the UV-vis spectroscopic method. While DPBF and ADMA were 

utilized  as singlet oxygen quenchers, unsubstituted ZnPc and AlPcSmix were used 

as standard in DMSO and 5% DMSO-water, respectively. Figure 4.12 belongs to 

the absorbance changes of quenchers for compound P5 and represents the singlet 

oxygen generation for all the first series polymers. The intensities and shapes of 

the Q bands did not show any changes and this is indicating that the PSs did not 

degrade during the singlet oxygen studies by the light irradiation [104 -107] . 

While P3 displayed the lowest singlet oxygen generation (ɮD = 0.09), P5 and P7 

have the highest values (ɮD=0.22, 0.41)  in DMSO. It seems that the introduction 

of the cationic charge on the copolymers gave rise to more singlet oxygen 

production [108] . The lowest value in 5% DMSO-water arises from the 

aggregation tendency of copolymers (P4-P7) and the quenching of singlet oxygen 

in water (Table 4.1). 

The measurement of 1O2 of second series polymers was performed using the UV-

vis spectroscopic method and fluorescence spectroscopy method. While DPBF and 

ADMA were utilized as singlet oxygen quenchers, unsubstituted ZnPc and 

methylene blue were used as standard in DMF and water, respectively [109, 110] . 

Figure 4.13a and S50 show the degradation rate of DPBF upon irradiation in the 

presence of polymers and reference ZnPc in the time range of 0-45 s. The results 

show that P11 has the highest value of singlet oxygen generation FD = 0.80 

despite the lower amount of ZnPc in the structure, while FD of P9 and P10 can 

also be considered very high with values of 0.36 and 0.46, respectively, in DMF. 

P8 appears to have a lower singlet oxygen production efficiency, although it is 

completely soluble in DMF, and the amount of ZnPc is comparable with P9.  
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Figure 4. 12  Determination of singlet oxygen quantum yield of P5 (a) in DMSO 

using DPBF (b) in 5% DMSO-water using ADMA  

These differences are even more pronounced in water, where the aggregation 

tendency has considerable influence. As shown in Figure 4.13b and S51, the 

fluorescence emission intensity of ADMA incubated with copolymers P9-P11 

continuously decreased with increasing duration of red light irradiation,  the P10 

and P11 copolymers with the values of 0.74 and 0.93 showed much higher ADMA 

degradation rates than the commercially available methylene blue (FD = 0.52), 
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while the 1O2 yield for P9 with 0.45 was slightly lower. Singlet oxygen generation 

was even almost completely quenched in the case of the homopolymer P8. A 

comparison of the obtained values with the results of first series clearly shows that 

not only the amount but also the bulk of  the positively charged groups as well as 

presence of PEG chains on ZnPc contributes to the disaggregation of PS and 

increase the efficiency of the polymers in generating ROS (Table 4.2). 

 

Figure 4. 13  (a) Decay curves of DPBF (b) Decay curves of ADMA in presence 

of corresponding PSs 

4.5 Triplet Quantum Yield ( ɮT) and Lifetimes ( ʐT)  

The determination of triplet quantum yield (ɮT) and its lifetime (ʐT)  during the 

photochemical reactions play significant role in the photodynamic process because 

the generation of singlet oxygen takes place triplet excited state. The triplet 

quantum yield (ɮT) and triplet lifetimes values of the first series polymers (P3-P7) 

were measured using unsubstituted ZnPc and comparative method in DMSO 

[104] . The copolymers (P4-P7) displayed lower triplet quantum yield ( ɮT) (0.31, 

0.35, 0.29, and 0.50) than homopolymer (P3) (0.89). The highest values belong 

to P5 and P7 between copolymers and these results are compatible with the singlet 

oxygen quantum yields. On the other hand, triplet lifetime  values express the time 

that the PS spends in the triplet excited state and these values are directly 

proportional to the triplet quantum yield s [111] . The triplet lifetime  values of first 

series polymers have ranged from 87 to 183 ʈs (Table 4.1). Triplet decay curve of 

P3 is seen in Figure 4.14 and represents all first series polymers. 
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Table 4. 1  Photodynamic parameters of P3-P7 in DMSO and 5% DMSO-water 

PS Solvent  Abs.  Exc.  Em.  ɮF 

Stokes 
shift  

DStokes , 
nm  

ɮD 
ʐF 

(ns)  
ɮT 

ʐT 

(ms)  

P3 DMSO 677 677 683 0.033 6 0.09 2.9 0.89 183 

P4 DMSO 678 680 690 0.032 10 0.25 2.7 0.31 119 

P4 H2O 637 - - <0.01  - 0.06 - - - 

P5 DMSO 679 681 691 0.059 10 0.29 2.7 0.35 120 

P5 H2O 636 - - <0.01  - 0.09 - - - 

P6 DMSO 678 680 683 0.047 3 0.22 2.8 0.29 87 

P6 H2O 638 - - <0.01  - 0.04 - - - 

P7 DMSO 679 682 688 0.032 6 0.41 2.7 0.50 130 

P7 H2O 636 - - <0.01  - 0.16  - - 

Table 4. 2  Photodynamic parameters of P8-P11 in DMF and Water 

PS Solvent  ʇabs /nm  ʇem /nm  ɮF ± 0.02 [a]  ɮD ± 0.03 [a]  

P8 DMF 355, 628, 695 694 0.02 0.28 

P8 H2O 347, 637, 687 n.d. <  0.01 0.04 

P9 DMF 356, 612, 680 694 0.39 0.36 

P9 H2O 343, 631, 684 704 < 0.01  0.45 

P10  DMF 357, 612, 680 694 0.14 0.46 

P10  H2O 344, 636, 684 705 < 0.01  0.74 

P11  DMF 357, 612, 680 694 0.11 0.80 

P11  H2O 346, 637, 687 705 < 0.01  0.93 
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Figure 4. 14  Triplet absorption decay (black) and fitting (red) curve for P3 in 

DMSO 

4.6 Antimicrobial Photodynamic Activities in the Planktonic Phase  

The photobactericidal activity  of first series polymers (P3-P7) was investigated 

against gram-positive S. aureus and gram-negative E. coli. Figure 4.15 represents 

the survival percentage of S. aureus and E. coli in the presence of polymers (P4-

P7). P3 did not show considerable activity against the studied bacteria cells 

because of the highly hydrophobic structure of the compound preventing make it 

soluble in studied media and affecting the penetration ability  of it  into the cell 

wall and membrane [112] . P5 which has 1:2 ZnPc and triphenylphosphonium 

moiety in the backbone showed the highest activity against S. aureus and E. coli 

after irradiation for 20 min intervals up to 80 min with the log reduction value of 

9.67 against S. aureus and 10.42 against E. coli. (Table 4.3).  Introducing lower 

triphenyl phosphonium units in the backbone (P4 and P6) resulted in drops in 

activity against both types of bacteria. The activity of the first series polymers was 

in the order P5> P4> P6 and it follow s the overall cationic units. While copolymer 

P5 showed complete loss of S. aureus and E. coli with a concentration of 1 µg/mL 

and 10 µg/mL after 80 min irradiation, the S. aureus cell viability reduced to 

0.12% with P4, and 0.72% for P6. The E. coli cell viability reduced to 1.9% with 

P4, and 6.21% with P6. It can be concluded that the presence of 

triphenylphoshonium based cationic polyelectrolyte units activate the action 
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through the Ù-Ù and rigid aromatic functional groups with the negatively charged 

bacteria cell membrane. Further to confirm this hypothesis, triethylphosphonium 

and ZnPc based copolymer (P7) with the same molecular weight and ratio of each 

repeating unit was synthesized and compared to P5. Surprisingly, P7 indicated the 

complete loss of S. aureus cells under light condition like P5, however killing 

efficiency against E. coli was low (52.25%).  These results showed that aromatic 

phosphonium side chains in P5 provided better antimicrobial activity compared to 

alkyl phosphonium side chains in P7 which is in agreement with previous studies. 

 

Figure 4. 15  Antimicrobial activities of copolymers (P4-P7) (a)  against S. 

aureus (b) against E. coli 
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Table 4. 3  Log reduction and percentage cell survival (% survival) values of S. 

aureus and E. coli after 80 min irradiation in the presence of first series polymers 

(P3-P7) 

Polymers 

S. aureus E. coli 

Conc. 

(mg/mL ) 

Log reduction 
Cell Survival 

(%)  Conc. 

(mg/mL ) 

Log reduction 
Cell Survival  

(%)  

D L D L D L D L 

P4 10 0.88 2.92 13,35 0,12 100 0.19 1.72 65.15 1.92 

P5 1 2.02 9.67 0.97 0 10 0.32 10.42 47.72 0 

P6 20 1.37 2.14 4.30 0.72 200 0.63 1.21 23.6 6.21 

P7 2.5 1.22 9.67 6.05 0 25 0.13 0.29 74.81 52.27 

The photobactericidal activity of  the second series polymers (P8-P11) was 

investigated against gram-positive B. subtilis and gram-negative E. coli. Bacteria 

were incubated with different amounts of the polymers pre-dissolved in DMSO 

and diluted with water (< 0.1% final concentration of DMSO and 1 -10 mg/mL P8-

P11) and then irradi ated with red light or kept in the dark for the same duration.  

Cells were irradiated with a very low light intensity of 10 mW/cm 2, corresponding 

to a total light dose of 18 J/cm 2 (Figure 4.16).  P11 showed complete inactivation 

of B. subtilis at a concentration of 10 mg/mL and enhanced activity even at a lower 

concentration with a log 10 reduction value of 5.3 and 3.3 for 5 and 1 mg/mL, 

respectively, while polymer P10 with higher content of ZnPc gave log10 reduction 

values of 6.8, 4.1 and 1.1 for 10, 5 and 1 mg/mL final concentrations, respectively. 

A significantly lower effect was observed for P9 (2.4 at 10 mg/mL), while P8 was 

found to be inactive. The highest activity against E. coli was obtained with P10 

and P11 at a concentration of 10 mg/mL, achieving a reduction of 5.7 and 4.2 

log10, respectively. These results clearly indicate that the increased activity  of the 

polymers is due to the generation of ROS. The higher activity of P11 and P10 in 

the presence of light compared to P9 and P8 supports the idea of better binding 

of these polymers to bacteria due to the higher number of positive charges present 
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in the structure, leading also to activity  in the dark.  The presence of a larger 

number of bulky and charged TPPs as well as the presence of PEG chains on the 

Pc macrocycle also contributes to ZnPc being in a more monomeric form and 

generating more singlet oxygen. 

 

Figure 4. 16  (a) Viability of B. subtilis (b)  Viability of E. coli in dark and after 

irradiation in the presence of P8-P11. Overall light dose 18 J/cm2 

4.7 Antimicrobial Photodynamic Activities in Biofilms  

As many as 65% of infectious diseases in humans are estimated to be caused by 

biofilms  [113]  that are characterized by rapidly evolving resistance to available 

antibacterial agents and are extremely difficult to treat  [114] . This is due to the 

ability of bacteria to form densely packed, multicellular communities encapsulated 

in extracellular polymeric substances (EPS) that protect them from ambient 

environmental stresses leading to increased resistance to known antibacterial 
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agents [115] . Therefore, new strategies for the effective elimination of biofilms 

are urgently needed. The cationic photoactive polymers not only bind efficiently 

to bacteria, improving the efficacy of the photodynamic effect but also have the 

potential to increase the effectiveness of the PS in penetrating and eliminating 

bacterial biofilms [116] . 

The viability of bacteria in the biofilm was investiga ted using the 2,3-bis (2-

methoxy-4-nitro -5-sulfophenyl)-5-[(phenylamino) carbonyl] - 2H-tetrazolium 

hydroxide (XTT) assay, which measures the reduction of water-soluble formazan 

in viable cells. The results allow read-out of the absorbance measurement to be 

made straight away, which makes the method efficient and quite easy to use 

[117] . To test the destructive effect of the second series polymers (P8-P11) on 

biofilms, a corresponding amount of polymer (1 - 50 mg/mL) was incubated with 

72 hours grown biomass of B. subtilis or E. coli and irradiated using the same 

irradiation scheme as for planktonic cultures (30 minutes, total light dose 18 

J/cm 2). Remarkable activity in reducing the viability of bacteria in biofilms was 

observed for P10 and P11. The viability of bacteria in B. subtilis biofilms is reduced 

by 78% and 88% after treatment with 50 mg/mL of P10 and P11, respectively. The 

reduction in viability of E. coli in biofilms using the same concentration was even 

higher - 91% and 90% for P10 and P11, respectively. It is worth noting that to 

achieve higher values for bacteria viability reduction in biofilms, higher 

concentrated polymer solutions were used. While P10 and P11 at 10 mg /mL were 

found to be sufficient to achieve an antibacterial effect in planktonic cultures, at 

this concentration the viability of B. subtilis in the biofilm was reduced by about 

33% and 44%, and for E. coli by 68% and 62%, respectively (Figure 4.17). The 

contrasting inactivation profiles for gram -positive and gram-negative bacteria in 

planktonic culture and biofilm may be related to the ability of B. subtilis to form a 

more robust biofilm than E. coli. 
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Figure 4. 17  (a) Viability of B. subtilis (b)  Viability of  E. coli in biofilms  

4.8 Bacteria Imaging Studies  

The polymer-bacteria interaction of P5 on S. aureus was confirmed by SEM. In 

Figure 4.18a, we can see the characteristic grape shape of S. aureus because of 

applying subMIC concentration. At a concentration of MIC value (Figure 4.18b), 

significant morphological changes were clearly seen and it has been observed that 

bacteria damage especially at the supraMIC concentration. (Figure 4.18c). 

The SYTO9-PI live/dead assay was used concomitantly to qualitatively assess cell 

viability after incubation with the second series polymers (P8-P11) at 10 mg/mL 

concentration and under irradiation. While SYTO9 can stain the nucleic acid of 

live and dead gram-positive and gram-negative bacteria, PI only labels dead cells, 

owing to the ability of this dye to penetrate the cell membrane of dead cells but 

being excluded from live cells. As shown in Figure 4.19 and 4.20, the P10 and P11 

treatment groups had a large amount of red-stained dead cells. In groups P9 and 
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P8, there were almost no dead bacterial cells. This result is consistent with the 

results of the colony counting method. Overall, these results confirmed that P10 

and P11 are promising PSs with excellent antibacterial properties.  

 

Figure 4. 18  SEM micrographs of (a) S. aureus untreated (b) S. aureus treated 

by P5 at MIC value (c) S. aureus treated by P5 at supra-MIC value 
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Figure 4. 19  Fluorescence microscopy images of Live/Dead stained B. subtilis 

after incubation with 10  mg/mL of corresponding polymers and irradiation with 

red light of 18 J/cm 2 doses 

 

Figure 4. 20  Fluorescence microscopy images of Live/Dead stained E. coli after 

incubation with 10  mg/mL of corresponding polymers and irradiation with red 

light of 18 J/cm 2 doses 
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4.9 Conclusion  

In this thesis, ZnPc-PON conjugates with varying compositions were synthesized 

by ROMP in order to study their  photophysical, photochemical and aPDT 

activities. In the first section, homopolimer and copolymers containing ZnPc with 

hydrophobic tert-butyl groups and cationic phosphonium groups were synthesized 

and characterized. The photophysicochemical studies showed that P5 and P7 

containing mostly triphenyl units  in their backbone have the highest singlet 

oxygen quantum and triplet quantum yield values. In addition, it seemed that the 

same increase in the amount of cationic triphenylphosphonium moiety in the 

copolymers lead to higher antibacterial activity.  P5 exhibited the highest activity 

against S. aureus and E. coli. On the other hand, enhanced biocidal activity  was 

achieved with P5 and P7 under irradi ation. while P5 accomplished complete 

inactivation of S. aureus and E. coli at 1 µg/mL and 10 µg/mL respectively, P7 had 

the same success S. aureus at 2.5 µg/mL. In the second section, the synthesis and 

characterization of the homopolymer and copolymers bearing ZnPc with PEG 

groups and cationic phosphonium groups were carried out. The 

photophysicochemical measurements indicated that rather than the amount of PS 

in the polymer chain, the proper balance between the cationic TPP and ZnPc with 

PEG units played a crucial role in the huge increase in singlet oxygen quantum 

yield reaching 0.93 in water. Furthermore, these values showed themselves in 

biocidal activity, and excellent results were obtained with polymers where the 

ratio between ZnPc and TPP units was 1:1 (P10) or 1:2 ( P11). Especially, P11 

achieved complete inactivation of B. subtilis at 10 µg/mL irradiated with very low 

light intensity . It is clearly seen that the synergistic effect of ZnPc-triphenyl 

phosphonium-based copolymers caused complete damage of bacterial strain with 

multifunctional interaction;  electrostatic interaction, hydrophobic interaction and 

formation of  ROS.  
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A 
SPECTRA 

 

Figure A.1 Infrared spectrum of compound M1  

 

Figure A.2 Infrared spectrum of compound P1  
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Figure A.3 Infrared spectrum of compound P2 

 

Figure A.4 UV-vis spectra of compound P1 and P2 at the same concentration in 

DMF 
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Figure A.5 1H NMR spectrum of compound M1 in CDCl3  

 

Figure A.6 13C NMR spectrum of compound M1 in CDCl3  
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Figure A.7  1H NMR spectrum of compound P1 in DMSO-d6 

 

Figure A.8 1H NMR spectrum of compound P2 in DMSO-d6 
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Figure A.9 Infrared spectrum of compound 3 

  

Figure A.10  Infrared spectrum of compound M2 
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Figure A.11  UV-vis spectra of compound 3 and M2 at the same concentration 

in THF 

  

Figure A.12  MALDI-TOF MS spectrum of compound M2 (matrix: ɻ-cyano-4-

hydroxycinnamic acid) 
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Figure A.13  1H NMR spectrum of compound M2 in CDCl3 + a few drops 

DMSO-d6 

 

Figure A.14  Infrared spectrum of compound P3 



97 

 

Figure A.15  Infrared spectrum of compound P4 

 

Figure A.16  Infrared spectrum of compound P5 
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Figure A.17  Infrared spectrum of compound P6 

 

Figure A.18  Infrared spectrum of compound P7 








































