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SUMMARY 

 

 
In the present thesis, styrene based polymers bearing different fluorescence 

active functional groups were synthesized and employed for the preparation of 

electrospun nanofibers. This research methodology is empirical and consists of four 

chapters based different types of fluorescent groups; i) pyrene functional, ii) dansyl-

functional, iii) porphyrin-functional, and iv) coumarin-functional styrene 

copolymers.  

For this purpose, in the first step, styrene copolymers with chloromethyl side 

groups were synthesized via nitroxide mediated radical polymerization method, 

which is a well-known controlled polymerization method, using styrene and 

vinylbenzyl chloride as monomers. In the second step, the obtained polymers with 

the chloride side groups were converted into azide by treating sodium azide. In the 

final step, azide side groups of the styrene polymers were converted into pyrene, 

dansyl, and porphyrin using copper(I)-catalyzed azide alkyne cycloaddition 

(CuAAC) click chemistry technique. Additionally, the chloride side groups of the 

styrene copolymer were converted into coumarin via etherification reaction. The 

obtained functional styrene copolymers with different fluorescent groups were 

employed in the production of nanofibers via electrospinning method. These 

functional nanofibers, depending on their fluorescence active functional groups, are 

thought to have potentials to be used in optic chemical sensors, electrochromic 

fibers, and ultrafiltration. 

 

 

 

 

 

 

 

 

 

Key Words: Styrene, Vinylbenzyl Chloride, Click Chemistry, Functional 

Polymers, Electrospinning, Nanofiber. 
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ÖZET 

 

 
Bu tez çalışması dört bölümden oluşmakta ve her bölüm floresans özellikte 

farklı moleküle (piren, dansil, porfirin ve kumarin) sahip stiren kopolimerlerin 

sentezini ve elektroeğirme yöntemi ile bu kopolimerlerin nanofiberlerinin 

hazırlanmasını içermektedir. Bu kapsamda sentezlenen polimerler; piren yan 

gruplarına sahip stiren polimeri, dansil yan gruplarına sahip stiren polimeri, porfirin 

yan gruplarına sahip stiren polimeri ve kumarin yan gruplarına sahip stiren 

polimeridir. 

Bu amaçla öncelikle stiren ve vinilbenzil klorür monomerleri kullanılarak 

kontrollü bir polimerleşme yöntemi olan nitroksi ortamlı radikalik polimerleşme 

yöntemi ile klorür yan gruplarına sahip polistiren sentezlendi. Sonra, elde edilen 

polimerlerin klorür yan grupları sodyum azidür ile azidür gruplarına dönüştürüldü. 

Son adımda ise azidür yan gruplarına sahip stiren polimerleri oldukça etkili bir 

fonksiyonlandırma yöntemi olan bakır(I) katalizörlü azid-alkin siklo-katılma 

(CuAAC) click tepkimesi kullanılarak piren, dansil ve porfirin grupları ile 

fonksiyonlandırılırken, eterleştirme reaksiyonu ile klorürür yan gruplarına sahip 

stiren polimerleri kumarin ile fonksiyonlandırıldı. Elde edilen farklı fonksiyonel 

gruplara sahip bu stiren polimerleri elektroeğirme yöntemi ile nanofiber üretiminde 

kullanıldı. Bu tez kapsamında hazırlanan elektroeğirilmiş polistiren nanofiberlerinin 

sahip oldukları foksiyonel gruplara bağlı olarak optik kimyasal sensör, elektrokromik 

lif üretimi ve ultrafiltrasyon alanlarında kullanım potansiyeline sahip olacakları 

düşünülmektedir.  

 

 

 

 

 

 

 

 

Anahtar Kelimeler: Stiren, Vinilbenzil Klorür, Click Kimyası, Fonksiyonel 

Polimerler, Elektroeğirme, Nanofiber. 
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1. INTRODUCTION 
 

Nanofibers have generated increasing research interest in recent years. As 

an important nanomaterial, nanofibers have great specific surface area due to their 

very small diameter sizes. Therefore, nanofibers have superior physical (hardness, 

tensile strength etc.) and chemical (number of functional groups per unit surface 

area) properties compared to ordinary polymer fibers [1]. Besides these unique 

merits, nanofibers have a potential to be used in a variety of fields requiring 

materials with unexcelled properties, since polymers can have very different 

functional groups and can be loaded with various materials. 

A number of processing methods such as, chemical synthesis [2-4], 

nanolithography [5-6], electrospinning [7-10], and physical drawing [11-17] have 

been developed for the preparation of polymer nanofibers. Among these methods, 

electrospinning is the most currently used fabrication method with its high 

production rate and low cost [10,18]. In this method, polymer solutions or melts 

are exposed to high-voltage electric fields between a metallic needle and a 

conductive collector and drawn into fibers from micron to several nanometer 

diameters [19]. This method can be applied to a broad range of polymers that can 

be dissolved or melted. The method may seem as a simple and straightforward 

method, but in fact it is a very complicated procedure and depends on various 

molecular, process and technical parameters that must be tackled carefully. The 

most prominent advantage of electrospinning is that a variety of non-fiber forming 

materials can be incorporated into nanofiber nonwovens. Besides, very sensitive 

biological entities, like virus, bacteria and cell, can be immobilized into nanofiber 

materials. Electrospun nanofibers can be employed in a variety of applications 

depending on the functional groups they have. Fiber diameters have a great 

influence on the effectiveness of nanofibers. Thin and defect-free fibers are 

required to increase the effectiveness of nanofibers. 

Many natural and synthetic polymer nanofibers were obtained by 

electrospinning method, including, acrylate [20] and methacrylate polymers 

[21,22], vinyl polymers [23,24], polystyrene (PS) [25], polyamide (PA) [26,27], 

polyurethane (PU) [28,29], polyesters [30-32], polybenzimidazole [33], 

polycarbonate [34], polyethylene glycol [35,36], polyaniline [37], natural 

polymers [38-42] and their composites [43-44]. In addition, various 
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nanomaterials, pigments, and materials having various functional groups were 

added to polymer solutions and used in the production of composite nanofibers 

[45]. 

Amorphous polystyrene is transparent and stiff material with a high 

electrical resistance and low dielectric loss. It is one of the most widely employed 

commodity polymer in a variety of applications, such as packaging, insulation, 

and filtration. Many studies have been conducted on the preparation of 

electrospun nanofibers from polystyrene and their applications, depending on the 

functional groups they have. 

Polymer nanofibers can be used in a wide range of applications like 

filtermaterials [46,47], wound dressing materials, nano-composites, non-woven 

fabrics, tissue engineering, ultrafiltration, ion exchange, enzyme immobilization, 

optic chemical sensors, catalysis immobilization, electromagnetic interference 

(EMI) shielding, electrochromic fibers [48], and many others.  

Nanofibers with fluorescence characteristics are preferred in optical 

chemical sensor applications due to the high surface area, high sensitivity and fast 

responses of fluorescence sensors [49]. It is known that the pyrene, dansyl, 

porphyrin, and coumarin fluorescence structures react with some chemicals in the 

solution medium or in air by suppressing the fluorescence activity or changing the 

fluorescence properties. In addition, nanofibers increase the sensitivity of the 

added sensor molecules and reduce the response time due to their high surface 

area and porous structure. 

Tao and his friends performed a work on electrospun silica nanofibers 

modified with porphyrin to detect the TNT in vapor [50]. Wand and coworkers 

obtained a PS fluorogenic nanofibrous sensing material from polystyrene/pyrene 

blends to detect the buried explosives [51]. Hua et al. fabricated electrospun 

polyacrylonitrile nanofibers coated with pyrene to detect the TNT based on 

fluorescence quenching mechanism [52]. 

In this thesis, pyrene, dansyl, porphyrin, and coumarin functional styrene 

copolymers were synthesized using Nitroxide Mediated Radical Polymerization 

(NMP) and copper(I)-catalyzed azide alkyne cycloaddition (CuAAC) “click” 

chemistry techniques. The obtained styrene polymers were employed in the 

production of nanofibers via electrospinning method. The chemical structures of 

the synthesized polymers were investigated via 1H NMR and FT-IR spectroscopic 
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methods. Average molecular weights of the synthesized polymers and 

polydispersity indices were determined via gel permeation chromatography (GPC) 

and also synthesized monomers have been analytically characterized by mass 

spectrometry. Morphological and structural characterizations of the nanofibers 

were performed via scanning electron microscope (SEM). Thermal properties of 

the polymers were studied via differential scanning calorimetry (DSC) and 

thermogravimetric analysis (TGA). Fluorescence measurements of the 

fluorescence-active nanofibers were conducted using fluorescence 

spectrophotometer. 
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2. THEORETICAL PART 
 

2.1. Nanofibers 
 

National Science Foundation (NSF) and fiber science related literature, 

defines the term nanofibers as fibers having at least one dimension of 100 

nanometer (nm) or less, but generally nanofibers are considered as having a 

diameter of less than one micron according to nonwoven industry [53]. 

  

2.1.1. Nanofiber Structure and Properties  
 

Nanofbers have different commercial applications due to their properties 

such as high surface area, high porosity, and tight pore sizes [54]. Figure 2.1 

shows how much smaller nanofibers are compared to a human hair, which is 50-

150 µm and the size of a pollen particle compared to nanofibers [55].  

 

 
a) 

 
b) 

 

Figure 2.1: Comparison between a) human hair, nanofiber web and b) entrapped 

pollen spore on nanofiber web. 

 

2.1.2. Nanofiber Production Methods 
 

There are various methods for nanofibers production; such as drawing, 

phase separation, template synthesis, self assembly, and electrospinning, which 

have explained in the following sections.  

 

 

 



   

 5 

2.1.2.1. Drawing Method 
 

In this method, it is worked with a small micrometer radius micropipette. A 

micropipette (a device for the precise process under a microscope) with the help 

of a micro-manipulator is immersed in the line in contact with the surface of the 

polymer solution and micro-pipette is withdrawn from the liquid at a constant 

speed. In this way, fibers are collected on the surface (Figure 2.2) [56]. 

Drawing method requires little equipment, but due to lack of continuity of 

the process is disadvantageous in terms of practical applications. In addition, 

fibers can not be obtained below 100 nm and also diameter of nanofibers can not 

be controlled. 

 

 
           a)                                           b)                                          c) 

 

Figure 2.2: The preparation of fibers by the drawing method. (a) a millimeter drop 

of polymer solution is applied on the substrate material, b) micropipette moves 

down toward the edge of the drop, c) there is contact and the fiber is to pull out of 

polymer droplet by drawing back of micropipette. 

 

2.1.2.2. Phase Separation Method 
 

Nanofibers by phase separation method are produced on the basis of 

thermodynamic separation of two liquid phases. A schematic representation of 

phase separation is shown in Figure 2.3 [57]. This method generally takes place in 

five stages, respectively [58].  

 

i) Dissolution of the polymer 

ii) Gelation 

iii) Solvent extraction 

iv) Freezing 

v) Freeze-drying 
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Figure 2.3: Fiber production with the phase separation method. 

 

The polymer type, solvent, concentration, phase separation temperature, 

cooling and heating stages are important parameters. This method is a time 

consuming and complicated method. Controlling the fiber diameter is both very 

difficult and also this method is available only for certain polymers [53].  

 

2.1.2.3. Template Synthesis Method 
 

In this method, nanofibers are produced through nano-porous membranes 

(Figure 2.4) [57]. This specific membranes with 5-50 mm thickness have 

cylindrical porous structures. Nano cylinders, nanotubes, and nanofibers are 

obtained depending on the material and chemical structures of the pores [59]. The 

length of the produced nanofibers can be controlled by the use of alumina molds. 
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Figure 2.4: Schematic representation of the template synthesis method. 

 

2.1.2.4. Self Assembly Method 
 

In self assembly method, atoms or molecules are arranged in specific order 

spontaneously by hydrogen bonding, hydrophobic forces and weak and non-

covalent interactions such as electrostatic attraction [60]. The self-assembly of a 

dendritic dipeptide is schematically illustrated in Figure 2.5 [61]. This method is 

complicated, required longer time and has a low production capacity.   
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Figure 2.5: Self assembly of a dendritic dipeptide into helical pores (a-d). 

 

2.1.2.5. Electrospinning Method 
 

Electrospinning is also known as electrostatic spinning. The scientific basis 

of this method based on the search of Lord Rayleigh in 1882 about how much 

electrical charge is needed to overcome the surface tension of a drop [62]. The 

first important patent on the electrospinning of plastics was taken by Anton 

Formhals in 1934 [63]. Despite these operational procedures it has not gained 

enough commercial importance for a long time. In 1970, Simm and his colleagues 

patented the production of fibers having a diameter less than 1 mm [64]. 

Electrospun fibers found their first commercial applications in the filter 

applications. The interest in this field began to grow in the 1990s with the work of 

Reneker group [65]. 

Electrospinning method is suitable to put materials together with different 

functional groups for different applications and different settings. Many natural 

and synthetic polymer nanofibers have been prepared by electrospinning method. 
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Among them, acrylate [66] and methacrylate polymers [67], vinylic polymers 

[68], polystyrene [69], polyamide [70], polyurethane [71], polyesters [72,73], 

polybenzimidazole [74], polycarbonate [75], polyethyleneglycol [76], polyaniline 

[77], natural polymers [78, 79] and composites [80] have been widely studied. In 

addition, numerous nanomaterials, pigments and many materials having 

functional groups are used in the production of composite nanofibers by adding to 

the polymer solution [81]. 

Electrospinning is the most advantageous method for the production of 

nanofibers when compared with other methods. It is cheap and fast method that 

can be applied most effectively and easily. Applying a high potential voltage to 

the liquid polymer solution, fibers in the nanoscale are obtained. Advantages and 

disadvantages of nanofiber production methods are summarized in Table 2.1 

[56,82,83].  
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Table 2.1: Comparison of nanofiber production methods. 

 

Method Advantages Limitations  Fiber 

diameter 

Fiber 

size 

Drawing • Minimum 

equipment is 

required.  

• Discontinuous 

process. 

2-100 nm  10 

micron  

Template 

synthesis 
• Different fiber 

diameters  

• Fiber size 

arrangement is 

limited  

100 nm  10 

micron  

Phase 

separation 
• Tailorable 

mechanical 

properties, pore 

size and 

interconnectivit

y 

• Batch-to-batch 

consistency 

• Minimum 

equipment is 

required. 

• Low yield 

• Matrix directly 

fabricated 

• Limited to a 

few polymers 

50-500 nm  Porous 

structure  

Self 

assembly 
• Achieves fiber 

diameters on 

lowest scale  

• Only short 

fibers can be 

created. 

• Low yield. 

• Matrix directly 

fabricated. 

• Limited to a 

few polymers. 

7-100 nm  1-20 

micron  

Electro-

spinning  
• Low cost   

• Continuous 

production 

capability 

• Nano-size fibers 

(high 

surface/volume) 

• Production of 

aligned 

nanofibers  

• Tailorable 

mechanical 

properties 

• Large 

nanometer to 

micron scale 

fiber 

• Use of organic 

solvents 

• No control 

over 3D pore 

structure 

3-1000 nm  Different 

sizes (m)  

 

2.2. Nanofiber Production with Electrospinning Method 
 

The experimental setup for electrospinning method (Figure 2.6) basically 

consists of three parts [84]. 
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i) High voltage power supply, 

ii) Supply unit (syringe, metal needle etc.), 

iii) Grounded collector surface (conductive plate, rotating cylinder etc.). 

 

 
 

Figure 2.6: Schematic illustration of electrospining method. 

 

In the process of electrospinning, the polymer solution is charged with 

electricity and a magnetic field is generated between two electrodes through high 

voltage at kV level. Prior to forming field the polymer solution is in the form of 

drops in the pipette or syringe tip, after forming field it takes conical shape 

(Taylor cone) due to the electric charges. When electrical forces overcome the 

surface tension and viscosity of the polymer solution, thin polymer solution is 

suitable for commercial production (Figure 2.7) [85]. In this process, the polymer 

solution is extruded under the influence of electric field from the surface. Polymer 

solution drawn by electric power is accelerated, but momentum is slowing after a 

while because of the resistance to viscosity or it is stable at zero, which shows an 

unstable behavior. Upon elongation of polymer jet and evaporation of the solvent 

the diameter of the fibers is reduced, loading is increasing and is divided into 

smaller diameters due to reduced diameter. 

In the electrospinning method; viscosity of the solution, surface tension, 

conductivity, voltage value, feed amount, the distance between the pipette tip and 

the collector, atmospheric conditions are the most important factors that determine 

properties of the obtained nanofibers. Due to providing a very high surface area, 
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the nanoscale diameter of the obtained fiber allows its use in special areas such as 

filtration, drug delivery, controlled drug release, protective textiles, and fuel cells. 

Stages of the electrospinning method; 

 

i) droplet formation, 

ii) formation of the Taylor cone, 

iii) the formation of electro shooting jets 

iv) the extension of the jet in stable area, 

v) formation of the unstable area, 

vi) solidification in the form of fiber. 

 

 
 

Figure 2.7: Formation of Taylor cone. 

 

2.3. Parameters Affecting the Process of Electrospinning 
 

These parameters are: 

 

i) Solution parameters, 

ii) Processing conditions, 

iii) Environmental parameters. 
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Table 2.2: Parameters affecting the nanofiber formation. 

 

Solution parameters Processing conditions Environmental parameters 

Surface tension Applied voltage Temperature 

Molecular weight and 

viscosity 

Flow rate of solution Humidity 

Dielectric constant of 

solvent 

Distance between a 

needle and a collector 

Pressure 

Conductivity of the 

solution 

Diameter of the needle Atmosphere type  

 

2.3.1. Solution Parameters 
 

The high value of the viscosity of the solution used during the process of 

electrospinning causes obstruction of the needle tip, on the other hand a low 

valueof viscosity by the action of solution gravity causes to drip from the needle 

tip and prevention of production. Because of this, the polymer solution should 

have a molecular weight to provide the required viscosity [86]. A greater amount 

of polymer will be in solution with increasing concentration. This situation will 

also positively affect the formation of continuous polymer jet. Several studies 

show that polymer solutions with low concentrations form more beaded structure, 

although in higher concentrations forms more uniform fibers are formed [87]. 

During the process of electrospinning, charge must be applied to overcome 

the surface tension. In electrospinning method, beaded structures can be seen due 

to the high surface tension. To reduce the surface tension, low surface tension 

solvents or surfactants may be added [88]. 

The total charge density increases when using a solution with a high 

dielectric constant. This allows an easy elongation of the polymer jet. Fiber 

diameter and bead formation are reduced. 

If conductivity of the solution is increased, the polymer jet may carry more 

load. To increase conductivity, conductive solvents, ionic or nonionic surfactants, 

organic or inorganic salts may be added into polymer solution. Additional ions 

increase the conductivity of the solution, provide formation of fibers without 

beads and also decrease the fiber diameter. 
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2.3.2. Processing Conditions 
 

The applied voltage causes an electrical charge of the polymer solution. The 

shape of the drop in the syringe tip with increasing voltage turns into different 

shapes and causes more loading of the jet. Consequently jet is accelerated. 

Voltage rise decreases the fiber diameter. The nanofiber diameter decreases with 

the increase of the applied voltage after a certain point, voltage increase will cause 

more polymer feeding (Figure 2.8) [89]. Taylor cone begins to form in the needle 

and can cause unwanted beads while pulling more polymer solution [90]. 

Fiber diameters can increase or beading can be observed, due to increase of 

the amount of solution taken from the syringe with increasing solution flow rate. 

With increasing amount of withdrawn solution would not be enough time to 

evaporate the solvent. Thus, the solvent remaining in the fibers can cause the 

fibers sticking to each other [91]. 

When the distance between the needle and collector is reduced, it may not 

be sufficient time to evaporate the solvent due to reducing of the time required for 

collecting the polymer jets. Adhesions and beadings will be observed between 

fibers. When the distance is increased, lower diameter fibers will be achieved due 

to increase the path of the jet [92]. Decreasing the diameter of the syringe needle 

or capillary causes blocking, decrease in the number of beads, and fiber diameter. 

 

 
 

Figure 2.8: The effect of various parameters to the fiber structure. 
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In the electrospinning process, conductive materials are often used as 

collectors. Aluminium foil is the most widely used conductive material. The 

collector types used in electrospinning process are given in Table 2.3 [86, 93]. 

 

Table 2.3: The collector types used in electrospinning method. 

 

Collector  Collector shape 

Plane plate collector 

 

 
Grid type collector 

   
Drum rotatory collector 

   
Edge type collector 

 
 

2.3.3. Environmental Parameters 
 

Increase in temperature causes an increase in evaporation rate of the solvent, 

viscosity decrease, and increase in the solubility. All this helps elongation of the 

polymer jet and more uniform distribution of nanofiber structures. 

In electrospinning method performed in a humid environment, porous 

structures are formed by condensation of water molecules on the fiber. Also 

humidity, reduces the evaporation rate of the solvent. Acrylic fibers at 60% 

relative humidity which was determined by experimental studies can not fully dry. 

[94]. 

During the electrospinning method, air composition is very important in the 

environment. The behavior of the gas in the electric field differ from each other. 

For example, helium is broken down in the electric field and prevents 
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electrospinning. When the pressure drops below the atmospheric value, the 

polymer solution in the needle will tend to flow out. This situation will lead to the 

formation of an unstable jet [95]. 

 

2.4. Applications of Electrospun Nanofibers 
 

Electrospun nanofibers have potential use in many areas depending on the 

properties of the used polymers due to their high surface area.  

Electrospun nanofibers, can be used as a template in the preparation of 

grooved hollow fiber. In this method, the polymeric nanofibers as the template 

like the poly(lactic acid) [96], nylon-4/6, and poly(tetramethylene adipamide) 

which can be easily pyrolyzed, are coated with materials (polymers, metals and 

other materials) to be prepared nanotubes. In an alternative selective form of fiber 

templates, after extraction or degradation hollow (grooved) fibers are obtained. 

Electrospun nanofibers of a biodegradable and soluble poly(lactic acid) 

(PLA) was covered with poly(p-xylylene) using chemical vapor deposition 

method (CVD) by Hou. Then, grooved poly(p-xylylene) nanofibers were obtained 

as a result of PLA pyrolysis. As a result of TEM analysis, inner diameter of the 

obtained poly(p-xylylene) nanofibers were in the range of 5-50 nm, and the outer 

diameters were found between 50-250 nm [97]. 

Electrospun PLA nanofibers were immersed into the solution of titanium 

(IV) isopropoxide and then were subjected to hydrolysis and condensation process 

at 1: 1 isopropanol / water solvent system, by Caruso and his friends. Researchers, 

after drying of electrospun PLA nanofibers loaded with the metal nanoparticles 

precursor, titanium dioxide nanotubes were obtained with the PLA degradation by 

calcining for 10 hours at 723 K. As a result of SEM analysis, it was shown that 

the surface of the tube was quite smooth [98]. 

 

2.4.1. Filtration and Adsorption Techniques 
 

Micron pore size filters are not enough for the filtration of very small 

particles, nanoporous filtration materials are a need [99]. Coalescence and aerosol 

filters are the most important applications of nanofiber nonwoven materials. 

Coalescence filters are quite effective for separating emulsions containing water 
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droplets smaller than 50 μm [100]. For example, they are used to remove small 

water droplets from aircraft fuel. If these water droplets are not removed, cause 

the formation of ice crystals at high altitudes [101]. In addition, thin aerosol 

particles may be filtered efficiently using nanofiber nonwoven filters [61]. For 

coalescence filtering, fiber diameter and wettability are important factors to be 

considered. 

Shin et al. used electrospun polystyrene nanofibers, which were prepared 

using recycled expanded polystyrene (EPS), to filter the water droplets from 

water-in-oil emulsion. They also report that when 24.4% polysulfonamide (PSA) 

nanofibers were used in composite materials, filtration efficiency increased from 

68% to 88%. In contrast, the pressure drop was increased at a significant rate 

[102]. In another study of Shin, optimum result was received when electrospun 

nylon-6 nanofibers were mixed with glass microfibers at 1.6% (w/w) ratio and 

there was no excessive pressure drop [103]. Shin and Chase have examined the 

effects of factors such as the fiber diameter, wettability, and thickness of the filter 

on coalescing filtration efficiency in their work by mixing electrospun nylon-6, 

polyamide and polyacrylonitrile nanofibers with glass microfibers. In this study, 

polyamide nanofiber filter with the smallest thickness showed the best separation 

efficiency (77%), on the other hand nylon nanofibers with high wettability value 

(49.0 dynes cm-1) have provided optimum filtration efficiency (maximum 

separation efficiency with a minimum pressure drop). Also the separation 

efficiency increased with the increase of the thickness of the filter, whereas it was 

also encountered with more pressure drop [100]. 

 The pollutants transported by air and water, hazardous biological agents, 

and allergens control have vitally important in the processes of food control, 

pharmaceuticals, and biotechnology. High-efficiency particulate air (HEPA) have 

minimum 99.97% filtration efficiency for particles over 0.3 μM size [104]. In 

contrast, electrospun nylon-6 nanofilters had 99.993% efficiency in the tests 

conducted with the test particles of 0.3 μm of diameter at 5 cm/s velocity (face 

velocity) [105]. Graham and colleagues, had accumulated a thin (1-5 μm thick) 

nanofiber material on a nonwoven support and and examined the effects of its 

filtration characteristics. Only conventional nonwoven substrates showed dept 

filtration characteristics, when used without nanofiber material (particles 

dispersed in the filter medium). In contrast, filtration characteristics turned from 
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dept loading to surface loading when used nanofilter and thereby filtration 

efficiency was improved [106].  

 

2.4.2. Catalyst and Enzyme Carriers 
 

The most dangerous biological agents in heating, ventilation, and air 

conditioning systems are Staphylococcus, Serratia, Klebsiella, Cladosporium and 

Aspergillus species. Jeong et al, prepared electrospun nanofibers of polyurethane 

cationomer containing quaternary ammonium groups and these fibers had strong 

antimicrobial activity against to Staphylococcus aureus and Escherichia coli 

bacteria and also they reported that they can be used for air filtration [107]. 

Metallic silver and silver oxide has been reported to be safe and effective 

antimicrobial agents when used in low levels [104]. Son et al, have indicated that 

cellulose acetate electrospun nanofibers containing silver nanoparticles had a 

strong antimicrobial activity [108].  

Electrospun nanofibers can be used effectively in the preparation of 

nanotubes containing catalytically active metal nanoparticles. When used as 

template and a relatively large surface area of the nanofibres due to providing the 

preparation of carbon nanofibers were used successfully in heterogeneous catalyst 

applications. Graeser et al. prepared Pd and Rh nanofibers by adding Pd and Rh 

salts to solutions of poly (D, L-lactic acid) and poly(ethylene oxide) (PEO) 

polymer. The obtained nanofibers were coated with poly(p-xylylene) using 

chemical vapor deposition method. At high temperatures, Rh and Pd containing 

poly (p-xylylene) nanotubes were obtained with degradation of the carrier 

polymer in nanofibers and chemical conversion of the metal salts. This catalyst 

system was found to be highly active at the hydrogenation reactions [109]. Xie et 

al. prepared polyvinylpyrrolidone nanofibers containing Zn(Ac)2·2H2O, 

Fe(NO3)3·9H2O and AgNO3 salts with electrospinning method. Then, they 

produced carbon nanofibers containing ZnFe2O4, Fe3O4, and Ag particles obtained 

by carbonization of these nanofibers. They showed that these carbon nanotubes 

containing metal oxide could be used as catalysts in the treatment of wastewater 

and environmental fields [110]. 

Kim and his colleagues prepared TiO2 nanofibers containing Pt by 

calcination PEO nanofibers at 773 K which were prepared from PEO aqueous 
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solutions containing Ti(OH) n and Pt nanoparticles. The obtained nanofibers had 

the rougher surface than PEO/Ti(OH)n/Pt nanofibers because of the oxidation of 

Ti(OH)n to TiO2 and PEO degradation. Diameter of Pt loaded TiO2 nanotubes 

was 200-900 nm range. The catalytic activity of Pt loaded TiO2 nanotubes in 

water gas shift reactions was found to be 5-7 times better than bulk catalyst. This 

improvement in catalytic activity was related to the greater surface area of 

nanofiber catalyst than bulk catalyst [111]. Chen et al. have made the 

polyacrylonitrile nanofibers containing palladium acetate salt by electrospinning 

method and they have obtained Pd carrying carbon nanofibers by carbonization of 

these nanofibers. Researchers reported that this catalyst system had high catalytic 

efficiency in Sonogashira coupling reactions of phenylacetyl and iodobenzene in 

the liquid phase and could be reused in Sonogashira reactions [112]. 

 

2.4.3. Energy Transformation and Storage 
 

The long-term exposure to electromagnetic waves are known to have 

adverse effects on human health like fatigue, insomnia, irritability and headache 

[113]. In addition, its impact on information security and sensitive electronic 

equipments is one of the issues that need to be focused as well. Therefore, the 

studies on electromagnetic interference (EMI) shielding are increasing every day. 

Metallic materials are used at conventional EMI shielding. Polymer composites or 

coatings comprising metallic powders and fibers use in EMI shielding 

applications but also have disadvantages especially in the aviation, aerospace and 

satellite systems due to their weights. 

Wang and Jing stated that semiconductor materials such as polyaniline 

(PANI) and polypyrrole have a high importance at anti-radar and camouflage 

applications due to the lower density than the metal and not expose to corrosion 

[114]. Desai and Sung stated that electrospun poly(methyl methacrylate) 

nanofibers containing polyaniline have the potential to use for EMI shielding 

[115]. Sen et al. stated that carbon nanotubes due to the electrical conductivity 

when blended with the non-conductive polymer, the obtained composite materials 

developed their EMI shielding properties [116]. Im et al. prepared Fe2O3/BaTiO3 

and Fe2O3/BaTiO3 /MWNT doped carbon fibers by carbonization of the doped 

Fe2O3/BaTiO3 /MWNT (MWNT: multi-layer carbon nanotube) polyacrylonitrile 

http://tureng.com/tr/turkce-ingilizce/energy%20transformation
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electrospun nanofibers. The researchers stated that added metal oxide after the 

heat treatment kept its original property and used dopant materials increased 

electrical conductivity and EMI shielding activity of the fibers.  Furthermore, the 

best result in this study was obtained with Fe2O3/BaTiO3 /MWNT doped carbon 

fibers [117]. Im et al. in their another study reported that MWNT contribution of 

MWNT doped PANI / PEO electrospun nanofibers has increased the electrical 

conductivity of the nanofibers and thus reached 42 dB EMI effectivity [118]. 

Park et al. have indicated that carbon nanotube / polymer composite 

materials could be used for electromagnetic shielding and antistatic materials, but 

carbon nanotubes due to their high surface area it is difficult to disperse 

homogeneously in composite material [119]. On the other hand, Gorur et al. 

(2011), Meuer et al. (2009), and Li et al. (2011) have reported that polymers with 

polyaromatic hydrocarbon groups such as pyrene got interaction with carbon 

nanotubes in a non-covalent way and carbon nanotubes ensured homogeneous 

dispersion in organic solvents [120-122]. 

 

2.4.4. Sensors 
 

Sensors have found wide use in the detection of chemicals for 

environmental protection, industrial process control, medical diagnostics, security 

and defense applications. A good sensor should have small volume, low 

production cost, and also functionality, high sensitivity, selectivity and reliability. 

High sensitivity and fast response require that sensor material should have a high 

specific area and a porous surface. Several approaches were tried to gain the 

sensor feature to nanofibers. Electrospun nanofibers were prepared using 

polymers with the sensor feature, the sensor molecules were mixed into the 

polymer solution before making a nanofiber or the sensor material were applied to 

the surface of nanofibers with coating/grafting methods. 

Wang et al. used electrospun poly(acrylic acid) nanofibers grafted with 

pyrene methanol with Fe+3 and Hg+2 metal ions to determine the presence of 2,4-

dinitrotoluene (DNT) in water [123]. This type of sensor application is based on 

the suppression of the fluorescence properties of pyrene in proportion to the 

concentrations of the determined chemicals and nanofibers have high sensitivity 

due to their high surface area. Rathfon et al. have developed chemical sensors 
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which is sensitive to the neurotoxic chemical warfare agents such as sarin, soman 

and SAS-Cl using pyrene doped electrospun polystyrene nanofibers [124]. 

Chemosensors with chlorosarin neurotoxins could be detected in a shorter time 

than 1 second at 5 ppm. In a similar way, it was reported that pyrene methanol 

grafted poly(methyl methacrylate) electrospun nanofibers showed 10 times more 

sensitivity than the cast film due to their high surface area against the DNT 

analyte [125]. Vapor of 2,4,6-trinitrotoluene (TNT) explosive was determined 

higher precision than than the casting poly(triphenylamine-alt-

biphenylenevinylene) (TPE-PBPV) films using poly(acrylonitrile) nanofibers 

coated with a thin layer of a TPE-PBPV conjugated polymer. This situation was 

connected to have extremely high surface area and porous structure of nanofibers 

[126]. 

In addition, Yang and colleagues reported that picric acid, TNT, DNT and 

2,4-dinitrophenol explosives could be detected in a sensitive way using tetrakis (4-

methoxyphenyl)porphyrin (TMOPP) charged nanofibers obtained as a result of 

the electrospinning of the polystyrene solution and TMOPP [127]. In addition to 

fluorescence characteristics, nanofibers containing a conjugated polymer 

polydiacetylene were also used to detect volatile organic compounds (VOCs) 

based on the optical absorption properties [128]. Ding et al. developed a gas 

sensor using specific adsorption interaction between ammonia and poly(acrylic 

acid) nanofibers. The difference in weight caused by gas adsorption was measured 

using a quartz crystal microbalance (QCM). This sensor was capable to detect 

ammonia in the air in the ppb level and its sensitivity was four-fold higher than 

the casting poly(acrylic acid) films [129]. Luoh and Hahn developed a gas sensor 

for detecting carbon dioxide using electrospun poly(acrylonitrile) nanofibers 

containing metal oxides such as Fe2O3 and ZnO. This sensor was based on the 

principle of the influence between FT-IR absorption and carbon dioxide 

adsorption.  The addition of metal oxide nanoparticles enhanced gas adsorption 

and hence sensitivity [130]. 

 

2.4.5. Biomedical Applications 
 

Electrospun nanofibers are very suitable candidates for wound dressing 

materials. It owes this to ensure pores for removal of the fluid from the wound, 
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suitable for input of oxygen and moisture, prevent microorganisms, and to be able 

to add drugs to the obtained fibers (Figure 2.9). 

 

 
a)                                                               b) 

 

Figure 2.9: An electrospun wound dressing: a) and b). 

 

A wound dressing made with the electrospun polyurethane membrane, 

effectively threw out liquid in the wound without being stored under the 

membrane and also wound did not dry under the membrane. In a study, the 

collagen nanofiber membrane provided that wound showed faster front healing 

than a cotton gauze [131]. 

 

2.4.6. Other Applications 
 

Carbon-based nanofibers are especially used in aerospace equipments and 

supplies extensively due to superior properties such as high strength, durability 

and low weight. The nanofiber surfaces are used in solar and light panels built in 

space. Another usage area is the protective clothes (Figure 2.10). Thus, it is 

planned to oppose against biological attacks [132]. 
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Figure 2.10: Usage for protection purpose against biological attacks. 

 

2.5. Electrospinning Equipment 
 

Electrospinning unit at Istanbul Medeniyet University (IMU) consists of 

syringe pump, high voltage supply, and a collector (Figure 2.11). Syringe pump 

(Model: NE-1000) is situated horizontally, and electric field was comprised by the 

high voltage power supply (Nanoweb, Elektro-Spin 101). Mostly, electrospun 

nanofibers were deposited on a grounded stationary cylindrical metal collector 

covered by a piece of aluminum foil. The electrospinning was carried out in 

enclosed Plexiglas box. That box is suctioned by portative hood for protection 

from hazardous solvents.  
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Figure 2.11: Electrospinning unit consists of syringe pump, high voltage power 

supply, and collector. 
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3. POLYMERIZATION METHODS AND CLICK 

CHEMISTRY 
 

3.1 Nitroxide Mediated Radical Polymerization (NMP)  
 

In this method, a free radical initiator and a stable nitroxy radical as 

(2,2,6,6-tetramethyl-1-piperidinyloxy) (TEMPO) are used. The TEMPO keeps 

polymer chain growth under control and acts as a catalyst. However, it does not 

start the reaction by itself. TEMPO is bound to the polymer end after added each 

monomer to radical in order to ensure a controlled growth. In this way, 

monodisperse polymers are obtained. The structure with the TEMPO end group 

undergoes homolytic fragmentation to give polymeric radical and stable free 

radical reversibly. The propagation step continues until monomer consumed in the 

medium. The chemical structure of TEMPO is shown in Figure 3.1. 

 

   
 

Figure 3.1: The chemical structure of TEMPO. 

 

3.1.1. Basic Mechanism   
 

TEMPO and its derivatives form a strong covalent bond in alkoxyamines. 

The equilibrium constant (kd (dissociation rate constant) / kc (cross-

coupling/association rate constant)) is usually very small, in the presence of 

excess TEMPO. The equilibrium is strongly shifted towards the dormant species 

and dramatically reduces the polymerization rate. Living radical polymerization 

method with TEMPO is successful at controlling the polymerization of styrene 

monomers but not successful for acrylate and methacrylate monomers for this 
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reason. A general mechanism for the nitroxide mediated radical polymerization 

(NMP) is shown in Figure 3.2 [133]. 

 

 
 

Figure 3.2: Dynamic equilibration for nitroxide mediated radical polymerization 

(NMP) 

 

Nitroxide-mediated radical polymerization (NMP) reactions can be carried 

out under homogeneous conditions (bulk or solution polymerization) and under 

heterogeneous conditions (suspension and emulsion polymerization). The 

viscosity of the medium is low and the purification of the obtained products is 

quite easy [134]. 

 

3.2. Copper(I)-catalyzed Azide-Alkyne Cycloaddition 

Click Chemistry  
 

It is important to be converted of functional groups in high yield after 

completion of the polymer reaction successfully. In this regard, "click" chemistry 

technique is used, due to its high efficiency and ease of reaction conditions [135]. 

1,3-dipolar cycloaddition reaction, which is performed applying heat from 

alkyne and azide groups found by Huisgen, is the precursor reaction of the "click 

chemistry". Additionally, Huisgen type cycloaddition reactions generally give 1,4- 

and 1,5-triazole isomers (about 1:1) [136]. This method was developed by 

Sharpless and the non-activated reaction between azide and alkyne groups is 

carried out in very high yield using Cu(I) salt catalyst under mild conditions and 

1,4-triazole formation was performed with high selectivity (Figure 3.3) [137]. 

Also, Sharpless type "click reactions" have high tolerance for many different 

functional groups and are carried out in many solvents and solvent mixtures 

without compromising yield [135]. 
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Figure 3.3: Synthesis of 1,2,3-triazoles via 1,3-dipolar cycloaddition of azides 

and terminal alkynes; a) Huisgen and b) Copper-catalyzed cycloaddition 

reactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 28 

4. MATERIAL AND METHOD 

 

The chemicals and their properties used in this study are listed in Table 4.1. 

 

Table 4.1: The chemicals used in synthesis, separation and purification processes. 

 

Name Company CAS Number Assay 

Cupper(I) bromide (CuBr) Sigma-Aldrich 7787-70-4 98% 

Dichloromethane (DCM) Sigma-Aldrich 75-09-2 99.8% 

Methanol Sigma-Aldrich 67-56-1 99.8% 

Magnesium sulfate (MgSO4) Sigma-Aldrich 7487-88-9 99.5% 

N,N,N′,N″,N″- 

Pentamethyldiethylenetriamine 

(PMDETA) 

Aldrich 3030-47-5 99% 

N,N-Dimetilformamide (DMF) Sigma-Aldrich 68-12-2 99.8% 

Sodium azide (NaN3) Aldrich 26628-22-8 ≥ 99% 

Sodium bicarbonate (NaHCO3) Sigma-Aldrich 144-55-8 ≥ 99.7% 

Sodium chloride Alfa-Aesar 7647-14-5 99% 

Styrene Aldrich 100-42-5 ≥ 99% 

Triethylamine (TEA) Sigma-Aldrich 121-44-8 ≥ 99% 

4-Vinylbenzyl chloride Sigma-Aldrich 1592-20-7 90% 

1-ethynylpyrene Sigma-Aldrich 34993-56-1 96% 

Dansyl chloride Sigma-Aldrich 605-65-2 98% 

3-butyn-1-ol Aldrich 927-74-2 97% 

2,2,6,6- Tetramethyl-1-

piperidinyloxy (TEMPO) 
Aldrich 2564-83-2 98% 

BPO (Benzoyl peroxide) Aldrich 94-36-0 70% 

Propionic acid Sigma-Aldrich 79-09-4 ≥99.5% 

4-Hydroxybenzaldehyde Alfa-Aesar 123-08-0 98% 

4-tert-butylbenzaldehyde Aldrich 939-97-9 97% 

Pyrrole Aldrich 109-97-7 98% 

Chloroform Sigma-Aldrich 67-66-3 ≥99.9% 

Zinc acetate Aldrich 557-34-6 99.99% 

http://www.sigmaaldrich.com/catalog/search?term=75-09-2&interface=CAS%20No.&lang=en&region=TR&focus=product
http://www.sigmaaldrich.com/catalog/search?term=67-56-1&interface=CAS%20No.&lang=en&region=TR&focus=product
http://www.sigmaaldrich.com/catalog/search?term=7487-88-9&interface=CAS%20No.&lang=en&region=TR&focus=product
http://www.sigmaaldrich.com/catalog/search?term=3030-47-5&interface=CAS%20No.&lang=en&region=TR&focus=product
http://www.sigmaaldrich.com/catalog/search?term=68-12-2&interface=CAS%20No.&lang=en&region=TR&focus=product
http://www.sigmaaldrich.com/catalog/search?term=26628-22-8&interface=CAS%20No.&lang=en&region=TR&focus=product
http://www.sigmaaldrich.com/catalog/search?term=144-55-8&interface=CAS%20No.&lang=en&region=TR&focus=product
http://www.sigmaaldrich.com/catalog/search?term=100-42-5&interface=CAS%20No.&lang=en&region=TR&focus=product
http://www.sigmaaldrich.com/catalog/search?term=121-44-8&interface=CAS%20No.&lang=en&region=TR&focus=product
http://www.sigmaaldrich.com/catalog/search?term=123-08-0&interface=CAS%20No.&lang=en&region=TR&focus=product
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Table 4.1: Continuation of the table. 

 

Sodium sulfate (Na2SO4) Sigma-Aldrich 7757-82-6 ≥99% 

Potassium carbonate (K2CO3) Sigma-Aldrich 584-08-7 ≥99% 

Propargyl bromide Aldrich 106-96-7 80% 

Sodium ascorbate Sigma 134-03-2 ≥98% 

Cupper(II) sulphate 

pentahydrate 
Sigma-Aldrich 7758-99-8 ≥98% 

7-hydroxycoumarin Aldrich 93-35-6 99% 

N',N''-dimethylacetamide 

(DMAc) 
Sigma-Aldrich 127-19-5 99.8% 

 

The devices used in this study are listed in Table 4.2. 

 

Table 4.2: The devices used in the characterization studies. 

 

Name Conditions 

Differential Scanning 

Calorimetry (DSC) 

DSC 8500 (Perkin Elmer) instrument under a 

nitrogen flow of 10 mL/min. The samples were first 

heated from 25°C to 160 °C, then cooled to 25 °C, 

and finally heated to 160 °C at a scan rate of 10 °C 

min-1. 

Thermal Gravimetric 

Analysis (TGA) 

TGA/SDTA 851 (Mettler Toledo) thermogravimetric 

analyzer from room temperature up to 700 °C at a 

heating rate of 10 °C min-1under nitrogen atmosphere 

Fourier-transform 

Infrared Spectroscopy 

(FTIR) 

Perkin Elmer Spectrum TwoTM  spectrometer  

equipped with UATR accessory. 

Gel Permeation 

Chromatography (GPC) 

Agilent 1260 Infinity GPC/SEC instrument 

consisting of a pump, a refractive index detector and 

two Agilent PLgel columns (Mixed-C, 5 μm, 7.5 × 

300 mm) at 40 °C which was calibrated with linear 

polystyrene standards. THF was used as the eluent at 

a flow rate of 1 mL/min. 
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Table 4.2: Continuation of the table. 

 

Mass Spectrometry Bruker MicroTOF LC–MS (ESI) 

Mass Spectrometry Bruker microflex LT MALDI-TOF MS 

Nuclear Magnetic 

Resonance Spectroscopy 

(NMR) 

Varian UNITY INOVA 500 spectrometer at 25 °C in 

CDCl3 solutions relative to the non-deuterated solvent 

traces as the internal reference. 

Scanning Electron 

Microscope (SEM) 
Philips XL 30 SFEG 

Scanning Electron 

Microscope (SEM) 
FEI Quanta 200 FEG 

Ultraviolet–visible (UV-

vis) Spectroscopy  
Shimadzu UV 2600 

Fluorescence 

Spectroscopy 

Agilent Carry Eclipse Bundle A time resolved 

fluorescence spectrophotometer (FL-1057 TCSPC). 

Electrospinning Device 

Mavi Teknik, consists of syringe pump (Model: NE-

1000), high voltage supply(Nanoweb, Elektro-Spin 

101), and a cylindrical metal collector. 
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5. EXPERIMENTAL 
 

5.1. General Procedure 
 

The reactions were performed in inert atmosphere (dry argon atmosphere) in 

order to prevent chemicals from influence of oxygen and moisture in the air. The 

glassware used in the reactions were dried in the burner flame, argon was passed 

through them and used after filling with argon by cooling. 

 

5.1.1. Preperation of Dry Styrene and Vinyl Benzyl Chloride 

Monomers 
 

Styrene and vinyl benzyl chloride monomers were dried by passing neutral 

Al2O3 under argon atmosphere. The dried products were stored in the refrigerator. 

 

5.1.2. Preperation of Dry N,N-Dimetilformamide (DMF) 
 

DMF was stirred overnight by adding CaH2 and then distilled under 

vacuum. Dry DMF, was kept under argon in the presence of molecular sieves 

(4A°). 

 

5.1.3. Preperation of Dry K2CO3 
 

K2CO3 was dried under reduced pressure heating at 60 °C for 20 hours. Dry 

K2CO3 was stored in the desiccator under vacuum. 

 

5.1.4. Drying of the Synthesized Polymers 
 

The synthesized polymers were precipitated in appropriate solvents 

(methanol or hexane), filtered through a G4 sintered filter and weighed on a 

precision balance. Polymers were allowed to dry at room temperature under 

reduced pressure by recording the weighing results. Then, weight of the polymer 

was measured periodically and the same value of the last three measurements 

showed that polymer was dry. 
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5.1.5. Gravimetric Determination of the Monomer Conversion 
 

The ratio of the dry polymer weight to the total weight of initiator and the 

monomer was used for gravimetric monomer conversion. 

The average molecular weights of the styrene copolymers (P1-P6) were 

measured by GPC. The polydispersity values ranged between 1.23 and 2.35. 

Whereas, the average molecular weights from GPC experiments are estimated 

values based on non-functional polystyrene calibration standards. The 

hydrodynamic volumes of the functional styrene copolymers (P1-P6) were 

different, to some extent, from the calibration standards. Thus, average molecular 

weight values from GPC experiments are accepted to be less reliable than those 

obtained from 1H NMR calculations. In the 1H NMR spectra of the styrene 

copolymers (P1-P6), the signals of BPO and TEMPO residues were overlapped by 

those of the repeating units or were very weak due to dilution of terminal units in 

long polymer chains. Fortunately, the ratio between monomeric residues (m/n) in 

the styrene copolymers, could be calculated from the integral ratios of aromatic 

phenyl proton signals (C6H5 plus C6H4-CH2-) and methylene protons next to the 

benzene ring (C6H4-CH2). Therefore, the molar mass of the fragments containing 

single functional unit (-Cl or -N3) were calculated using the equation: (m/n) x 

MW of styrene + MW of chloride or azide functional repeating units. 

 

5.2. Experiments 
 

This study includes three stages: i) polystyrene synthesis having different 

side groups, ii) characterization of the products, and iii) the usage of the polymers 

for electrospun nanofiber production. Parameters such as ratios between the 

repeating polymers units (styrene/4-vinylbenzyl chloride) and the polymer 

molecular weights were tried to optimize in order to achieve uniform beadless 

nanofibers. Therefore, some polymers have been synthesized more than once. 

Especiallly, polymers with chloride and azide side groups have been synthesized 

many times because they are also the starting material of the other polymers. 

Different codes were given to the polymers having chloride and azide 

groups in order to avoid confusion in the interpretation of data. For example, P1-a 

represents P1 polymer having chloride side groups in this coding system. The 
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codes were used such as P1-a and P1-b to distinguish P1 polymers at different 

reaction conditions (such as different monomer/initiator ratio or styrene/4-

vinylbenzyl chloride ratio) (Table 5.1). 

  

Table 5.1: Encodings used in the synthesis of polymers. 

 

Side Group Chlorinated Polymer Azide Polymer Final Product 

Pyrene  P1-a P2-a P3 

Dansyl P1-b P2-b P4-a 

P1-c P2-c P4-b 

Porphyrin  P1-d P2-d P5 

Coumarin P1-e - P6 

 

The thesis includes the synthesis of functional styrene polymers with 

flurescence properties and preparation of electrospun nanofibers. The work in this 

thesis can be divided into main four sections with regards to the functional groups 

of the targeted polymers.   

In each section, different styrene polymers with different functional groups 

were synthesized and employed in the preparation of electrospun nanofibers. 

These sections are:  

 

i) Synthesis of pyrene functional styrene copolymer (P3) and its use in 

electrospun nanofibers, 

ii) Synthesis of dansyl functional styrene copolymer (P4) and its use in 

electrospun nanofibers, 

iii) Synthesis of porphyrin functional styrene copolymer (P5) and its use in 

electrospun nanofibers,  

iv) Synthesis of coumarin functional styrene copolymer (P6) and its use in 

electrospun nanofibers. 

 

In the preperation of polymers, NMP method, which is a controlled 

polymerization method, was used. Pyrene, dansyl, and porphyrin functional 

styrene copolymers were synthesized using CuAAC click chemistry technique, 
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which is a very effective functionalization method, and also coumarin functional 

styrene copolymer was synthesized using etherification reaction. 

For this purpose, chloromethylated polystyrene (P1) was synthesized via 

NMP of styrene and 4-vinylbenzyl chloride as monomers using BPO as the 

radical initiator and TEMPO as the stable radical (Figure 5.1). Vinylbenzyl 

chloride is preferred for its chloride group that can be modified chemically. Then, 

chloride side-groups were converted into azide by reacting P1 with sodium azide 

in DMF, yielding azide-functional styrene copolymer (P2) (Figure 5.2). 

 

 
 

Figure 5.1: General reaction scheme for the synthesis of polystyrene (P1) 
 

 

 
 

Figure 5.2: General reaction scheme for the synthesis of azide functional styrene 

copolymer (P2) 
 

After P2 step, pyrene, dansyl, and porphyrin-functional styrene copolymers 

were synthesized quantitatively through 1,3-dipolar cycloaddition using P2 

polymer. After P1 step, coumarin-functional styrene copolymers were synthesized 

quantitatively using P1 polymer. 

The obtained styrene polymers with different functional groups were 

employed in the production of nanofibers via electrospinning method. So that, it 

requires optimization of electrospinning parameters separately for each polymer to 



   

 35 

obtain a smooth nanofiber structure. The priority target is to produce homogenous 

and bead-free nanofibers from these polymers. For this purpose, different solvents 

(DMF, chloroform, dichloromethane, etc.) were used to obtain bead-free and 

smooth shape nanofibers. Moreover, solution parameters (solvent type, viscosity 

and conductivity of the solution) and method parameters (applied voltage, 

collection distance of the fibers, flow rate of the polymer solution, diameter of the 

syringe tip) were optimized.  

 

5.2.1. Synthesis of Pyrene Functional Styrene Copolymer (P3) 
 

Pyrene-functional polystyrene copolymer (P3) was prepared in a three-step 

synthetic procedure. Firstly, chloride-functional styrene copolymer (P1-a) was 

synthesized via nitroxy-mediated stable free radical polymerization (NMP) of 

styrene and 4-vinylbenzyl chloride as monomers using BPO as the radical initiator 

and TEMPO as the co-radical (Figure 5.1). Secondly, chloride side-groups were 

converted into azide by reacting P1-a with sodium azide in DMF, yielding azide-

functional styrene copolymer (P2-a) (Figure 5.2). Lastly, pyrene-functional 

polystyrene copolymer (P3) was prepared via 1,3-dipolar cycloaddition reaction 

(Sharpless-type click reaction) between azide-functional styrene copolymer (P2-a) 

and 1-ethynylpyrene (Figure 5.3). Subsequently, P3 was made into nanofibers by 

using electrospinning method. 

 

5.2.1.1. Synthesis of Chloromethylated Polystyrene (P1-a) 
 

Styrene (6.97 g, 66.92 mmol), 4-vinylbenzyl chloride (1.13 g, 7.43 mmol), 

and TEMPO (0.009 g, 0.06 mmol) were put into a one-necked round-bottom flask 

and stirred for 10 min under gentle argon purge. BPO (0.010 g, 0.031 mmol) was 

added, and the flask was tightly closed and then immersed in a thermostated oil 

bath at 120 °C; the  mixture continued stirring for 48 h. After the reaction mixture 

was cooled to room temperature, the crude polymerization product was dissolved 

in DCM (15 mL) and purified by precipitating in cold methanol. P1-a was 

recovered by vacuum filtration through a sintered glass filter (G4) and dried under 

reduced pressure at 35 °C for 48 h. 
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Yield: 5.75 g (69.5%). Mn,GPC: 90500 g/mol; Mw/Mn: 1.23.. FT-IR (cm−1): 

3027−3063 (CH stretching, aromatic); 2848−2921 (CH stretching, aliphatic). 1H 

NMR (500 MHz, CDCl3, δ, ppm): 6.46−7.09 (C6H4 and C6H5); 4.51 

(C6H4CH2Cl); 1.42−2.04 (polymer). Composition (m/n): 8.4. 

 

5.2.1.2. Synthesis of Azide-Functional Polystyrene (P2-a) 
 

P1-a (4.5 g, contains 4.38 mmol Cl) was dissolved in DMF (50 mL) under 

argon atmosphere. NaN3 (2.63 g, 40.46 mol) was then added, and the reaction 

mixture was degassed with a slow stream of argon for 10 min and placed in an oil 

bath thermostated at 80 °C with stirring for 48 h. After the mixture was allowed to 

cool to ambient temperature, it was transferred to a separatory flask with DCM 

(100 mL) and then washed with water (2 × 100 mL). The organic phases were 

then combined, dried over MgSO4, concentrated to ∼10 mL with rotary 

evaporation, and precipitated into cold methanol. P2-a was recovered by vacuum 

filtration through a sintered glass filter (G4) and dried under reduced pressure at 

35 °C for 48h. 

Yield: 3.62 g (80.0%). Mn,GPC: 90800 g/mol; Mw/Mn: 1.25. FT-IR (cm−1): 

3027−3063 (CH stretching, aromatic); 2848−2921 (CH stretching, aliphatic); 

2095 (N3). 1H NMR (500 MHz, CDCl3, δ, ppm): 6.46−7.09 (C6H4 and C6H5); 

4.22 (C6H4CH2N3); 1.42−2.04 (polymer backbone). Composition (m/n): 8.4. 

 

 
 

Figure 5.3: General reaction scheme for the synthesis of styrene copolymer, 

containing pyrene side-groups. 
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5.2.1.3. Synthesis of Pyrene-Functional Polystyrene (P3) 
 

P2-a (4.0 g, contains 3.87 mmol N3) and 1-ethynylpyrene (1.05 g, 4.64 

mmol) were dissolved in DMF (50 mL) under an argon atmosphere. PMDETA 

(2.01 g, 11.60 mmol) was added, and the reaction mixture was degassed by gently 

purging with oxygen-free argon for 5 min. Subsequently, CuBr (1.66 g, 11.60 

mmol) was added to the solution, and the solution was degassed again. After the 

reaction mixture was stirred at room temperature for 48 h, it was transferred to an 

extraction funnel, diluted with DCM (100 mL), and washed successively with and 

water (2 × 100 mL). The collected organic phases were dried over MgSO4, 

concentrated to ∼10 mL by a rotary evaporator, and P3 was isolated by 

precipitation from cold methanol. The obtained polymer was collected by vacuum 

filtration through a sintered glass filter (G4) and dried under reduced pressure at 

35 °C for 48 h. 

Yield. 3.89 g (79.9%). Mn,GPC: 91 300 g/mol; Mw/Mn: 1.28. FT-IR (cm−1): 

3027−3063 (CH stretching, aromatic); 2848−2921 (CH stretching, aliphatic). 1H 

NMR (500 MHz, CDCl3, δ, ppm): 7.68−8.68 (CH, pyrene); 6.46−7.09 (C6H4 and 

C6H5); 5.22 (C6H4CH2-C2HN3); 1.42−2.04 (polymer backbone). Composition 

(m/n): 8.4. 

 

5.2.1.4. Electrospinning of the Fluorescence Nanofibers (P3) 
 

The homogeneous clear solution of pyrene functional polystyrene 

copolymer (P3) was placed in a 1 mL syringe fitted with metallic needles of 0.4 

mm inner diameter. This was followed by the horizontal fixing of the syringe on 

the syringe pump (model SP 101IZ, WPI). The polymer solution was pumped 

with a feed rate of 0.5 mL/h during electrospinning. By using a high voltage 

supply, the applied voltage to the metal needle tip (Spellman, SL Series) was 15 

kV and the tip-to-collector distance was set at 15 cm for electrospinning of the 

prepared solution. Collectively, electrospun fluorescence P3 nanofibers were 

deposited on the aluminum foil covering the plate-type collector. The 

electrospinning process was performed at 20 °C and 20% relative humidity in an 

enclosed Plexiglas box.  
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5.2.2. Synthesis of Dansyl Functional Styrene Copolymer (P4) 
 

Dansyl-functional styrene copolymer (P4) was prepared in a four-step 

synthetic procedure. In the first step, compound 1 having acetylene functional 

groups was obtained via condensation reactions between dansyl chloride and 3-

butyn-1-ol (Figure 5.4). In the second step, chloride-functional styrene copolymer 

(P1) was synthesized via nitroxy-mediated stable free radical polymerization 

(NMP) of styrene and 4-vinylbenzyl chloride as monomers using BPO as the 

radical initiator and TEMPO as the co-radical. Then, chloride side-groups were 

converted into azide by reacting P1-b with sodium azide in DMF, yielding azide-

functional styrene copolymer (P2-b). In the last step, a dansyl-functional 

polystyrene copolymer (P4) was prepared via 1,3-dipolar cycloaddition reaction 

(Sharpless-type click reaction) between azide-functional styrene copolymer (P2-b) 

and compound 1 (Figure 5.5). 

 

 
 

Figure 5.4: General reaction scheme for the synthesis of compound 1, having 

acetylene functional groups. 

 

5.2.2.1. Synthesis of Compound 1 (But-3-ynyl 5- dimethylamino) 

naphthalene -1-sulfonate (dansyl alkyne) 
 

This compound (Compound 1) was synthesized following a procedure 

described in the literature [138]. Dansyl chloride (4.00 g, 14.83 mmol) was 

dissolved in dry dichloromethane (30 ml) under argon atmosphere. 3-butyn-1-ol 

(1.25 g, 17.79 mmol) and then triethylamine (3.00 g, 29.66 mmol) were added. The 

reaction mixture was stirred at room temperature overnight and subsequently heated 

to 40°C for 4 h. After cooling the mixture to ambient temperature, it was 

transferred to a separatory flask with dichloromethane (100 mL), washed with 

NaHCO3 solution (aq, 5 wt%) and then with water (2x100 mL). The organic phases 
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were then combined, dried over MgSO4 and the solvent was removed with rotary 

evaporation. The crude product was purified by silica gel chromathography 

(solvent: DCM).  

Yield: 3.18 g (61%). MS (MALDI-TOF, m/z): 303.476 [M+H]+ (Figure 

B1.1). 1H NMR (500 MHz, CDCl3, δ, ppm): 8.72 (1H, f), 8.41 – 8.21  (2H, e,g), 

7.66 – 7.50  (2H, h), 4.08 (2H, c), 2.96 (d), 2.53 (2H, a), 1.87 (1H, b).  

 

5.2.2.2. Synthesis of Chloromethylated Polystyrene (P1-b) 
 

Styrene (18.06 g, 0.17 mol), 4-vinylbenzyl chloride 2.65 g, 0.017 mol), and 

TEMPO (0.04g, 0.17 mmol) were put into a one-necked round-bottom flask and 

stirred for 10 min under gentle argon purge. BPO (0.08 g, 0.52 mmol) was added, 

the flask was tightly closed and then immersed in a thermostated oil bath at 120 oC 

and continued stirring for 48 hours. After the reaction mixture was cooled to room 

temperature, the crude polymerization product was dissolved in DCM (15 mL) and 

purified by precipitating in cold methanol. P1-b was recuperated by vacuum 

filtration through a sintered glass filter (G4) and dried under reduced pressure at 35 

°C for 48 hours. 

Yield: 15.52 g (75%). Mn,GPC: 36100 g/mol; Mw/Mn: 1.59.  

 

5.2.2.3. Synthesis of Azide-Functional Polystyrene (P2-b) 
 

P1-b (14.72 g, contains 12.28 mmol Cl) was dissolved in DMF (50 mL) 

under argon atmosphere. NaN3 (6.39 g, 98.22 m mol) was then added, reaction 

mixture was degassed with a slow stream of argon for 10 min. and placed in an oil 

bath thermostated at 80 °C with stirring for 48 h. After the mixture was allowed to 

cool to ambient temperature, it was transferred to a separatory flask with DCM 

(100 mL) and then washed with water (2x100 mL). The organic phases were then 

combined, dried over MgSO4, concentrated to around 10 mL with rotary 

evaporation, and precipitated into cold methanol. P2-b was recuperated by 

vacuum filtration through a sintered glass filter (G4) and dried under reduced 

pressure at 35 °C for 48 hours.  

Yield: 13.06 g (89%). Mn,GPC: 44600 g/mol; Mw/Mn: 1.48.   
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Figure 5.5: General reaction scheme for the synthesis of styrene copolymer, 

containing dansyl side-groups. 

 

5.2.2.4. Synthesis of Dansyl-Functional Polystyrene (P4-a) 
 

P2-b (2.2 g, 1.83 mmol) and compound 1 (1.11 g, 3.66 mmol) were 

dissolved in DMF (50 mL) in an inert atmosphere. Sodium ascorbate (0.73 g, 3.66 

mmol) was added and the reaction mixture was degassed by gently purging with 

oxygen-free argon for 5 minutes. Subsequently, a solution of copper(II) sulfate 

(0.46 g, 1.83 mmol) in water (10 ml) was added dropwise and the solution was 

degassed again. After the reaction mixture was stirred at room temperature for 48 

h, it was transferred to an extraction funnel, diluted with DCM (100 mL), and 

washed successively with and water (2x100 mL). The collected organic phases 

were dried over MgSO4, concentrated to about 10 mL by a rotary evaporator and 

isolated by precipitation from cold hexane. The obtained polymer was collected 

by vacuum filtration through a sintered glass filter (G4) and dried under reduced 

pressure at 35 °C for 48 h. 

Yield: 1.374 g (62%). Mn,GPC: 30866 g/mol; Mw/Mn: 1.64.  

 

5.2.2.5. Electrospinning of the Fluorescence Nanofibers (P4-a) 
 

The electrospinning solution of dansyl functional polystyrene copolymer 

(P4-a) was obtained by dissolving in different solvent mixtures at different 5%, 

10%, and 20% (w/v, with respect to solvent) concentrations. The homogeneous 

clear solution was placed in a 1 mL syringe fitted with metallic needles of 0.4 mm 
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inner diameter. This was followed by the horizontal fixing of the syringe on the 

syringe pump (model SP 101IZ, WPI). The polymer solution was pumped with a 

feed rate of 0.5 mL/h during electrospinning. By using a high voltage supply, the 

applied voltage to the metal needle tip (Spellman, SL Series) was 17.5 kV and the 

tip-to-collector distance was set at 10 cm for electrospinning of the prepared 

solution. Collectively, electrospun fluorescence P4-a nanofibers were deposited on 

the aluminum foil covering the plate-type collector. The electrospinning process 

was performed at 20 °C and 20% relative humidity in an enclosed Plexiglas box. 

 

 
 

Figure 5.6: SEM micrographs of electrospun nanofibers of P4-a polymer having 

dansyl side groups using a) 5% (w/v) in DCM/DMF (3/2- v/v), b) 10% (w/v) in 

DCM/DMF (3/2- v/v), and c) 20% (w/v) in DCM/DMF (3/2- v/v) solvent systems. 

 

As shown in Figure 5.6, the best resolution was provided at DCM/DMF 

(3/2) (v/v) mixture and it could be dissolved until 20% (w/v) polymer 

concentration. Only bead structures were obtained although the concentration was 

increased. Because of all this negativity, the electrospinning process of polymer 

P4-a was terminated. Then, P1-c, P2-c and P4-b polymers were synthesized 

respectively and used in electrospinning studies for the synthesis of styrene 

polymers having dansyl side groups at lower rate (Section 5.2.2.6 - 5.2.2.9). 

 

5.2.2.6. Synthesis of Chloromethylated Polystyrene (P1-c)  
 

Styrene (12.38 g, 0.12 mol), 4-vinylbenzyl chloride (0.91 g, 0.006 mol), and 

TEMPO (0.02g, 0.08 mmol) were put into a one-necked round-bottom flask and 

stirred for 10 min under gentle argon purge. BPO (0.04 g, 0.25 mmol) was added, 

the flask was tightly closed and then immersed in a thermostated oil bath at 120 

oC and continued stirring for 48 hours. After the reaction mixture was cooled to 
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room temperature, the crude polymerization product was dissolved in DCM (15 

mL) and purified by precipitating in cold methanol. P1-c was recuperated by 

vacuum filtration through a sintered glass filter (G4) and dried under reduced 

pressure at 35 °C for 48 hours. 

Yield: 9.218 g (69%). Mn,GPC: 36000 g/mol; Mw/Mn: 2.35. FT-IR (cm-1): 

2890-3077 (CH stretching, aromatic);  2840-2886 (CH stretching, aliphatic). 1H 

NMR (500 MHz, CDCl3, δ, ppm): 6.12-7.3 (C6H4 and C6H5); 4.50 (C6H4CH2Cl); 

1.1-2.1 (polymer backbone). Composition (m/n): 18.2. 

 

5.2.2.7. Synthesis of Azide-Functional Polystyrene (P2-c)  
 

P1-c (9.07 g, contains 4.04 mmol Cl) was dissolved in DMF (40 mL) under 

argon atmosphere. NaN3 (2.10 g, 32.36 mmol) was then added, reaction mixture 

was degassed with a slow stream of argon for 10 min. and placed in an oil bath 

thermostated at 80 °C with stirring for 48 h. After the mixture was allowed to cool 

to ambient temperature, it was transferred to a separatory flask with DCM (100 

mL) and then washed with water (2x100 mL). The organic phases were then 

combined, dried over MgSO4, concentrated to around 10 mL with rotary 

evaporation, and precipitated into cold methanol. P2-c was recuperated by 

vacuum filtration through a sintered glass filter (G4) and dried under reduced 

pressure at 35 °C for 48 hours.  

Yield: 8.4 g (93%). Mn,GPC: 39000 g/mol; Mw/Mn: 2.19. FT-IR (cm-1): 2890-

3077 (CH stretching, aromatic);  2840-2886 (CH stretching, aliphatic); 2095 (N3). 

1H NMR (500 MHz, CDCl3, δ, ppm): 6.12-7.3 (C6H4 and C6H5); 4.22 

(C6H4CH2N3); 1.1-2.1 (polymer backbone). Composition (m/n): 18.2. 

 

5.2.2.8. Synthesis of Dansyl-Functional Polystyrene (P4-b) 
 

PS-Dansyl (P4-b) was prepared as follows: P2-c (3.00 g, 1.34 mmol) and 

compound 1 (0.81 g, 2.68 mmol) were dissolved in DMF (35 mL) in an inert 

atmosphere. Sodium ascorbate (0.53 g, 2.68 mmol) was added and the reaction 

mixture was degassed by gently purging with oxygen-free argon for 5 minutes. 

Subsequently, dropwise of copper(II) sulfate (0.33 g, 1.34 mmol) in water (5ml) 

solution was added and the solution was degassed again. After the reaction mixture 
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was stirred at room temperature for 48 h, it was transferred to an extraction funnel, 

diluted with DCM (100 mL), and washed successively with and water (2x100 mL). 

The collected organic phases were dried over MgSO4, concentrated to about 10 mL 

by a rotary evaporator and isolated by precipitation from cold methanol. The 

obtained polymer was collected by vacuum filtration through a sintered glass filter 

(G4) and dried under reduced pressure at 35 °C for 48 h. 

Yield: 1.798 g (59%). Mn,GPC: 42000 g/mol; Mw/Mn: 1.87. FT-IR (cm-1): 

2890-3077 (CH stretching, aromatic); 2840-2886 (CH stretching, aliphatic). 1H 

NMR (500 MHz, CDCl3, d, ppm): 7.4-8.3 (dansyl group protons);6.1-7.3 (phenyl 

group protons); 4.27 (CH2N); 1.1-2.1 (polymer backbone). Composition (m/n): 

18.2. 

 

5.2.2.9. Electrospinning of the Fluorescence Nanofibers (P4-b) 
 

The homogeneous clear solution of dansyl functional polystyrene 

copolymer (P4-b) was contained in a 1 mL syringe with a plane tip of metallic 

needle witth an inner diameter of 0.4 mm. The feeding rate of the polymer 

solution into the tip was controlled at 0.5 ml/h using the syringe pump (model SP 

101IZ, WPI). The applied high voltage to the metal needle tip (Spellman, SL 

Series) and the tip-to-collector distance were fixed at 17.5 kV and 15 cm, 

respectively. The electrospun fluorescence P4-b nanofibers were collected 

horizontally on an aluminum foil covering a plate-type collector. The 

electrospinning process was conducted at 20 °C and 20% relative humidity in an 

enclosed Plexiglas box. The obtained fiber mats were observed with a scanning 

electron microscope (SEM). 

 

5.2.3. Synthesis of Porphyrin Functional Styrene Copolymer (P5) 
 

Porphyrin-functional polystyrene copolymer (P5) was synthesized in a four-

step procedure. In the first step, asymmetric porphyrin derivative (compound 2) 

was prepared through a reaction between 4-hydroxybenzaldehyde and 4-tert-

butylbenzaldehyde in the presence of pyrrole (Figure 5.7). In the second step, 

asymmetric zinc-porphyrin compound (compound 3) was obtained via a reaction 

between compound 2 and zinc acetate (Figure 5.8) [139]. Then, acetylene-
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functional asymmetric porphyrin compound (compound 4) was produced through 

a reaction between compound 3 and propargyl bromide (Figure 5.9). In the last 

step, porphyrin-functional styrene copolymer was synthesized via click reaction 

between azide-functional styrene copolymer (P2-d) and compound 4 (Figure 

5.10). 

 

 
 

Figure 5.7: General reaction scheme for the synthesis of compound 2. 

 

5.2.3.1. Synthesis of Compound 2 
 

To a refluxing propionic acid solution (100 ml) of 4-hydroxybenzaldehyde 

(0.5 g, 4.09 mmol) and 4-tert-butylbenzaldehyde (6.64 g, 40.94 mmol), pyrrole 

(3.02 g, 45.04 mmol) was added dropwise. The mixture was stirred for 3 hours 

under refluxing and then cooled to room temperature. The solutionwas 

concentrated to 100 mL and methanol (200 mL) was added. The precipitate was 

filtered and washed with water and methanol. The residue was then purified by 

column chromatography on silica using chloroform as eluent. A large amount of 

symmetrical porphyrin, was collected as the first fraction, then the second fraction 

containing the target purple compound was collected [140]. 

Purple crystals: 0.36 g (Yield: 9.98%). MS (MALDI-TOF, m/z): 799.360 

[M+]. (Figure B1.2) 
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Figure 5.8: General reaction scheme for the synthesis of zinc-porphyrin  

compound 3. 

 

5.2.3.2. Synthesis of Compound 3 
 

Saturated zinc acetate (1.24g, 6.75 mmol) ‐ methanol (30 mL) solution was 

added to a solution of compound 2 (0.3 g, 0.38 mmol) in chloroform (70 mL). The 

mixture was stirred at room temperature for 3 h and then was transferred to an 

extraction funnel and washed with water (2x100 mL). The collected organic 

phases were dried over anhydrous Na2SO4. The solvent was removed in vacuo 

[141]. 

Yield: 0.27 g (90%). MS (MALDI-TOF, m/z): 878.464 [M-2H+H2O]. 

(Figure B1.3) 

 

 
 

Figure 5.9: General reaction scheme for the synthesis of acetylene-functional 

asymmetric porphyrin compound 4. 
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5.2.3.3. Synthesis of Compound 4 
 

Under argon, compound 3 (0.26 g, 0.30 mmol) was dissolved in anhydrous 

DMF (32 mL), then anhydrous K2CO3 (1.10 g, 0.74 mmol) and propargyl bromide 

(76.54 μL, 0.89 mmol) was slowly added under argon, and the reaction mixture 

was stirred and maintained reflux for 10 h. After cooling to room temperature, the 

mixture was concentrated. Water (2x100 mL) and dichloromethane (100 mL) 

were added, the layers were dried (MgSO4). Solvent was evaporated under 

reduced pressure and the residue was then purified by column chromatography on 

silica gel with chloroform as eluent [141]. 

Yield: 0.13 g (36%). MS (MALDI-TOF, m/z): 916.157 [M-H+H2O]. 

(Figure B1.4) 

 

5.2.3.4. Synthesis of Chloromethylated Polystyrene (P1-d)  
 

Styrene (14.09 g, 0.13 mol), 4-vinylbenzyl chloride (0.17 g, 1.13 mmol), 

and TEMPO (0.04 g, 0.26 mmol) were put into a one-necked round-bottom flask 

and stirred for 10 min under gentle argon purge. BPO (0.02g, 0.09 mmol) was 

added, the flask was tightly closed and then immersed in a thermostated oil bath at 

120 oC and continued stirring for 48 hours. After the reaction mixture was cooled 

to room temperature, the crude polymerization product was dissolved in DCM (30 

mL) and purified by precipitating in cold methanol. P1-d was recuperated by 

vacuum filtration through a sintered glass filter (G4) and dried under reduced 

pressure at 35 °C for 48 hours. 

Yield:11.24 g (79%). Mn,GPC: 65300 g/mol; Mw/Mn: 1.91. FT-IR (cm-1): 

3027−3063 (CH stretching, aromatic);  2848-2921 (CH stretching, aliphatic). 1H 

NMR (500 MHz, CDCl3, δ, ppm): 6.3-7.24 (C6H4 and C6H5); 4.48 (C6H4CH2Cl); 

1.2-2.1 (polymer backbone). Composition (m/n): 98.2. 

 

5.2.3.5. Synthesis of Azide-Functional Polystyrene (P2-d)  
 

P1-d (11.0 g, 0.87 mmol Cl) was dissolved in DMF (75 mL) under argon 

atmosphere. NaN3 (0.45 g, 6.94 mmol) was then added, reaction mixture was 

degassed with a slow stream of argon for 10 min. and placed in an oil bath 
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thermostated at 80 °C with stirring for 48 h. After the mixture was allowed to cool 

to ambient temperature, it was transferred to a separatory flask with DCM (100 

mL) and then washed with water (2x100 mL). The organic phases were then 

combined, dried over MgSO4, concentrated to around 10 mL with rotary 

evaporation, and precipitated into cold methanol. P2-d was recuperated by 

vacuum filtration through a sintered glass filter (G4) and dried under reduced 

pressure at 35 °C for 48 hours 

Yield: 10.273 g (93.39%). Mn,GPC: 61900 g/mol; Mw/Mn: 1.96 FT-IR (cm-

1): 3027−3063 (CH stretching, aromatic);  2848−2921 (CH stretching, aliphatic); 

2096 (N3). 
1H NMR (500 MHz, CDCl3, δ, ppm): 6.3-7.24 (C6H4 and C6H5); 4.22 

(C6H4CH2N3); 1.2-2.1 (polymer backbone). Composition (m/n): 98.2. 

 

 
 

Figure 5.10: General reaction scheme for the synthesis of styrene copolymer, 

containing porphyrin side-groups. 

 

5.2.3.6. Synthesis of Porphyrin-Functional Polystyrene (P5)  
 

PS-Porphyrin (P5) was prepared as follows: P2-d (2.2 g, 0.21 mmol) and 

compound 4 (0.29 g, 0.31 mmol) were dissolved in DMF (40mL) in an inert 

atmosphere. Sodium ascorbate (0.19 g, 0.94 mmol) was added and the reaction 

mixture was degassed by gently purging with oxygen-free argon for 5 minutes. 

Subsequently, dropwise of copper(II) sulfate (0.12 g, 0.47 mmol) in water (5ml) 
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solution was added and the solution was degassed again. After the reaction 

mixture was stirred at room temperature for 48 h, it was transferred to an 

extraction funnel, diluted with DCM (100 mL), and washed successively with and 

water (2x100 mL). The collected organic phases were dried over MgSO4, 

concentrated to about 10 mL by a rotary evaporator and isolated by precipitation 

from cold methanol. The obtained polymer was collected by vacuum filtration 

through a sintered glass filter (G4) and dried under reduced pressure at 35 °C for 

48 h. 

Yield: 2.24g (90%). Mn,GPC: 112200 g/mol; Mw/Mn: 2.4. FT-IR (cm-1): 

3027−3063 (CH stretching, aromatic); 2848−2921 (CH stretching, aliphatic). 1H 

NMR (500 MHz, CDCl3, d, ppm): 7.75-8.16 (porphyrin group protons); 6.1-7.3 

(phenyl group protons); 4.21 (CH2N); 1.2-2.1 (polymer backbone). Composition 

(m/n): 98.2. 

 

5.2.3.7. Electrospinning of the Fluorescence Nanofibers (P5) 
  

The homogeneous clear solution of porphyrin functional polystyrene 

copolymer (P5) was contained in a 1 mL syringe with a plane tip of metallic 

needle with an inner diameter of 0.4 mm. The feeding rate of the polymer solution 

into the tip was controlled at 1ml/h using the syringe pump (Model: NE-1000). 

The applied high voltage to the metal needle tip (Spellman, SL Series) and the tip-

to-collector distance were fixed at 17.2 kV and 15 cm, respectively. The 

electrospun fluorescence P5 nanofibers were collected horizontally on an 

aluminum foil covering a plate-type collector. The electrospinning process was 

conducted at 20 °C and 20% relative humidity in an enclosed Plexiglas box. The 

obtained fiber on the aluminum plate was observed with a scanning electron 

microscope (SEM). 

 

5.2.4. Synthesis of Coumarin Functional Styrene Copolymer (P6) 
 

Coumarin-functional polystyrene copolymer (P6) was prepared in a two-

step synthetic procedure. In the first step, chloride-functional styrene copolymer 

(P1-e) was synthesized via nitroxy-mediated stable free radical polymerization 

(NMP) of styrene and 4-vinylbenzyl chloride as monomers. Then, a coumarin-



   

 49 

functional polystyrene copolymer (P6) was prepared between chloride-functional 

styrene copolymer (P1-e) and 7-hydroxycoumarin via etherification reaction 

(Figure 5.11). 

 

 
 

Figure 5.11: General reaction scheme for the synthesis of styrene copolymer, 

containing coumarin side-groups. 

 

5.2.4.1. Synthesis of Chloromethylated Polystyrene (P1-e)  
 

Styrene (12.64 g, 0.12 mol), 4-vinylbenzyl chloride (2.65 g, 0.017 mol), and 

TEMPO (0.04 g, 0.26 mmol) were put into a one-necked round-bottom flask and 

stirred for 10 min under gentle argon purge. BPO (0.02 g, 0.09 mmol) was added, 

the flask was tightly closed and then immersed in a thermostated oil bath at 120 

oC and continued stirring for 48 hours. After the reaction mixture was cooled to 

room temperature, the crude polymerization product was dissolved in DCM (10 

mL) and purified by precipitating in cold methanol. P1-e was recuperated by 

vacuum filtration through a sintered glass filter (G4) and dried under reduced 

pressure at 35 °C for 48 hours. 

Yield: 1.467 g (10%). Mn,GPC: 45220 g/mol; Mw/Mn: 2.25. FT-IR (cm-1): 

3027-3063 (CH stretching, aromatic);  2848-2932 (CH stretching, aliphatic). 1H 

NMR (500 MHz, CDCl3, δ, ppm): 6.2-7.2 (C6H4 and C6H5); 4.50 (C6H4CH2Cl); 

1.1-2.1 (polymer backbone). Composition (m/n): 7.2. 
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5.2.4.2. Synthesis of Coumarin-Functional Polystyrene (P6) 

 
A mixture of 7-hydroxycoumarin (0.58 g, 3.55 mmol) and potassium 

carbonate (0.56 g, 4.06 mmol) in N',N''-dimethylacetamide (DMAc, 35 mL) was 

heated to 80 °C. P1-e (0.5 g, 0.51 mmol) solution in DMAc (15 mL) was added to 

the mixture and then magnetically stirred at 80 °C for 3 h under a nitrogen 

atmosphere. The solution mixture was cooled to room temperature and then 

poured into methanol to obtain a white precipitate. The precipitate was further 

purified by several reprecipitations from the DMAc solution into methanol and 

then washed with water to remove potassium carbonate and any remaining salts. 

The product was obtained after drying overnight in a vacuum [142]. 

Yield: 0.53 g (50%). Mn,GPC: 50000 g/mol; Mw/Mn: 2.35. FT-IR (cm−1): 1739 

(C––O), 1613 (C––C in benzene ring), 1120 (C(C––O)–O). 1H NMR (500 MHz, 

CDCl3, δ, ppm): 1.6–2.2 (m, 3H, –CH2–CPhH–), 4.8–5.1 (s, 2H, Ph–CH2–O–), 

6.1–6.2 (d, 1H, –OCOCH––CH–), 6.2–6.3 (m, 1H, –OPhH–), 6.4–7.4 (m, 6H, 

PhHCH2–, –OPhH–), 7.5–7.7 (d, 1H, –OCOCH––CH–). Composition (m/n): 7.2. 

 

5.2.4.3. Electrospinning of the Fluorescence Nanofibers (P6) 
 

The homogeneous clear solution of coumarin functional polystyrene 

copolymer (P6) was contained in a 1 mL syringe with a plane tip of metallic 

needle witth an inner diameter of 0.6 mm. The feeding rate of the polymer 

solution into the tip was controlled at 1 ml/h using the syringe pump (Model: NE-

1000). The applied high voltage to the metal needle tip (Spellman, SL Series) and 

the tip-to-collector distance were fixed at 17.2 kV and 15 cm, respectively. The 

electrospun fluorescence P6 nanofibers were collected horizontally on an 

aluminum foil covering a plate-type collector. The electrospinning process was 

conducted at 20 °C and 20% relative humidity in an enclosed Plexiglas box. The 

obtained fiber on the aluminum plate was observed with a scanning electron 

microscope (SEM). 
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6. RESULTS AND DISCUSSION 
 

6.1. Characterization of Pyrene Functional Styrene 

Copolymer (P3) 
 

The chemical structures of the synthesized copolymers (P1-a, P2-a, P3) 

were supported via FT-IR and 1H NMR spectral analysis. In their FT-IR spectra 

given in Figure 6.1, aromatic and aliphatic C-H stretching bands are observed 

around 3027−3063 and 2848−2921 cm−1, respectively. In the FT-IR spectrum of 

P2-a, the signal observed at 2095 cm−1 clearly indicates the presence of azide 

functional groups in the chemical structure of P2-a. Upon CuAAC click reaction 

between P2-a and 1-ethynylpyrene, the complete disappearence of azide signal, 

which was observed in the FT-IR spectrum of the precursor, proves that pyrene 

side groups were attached quantitatively, yielding P3. 

 

 
 

Figure 6.1: FT-IR spectra of the functional styrene copolymers: a) P1-a, b) P2-a 

and c) P3. 

 

In the 1H NMR spectra of the copolymers (Figure 6.2), the backbone 

protons (Ha) gave signals between 1.42 and 2.04 ppm, while aromatic CH protons 
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(Hc) in styrene and vinylbenzyl repeating units resonanced between 6.46 and 7.09 

ppm. In the 1H NMR spectrum of P1-a, the signal of the methylene protons (Hb) 

next to the benzene ring was observed at 4.51 ppm and it was shifted to higher 

magnetic field (4.22 ppm) in the 1H NMR spectrum of P2 upon azidification. 

After click reaction of P2-a with 1-ethynylpyrene, the chemical environment of 

these protons (Hb) changed, and they gave resonances at 5.52 ppm. The clear shift 

of Hb protons on azidification and click reactions, explicitly proves the success of 

the reactions. Copolymer composition of the polymers (P1-a, P2-a, P3) was 

calculated by comparing the integral ratios of Hb and Hc and found as 8.4. 

Besides, pyrene proton signals and triazole proton signal were observed between 

7.68 and 8.68 ppm in the 1H NMR spectrum of P3. 

 

 
 

Figure 6.2: 1H NMR spectra of the functional styrene copolymers, a) P1-a,           

b) P2-a and c) P3. 

 

Differential scanning calorimetry (DSC) technique was used in order to 

determine thermal transitions (e.g. Tg) of the synthesized polymers with different 
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side-functional groups. Figure 6.3 shows the DSC curves of the styrene 

copolymers in the second heating run. Tg values of the chloride functional styrene 

copolymer (P1-a) was measured as ∼104 °C. Upon azidification, Tg of the styrene 

copolymer (P2-a) decreased slightly to ∼99 °C. However, attachment of pyrene 

side groups considerably increased Tg (∼126 °C) of the resultant fluorescent 

styrene copolymer (P3), due to rigid structure and π-stacking of pyrene side-units. 

 

 
 

Figure 6.3: DSC thermograms of the functional styrene copolymers, P1-a, P2-a, 

and P3. 

 

As for the thermogravimetric properties of the copolymers, their maximum 

decomposition temperatures (TMax) of the styrene copolymers were very close to 

each other as seen from Figure 6.4, indicating that their thermal stabilities were 

almost similar. Besides, the percent char yield of the pyrene functional styrene 

copolymer was remarkably greater than the others. 
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Figure 6.4: TGA thermograms of the functional styrene copolymers, P1-a,         

P2-a and P3. 

 

Different solvent systems were tried for electrospinning of pyrene-

functional polystyrene copolymer (P3). Heavily nanofibers with beaded structures 

were obtained as the solution prepared with the DMF solvent that could be 

observed from Figure 6.5-a. Firstly, polymer solution at 10% (w/v) concentration 

in DMF\chloroform (4/1-v/v) solvent system was prepared and tried to obtain 

nanofiber structure using the above-mentioned electrospinning conditions (Figure 

6.5-b). When the polymer concentration was increased to 12% (w/v) beadless 

nanofibers could not be obtained (Figure 6.5-c). In DMF/ chloroform (4/1-v/v) 

solvent mixture, beadless structure could not be obtained although increasing 

concentration and therefore viscosity to 12% and the polymer solution solidified 

at the syringe tip. Therefore, solvent system changed to DMF/DCM (7/3-v/v) and 

at 12% (w/v) concentration uniform beadless nanofibers could be obtained (Figure 

6.5-d). 
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Figure 6.5: SEM micrographs of electrospun nanofibers of P3 polymer having 

pyrene side groups using a) 10% (w/v) in DMF, b) 10% (w/v) in 

DMF/chloroform (4/1- v/v), c) 12% (w/v) in DMF/chloroform (4/1- v/v), and d) 

12% (w/v) in DMF/DCM (7/3- v/v) solvent systems. 

  

The SEM image of electrospun pyrene-functional styrene copolymer (P3) 

depicts a uniform defect-free porous structure with average fiber diameter of 400 

± 140 nm as illustrated in Figure 6.6. The of pores is clearly seen on surface of the 

nanofibers with an average pore size of 30−40 nm. And also cross-sectional view 

of the fiber confirms the occurrence of porous structure inside the fiber. 

Additionally, the fluorescent nanofibrous membrane (FNFM) exhibited bright 

bluish green emission, visually observed under UV light (λext-254 nm) as shown 

in Figure. 6.6b and their depiction under normal light conditions is displayed in 

Figure. 6.6c. 
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Figure 6.6: a) SEM image of the pyrene functional polystyrene copolymer 

nanofibers. (inset) Porous nature and cross-sectional view of the nanofiber. b) 

Photograph of FNFM under UV light (λext-254 nm) and c) Day light. 

 

The fluorescent polymer (P3) demonstrated excimer emissions mainly due 

to increased local concentration of pyrene moieties on the polymer backbone as 

shown in Figure 6.7.  

 

 
a) 

 
b) 

 

Figure 6.7: Fluorescence emission spectra of pyrene-functional polystyrene 

copolymer (a) nanofiber (λext-340 nm) and b) in solution phase. 
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6.2. Characterization of Dansyl Functional Styrene 

Copolymer (P4) 
 

FT-IR and 1H NMR analysis techniques were used to confirm the chemical 

structures of the synthesized copolymers (P1-c, P2-c, P4). In their FT-IR spectra 

(Figure 6.8), aromatic and aliphatic C-H stretching bands are observed around 

2890-3077 and 2840-2886 cm-1, respectively. In the FT-IR spectrum of P2-c, the 

signal observed at 2095 cm-1 clearly indicates the presence of azide functional 

groups in the chemical structure of P2-c. The disappearence of azide signal, which 

was observed in the FT-IR spectrum of P4-b, proves the attaching of dansyl side-

groups. 

 

 
 

Figure 6.8: FT-IR spectra of the functional styrene copolymers: a) P1-c, b) P2-c 

and c) P4-b. 

 

To attach the dansyl functionality to the P2-c, acetylene functional dansyl 

compound (compound 1) was prepared. In the 1H NMR spectrum of compound 1, 

characteristic peaks at 8.72 (f), 8.41-8.21 (e, g), 7.66-7.50 (h), 4.08 (c), 2.96 (d), 

2.53 (a), and 1.87 (b) ppms show compatibility with with its structure. This data 

show that compound 1 was successfully synthesized (Figure 6.9). 
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Figure 6.9: 1H NMR spectrum of Compound 1. 

 

In the 1H NMR spectra of the copolymers (Figure 6.10), the backbone 

protons (Ha) gave signals between 1.1 and 2.1 ppms, while aromatic CH protons 

(Hc) in styrene and vinylbenzyl repeating units gave resonances between 6.12 and 

7.3 ppms. In the 1H NMR spectrum of P1-c, the signal of the methylene protons 

(Hb) next to the benzene ring was observed at 4.50 ppm. Upon azidification of  

P2-c,  the signal Hb moved to higher magnetic field (4.22 ppm) in the 1H NMR 

spectrum.  
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Figure 6.10: 1H NMR spectra of the functional styrene copolymers, a) P1-c, b) 

P2-c and c) P4-b. 

 

After click reaction of P2-c with compound 1, the chemical environment of 

these protons (Hb) changed and they gave rosonces at 4.27 ppm. The clear shift of 

Hb protons on azidification and click reactions, clearly confirms the success of the 

reactions. Copolymer composition of the polymers (P1-c, P2-c, P4-b) was 

calculated by comparing the integral ratios of Hb and Hc and found as 18.2. 

Besides, dansyl proton signals were observed between 7.4 and 8.3 ppms and 

triazole proton signal was observed at 8.9 ppm in the 1H NMR spectrum of P4-b. 

The thermal transitions such as Tg of the synthesized polymers with 

different side-functional groups were determined by DSC. The DSC curves of the 

styrene copolymers in the second heating run were shown in Figure 6.11. Tg 

values value of the chloride functional styrene copolymer (P1-c) was measured as 

105.4. Upon azidification, Tg of the styrene copolymer (P2-c) decreased slightly to 

104.9. Then, attachment of dansyl side groups considerably increased Tg of the 
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resultant fluorescent styrene copolymer (P4-b), due to the structure of dansyl side-

units.  

 

 
 

Figure 6.11: DSC thermograms of the functional styrene copolymers, a) P1-c, b) 

P2-c and c) P4-b. 

 

Thermal properties of the copolymers were measured via TGA experiments. 

Their maximum decomposition temperatures (TMax) of the styrene copolymers 

were very close to each other as seen from Figure 6.11. Also, the percent char 

yield of the dansyl-functional styrene copolymer was greater than the others. 

 

 
 

Figure 6.12: TGA thermograms of the functional styrene copolymers,                  

a) P1-c, b) P2-c, and c) P4-b. 
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Different solvent systems were tried for electrospinning of dansyl-functional 

polystyrene copolymer. P4-a polymer was prepared at 5% (w/v), 10% (w/v) and 

20% (w/v) concentrations in DCM/DMF (3/2-v/v), only bead structures were  

obtained (Figure 5.1). Because of all this negativity, P4-b polymer was used with 

lower dansyl percentage for electrospinning works. Then, concentration increased 

to 30% (w/v). Homogeneous electrospinning solution was prepared at 30% (w/v) 

concentration and it was tried to collect horizontally on an aluminum foil covering 

a plate-type collector at 15 cm tip-to-collector distance. Consequently, optimum 

yield and morphology for P4-b polymer in the system is DMF /DCM (7/3-v/v) 

solution and 30% (w/v) concentration. Beadless and uniform nanofibers were 

obtained clearly with these conditions. The strip-shape structure of the nanofibers 

is shown in Figure 6.13a. 

 

 

a) 

 

b) 

 

c) 

 

d) 

 

Figure 6.13: a) SEM image of the dansyl functional polystyrene copolymer 

nanofibers. b) Fluorescence emission spectrum (λext-350 nm). c) Photograph of 

FNFM under UV light (λext-254 nm) and d) daylight. 
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The procedure for the electrospinning process of nanofibers from dansyl 

functional polystyrene copolymer (P4-b) was used according to the literature [86]. 

The SEM image of electrospun dansyl functional styrene copolymer (P4-b) shows 

a uniform defect-free porous structure as illustrated in Figure 6.13a. The 

fluorescent polymer demonstrated emission mainly due to increased local 

concentration of dansyl moieties on the polymer backbone as shown in Figure 

6.13b. Further, the fluorescent nanofibrous membrane (FNFM) exhibited bright 

blue emission, visually observed under UV light (λext-254 nm) as shown in 

Figure 6.13c, and their depiction under normal light conditions is displayed in 

Figure 6.13d. 

 

6.3. Characterization of Porphyrin Functional Styrene 

Copolymer (P5) 
 

FT-IR spectra of Compound 2-4 were given in Figure 6.14. In the FT-IR 

spectra of asymmetric porphyrin derivative (Compound 2) and asymmetric zinc-

porphyrin (Compound 3), the wide signals observed at 3500 cm−1 clearly indicate 

the presence of OH groups in their chemical structures (Figure 6.14.a and b). 

Upon reaction between Compound 3 and propargyl bromide, the disappearence of 

OH signal, which was observed in the FT-IR spectrum of the Figure 6.14.c, 

proves that acetylene group was attached successively, yielding acetylene-

functional asymmetric porphyrin (Compound 4). 

 

 
 

Figure 6.14: FT-IR spectra of a) Compound 2, b) Compound 3, and c) 

Compound 4. 
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FT-IR spectra of P1-d, P2-d and P5 were given in Figure 6.15. In their FT-

IR spectra, aromatic and aliphatic C-H stretching bands are observed around 

3027−3063 and 2848−2921 cm−1, respectively. In the FT-IR spectrum of P2-d, the 

signal observed at 2096 cm−1 clearly indicates the presence of azide functional 

groups in the chemical structure of P2-d. Upon click reaction between P2-d and 

Compound 4, the complete disappearence of azide signal, which was observed in 

the FT-IR spectrum of the precursor, proves that porphyrin side groups were 

attached quantitatively, yielding P5. 

 

 
 

Figure 6.15: FT-IR spectra of the functional styrene copolymers: a) P1-d,          

b) P2-d, and c) P5. 

 

In the 1H NMR spectra of the compounds 2, 3, and 4 (Figure 6.16), the 

aromatic CH protons gave signals between 7.15 - 9.00 ppms and methyl group 

protons gave signals at 1.61ppm. In the 1H NMR spectrum of compound 2 (Figure 

6.16.a), the signal of the internal NH protons was observed at -2.76 ppm. Upon 

zincification of compound 2, this signal was disappeared in the 1H NMR 

spectrum, clearly confirms that compound 3 synthesized successively. The CH 

acetylene proton of compound 4 gave signal at 2.70 ppm (Figure 6.16.c). 
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Figure 6.16: 1H NMR spectra of the functional styrene copolymers: a) Compound 

2, b) Compound 3, and c) Compound 4. 

 

In the 1H NMR spectra of the copolymers (Figure 6.17), the backbone 

protons (Ha) gave signals between 1.2 and 2.1 ppms, while aromatic CH protons 

(Hc) in styrene and vinylbenzyl repeating units gave resonances between 6.3 and 

7.24 ppms. In the 1H NMR spectrum of P1-d, the signal of the methylene protons 

(Hb) next to the benzene ring was observed at 4.48 ppm. Upon azidification of  

P2-d,  the signal Hb moved to higher magnetic field (4.22 ppm) in the 1H NMR 

spectrum. After click reaction of P2-d with compound 4, the chemical 

environment of these protons (Hb) changed and they gave rosonces at 5.30 ppm. 

The shift of Hb protons on azidification and click reactions, clearly confirms the 

success of the reactions. Copolymer composition of the polymers (P1-d, P2-d, P5) 

was calculated by comparing the integral ratios of Hb and Hc and found as 98.2. 

Besides, aromatic CH protons of porphyrin group were observed at 7.75 and 8.16 

ppms and triazole proton signal was observed at 8.98 ppm in the 1H NMR 

spectrum of P5 (Figure 6.17.c). 
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Figure 6.17: 1H NMR spectra of the functional styrene copolymers:                      

a) P1-d, b) P2-d, and c) P5. 

 

The thermal transitions of P1-d, P2-d, and P5 polymers with different side-

functional groups were determined by DSC. The DSC curves of the styrene 

copolymers in the second heating run were shown in Figure 6.18. Tg values value 

of the chloride functional styrene copolymer (P1-d) was measured as 104. Upon 

azidification, Tg of the styrene copolymer (P2-d) decreased slightly to 103. Then, 

attachment of porphyrin side groups considerably increased Tg (127.9) of the 

resultant fluorescent styrene copolymer (P5), due to the structure of porphyrin 

side-units.  
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Figure 6.18: DSC thermograms of the functional styrene copolymers, a) P1-d, b) 

P2-d, and c) P5. 

 

Thermal properties of the synthesized copolymers were measured via TGA 

experiments. Their maximum decomposition temperatures (TMax) of the styrene 

copolymers were very close to each other as seen from Figure 6.19. The percent 

char yields of the chloride (P1-d) and azide (P2-d) functional polymers were 

found 4.2% and 0.40%, respectively at 700 oC. Also, the percent char yield of the 

porphyrin-functional styrene copolymer (P5) was remarkably (8.87%) greater 

than the others. 

 

 
 

Figure 6.19: TGA thermograms of the functional styrene copolymers, a) P1-d,     

b) P2-d, and c) P5. 
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UV-vis spectra of Compound 2, compound 3, compound 4, P2-d, and P5 in 

DMF solvent (0.2 mg/ml) is shown in Figure 6.20. The UV-vis spectrum of P5 

shows that characteristic Soret band peak of porphyrin molecules is observed at 

428 nm and Q-band peaks are observed at 518, 562 and 602 nm. These results 

indicate the presence of porphyrin side groups in P5 polymer structure. 

 

 
 

Figure 6.20: UV-vis spectra of a) Compound 2, b) Compound 3, c) Compound 4, 

d) P2-d, and e) P5. 

 

The fluorescent polymer P5 in DMF solvent (0.2 mg/ml) demonstrated 

excimer emissions mainly due to increased local concentration of porphyrin 

moieties on the polymer backbone as shown in Figure 6.21. 

 

 
 

Figure 6.21: Fluorescence emission spectrum of the porphyrin functional 

polystyrene copolymer (λext-420 nm). 
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Different solvent systems were tried for electrospinning of porphyrin-

functional polystyrene copolymer (P5). Firstly, polymer solution in 10% (w/v) 

DMF solvent system was prepared. Heavily nanofibers with beaded structures 

were obtained (Figure 6.22-a). When the polymer concentration was increased to 

13% in DMF, nanofibers were obtained beside the bead structures (Figure 6.22-b). 

Therefore, changes were made in the solvent system. Nanofibers of polymer 

solution at 10% (w/v) concentration in DMF\DCM (7/1-v/v) have shown 

improvement, but beadless structure could not be formed (Figure 6.22-c). Then, 

electrospinning using 10% (w/v) concentration in DMF\DCM (7/3-v/v) solvent 

mixture showed significant improvements in fiber quality although beadless 

structure could not be produced (Figure 6.22-d). After that, increasing DCM ratio 

in the solvent mixture (DMF/DCM, 7/5, v/v) at the same concentration (10%, 

w/v) beadless structure could not be obtained in  the electrospining of the polymer 

solution (Figure 6.22-e). Thereupon, beadless structures were tried to be achieved 

by increasing the solution concentration and therefore the viscosity. Bead 

structures were decreased and significant improvements were observed in fiber 

homogenity in the electrospinning experiment at 13% (w/v) concentration in 

DMF\DCM (7/1-v/v) solvent system (Figure 6.22-f).  

After all this, electrospinning studies of polymer solution were performed in 

DMF/DCM (7/3, v/v) solvent system at the same concentration (13%). In this 

trial, beadless uniform nanofiber structures were obtained (Figure 6.22-g,h). The 

SEM image of electrospun porphyrin-functional styrene copolymer (P5) depicts a 

uniform defect-free structure as illustrated in Figure 6.22-g,h.  
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

g) 

 

h) 

 
 

Figure 6.22: SEM micrographs of electrospun nanofibers of P5 polymer having 

porphyrin side groups using a) 10% (w/v) in DMF, b) 13% (w/v) in DMF, c) 10% (w/v) 

in DMF/DCM (7/1- v/v), d) 10% (w/v) in DMF/DCM (7/3- v/v), e) 10% (w/v) in 

DMF/DCM (7/5- v/v), f) 13% (w/v) in DMF/DCM (7/1- v/v), g), and h) 13% (w/v) in 

DMF/DCM (7/3- v/v) solvent systems. The magnification ratio was applied 1000X for  

a, b, c, d, e and f, 2000X for g, and h for 10000X. 
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6.4. Characterization of Coumarin Functional Styrene 

Copolymer (P6) 
 

FT-IR spectra of chloride-functional styrene copolymer (P1-e) and 

coumarin-functional polystyrene copolymer (P6) were given in Figure 6.23. In 

their FT-IR spectra, aromatic and aliphatic C-H stretching bands are observed 

around 3027−3063 and 2848−2932 cm−1, respectively. Upon etherification 

reaction between P1-e and 7-hydroxycoumarin, the complete disappearence of 

chloride signal (1260 cm−1), proves that coumarin side groups were attached 

quantitatively, yielding P6. 

 

 
 

Figure 6.23: FT-IR spectra of the functional styrene copolymers: a) P1-e and       

b) P6. 

 

In the 1H NMR spectra of the copolymers (Figure 6.24), the backbone 

protons (Ha) gave signals between 1.1 and 2.1 ppms, while aromatic CH protons 

(Hc) in styrene and vinylbenzyl repeating units gave resonances between 6.2 and 

7.2 ppms. In the 1H NMR spectrum of P1-e, the signal of the methylene protons 

(Hb) next to the benzene ring was observed at 4.50 ppm. After reaction of P1-e 

with 7-hydroxycoumarin, the chemical environment of these protons (Hb) changed 

and they gave rosonces at 4.97 ppm. The clear shift of Hb protons, clearly 
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confirms the success of the reaction. Copolymer composition of the polymers (P1-

e, P6) was calculated by comparing the integral ratios of Hb and Hc and found as 

7.2. Besides, coumarin proton signals were observed between 7.5 and 7.7 ppms in 

the 1H NMR spectrum of P6. 

 

 
 

Figure 6.24: 1H NMR spectra of the functional styrene copolymers: a) P1-e       

and b) P6. 

 

The thermal transitions, of P1-e and P6 polymers with different side-

functional groups were determined by differential scanning calometry (DSC). The 

DSC curves of the styrene copolymers in the second heating run were shown in 

Figure 6.25. Tg values value of the chloride functional styrene copolymer (P1-e) 

was measured as 108.9. Then, attachment of coumarin side groups increased 

(115.9) Tg of the resultant fluorescent styrene copolymer (P6), due to the structure 

of coumarin side-units.  
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Figure 6.25: DSC thermograms of the functional styrene copolymers, a) P1-e and 

b) P6. 
 

Thermal properties of the P1-e and P6 copolymers were measured via TGA 

experiments. Their maximum decomposition temperatures (TMax) of the styrene 

copolymers were close to each other as seen from Figure 6.26. Also, the percent 

char yield of the coumarin-functional styrene copolymer was greater than chloride 

functional polymer. 

 

 
 

Figure 6.26: TGA thermograms of the functional styrene copolymers, a) P1-e          

and b) P6. 
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The fluorescent polymer demonstrated emission mainly due to increased 

local concentration of coumarin moieties on the polymer backbone as shown in 

Figure 6.27. 

 

 
 

Figure 6.27: Fluorescence emission spectrum of the coumarin functional 

polystyrene copolymer (λext-300 nm). 

 

Different solvent systems were tried for electrospinning of coumarin-

functional polystyrene copolymer (P6). Firstly, polymer solution in 5% (w/v) 

DMF solvent system was prepared. Heavily nanofibers with beaded structures 

were obtained (Figure 6.28a-b). Therefore, various solvent mixtures were tried to 

improve this system. P6 polymer was prepared at 10% (w/v) concentration in 

DMF\DCM (7/1-v/v), DMF/DCM (7/3-v/v), and DMF/DCM (7/5-v/v) solvent 

systems. The SEM images of electrospun coumarin-functional styrene copolymer 

(P6) depict that bead structures were decreased. And, the nanofiber structure 

having less beads was obtained at 10% (w/v) concentration in DMF/DCM (7/3-

v/v) solvent system (Figure 6.28-e,f). 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

 

Figure 6.28: SEM micrographs of electrospun nanofibers of P6 polymer having 

coumarin side groups using a) and b) 5% (w/v) in DMF, c) 10% (w/v) in 

DMF/DCM (7/1- v/v), d) 10% (w/v) in DMF/DCM (7/5- v/v), e) and f) 10% 

(w/v) in DMF/DCM (7/3- v/v) solvent systems. 

 

6.5. Sensing Applications of Electrospun Pyrene 

Functional Styrene Copolymer 
  

The fluorescence quenching experiments were done similar to the literature 

papers. At a concentration of 10-2 M, stock solutions of nitro explosives and metal 

ions were prepared by dissolving in ACN/H2O (1:1) mixture. The nanofiber mat 

was put into the cuvette with 2 mL of ACN/H2O (1:1) and then the solution of 

nitroaromatics and metal ions were injected and allowed to reach equilibrium. 
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This is followed by diluting different concentrations of quenchers from the stock 

solution [84]. 

Metal ion and nitroaromatic sensing experiments of P3 fluorescent 

nanofibrous membrane (FNFM) were performed in ACN : water (1:1) solvent 

mixtures at room temperature for 10 min dipping the membrane. The detailed 

measurements of concentration changes were made for TNT. The corresponding 

fluorescence spectra before and after the treatment of TNT, with a concentration 

ranging from 5 mM to 5 nM is illustrated in Figure 6.29a. This spectrum clearly 

shows that fluorescence nature of the fiber changes as a function of the 

concentration of TNT. The quenching efficiency rises with increasing 

concentration of TNT, shown in Figure 6.29b. 

 

 

 

Figure 6.29: a) Fluorescence emission spectra of FNFM upon exposure to various 

concentrations of TNT and their b) quenching efficiency. 

 

Further, visual colorimetric detection was performed for different 

concentrations of TNT from 5 mM to 5 nM. Obviously, the visual colorimetric 
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sensing performance of FNFM is easily identifiable under UV light (λext -254 nm), 

since the color of the membrane changes from bright bluish-green to blue at 

selected concentrations. Further, maintaining the same and normal light 

conditions, their photographs were taken, demonstrated in Figure 6.30. It is 

apparent that color changed from light sandal to dark sandal at higher 

concentration under normal light conditions.  

 

 
 

Figure 6.30: Visual colorimetric detection of TNT. Photograph of the fluorescence 

quenching of FNFM treated with different concentrations of TNT 

in aqueous phase when viewed under UV (λext-254 nm) a) and daylight b). The 

tested TNT concentrations are 5x10−3, 5x10−4, 5x10−5, 5x10−6, and 5x10−7M from 

left to right. 

 

The importance of selective response was investigated from other nitro 

aromatic compounds and commonly found toxic metals in water. Significantly, 

the results showed that the presence of 2,4-dinitrotoluene at a concentration of 1 

mM decreases the fluorescence intensity considerably, and 4-nitrophenol also 

slightly decreases the fluorescence intensity. Excitingly, at this concentration, the 

highest quenching efficiency was obtained in the presence of TNT indicating their 

enhanced sensing response. Besides this, no significant change in fluorescence 

emission was noticed in the presence of toxic metal ions visually and 

spectroscopically, presented in Figure 6.31.  
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Figure 6.31: Selective sensing performance of FNFM upon exposure to other nitro 

aromatic compounds and toxic metal ions.  
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7. CONCLUSION 
 

In this thesis, styrene based copolymers bearing different fluorescence 

active functional groups were synthesized and employed in the preparation of 

nanofibers via electrospinning method. The effects of polymer molecular weight, 

polymer solution concentration, solvent, and solvent systems to nanofiber 

formation were examined by SEM analysis. We divide it into four main parts and 

the significant results are given below. 

In the first part, pyrene-functional polystyrene copolymer (P3) was 

synthesized and employed in the preparation of electrospun nanofibers. Different 

solvent systems were tried for electrospinning of pyrene-functional polystyrene 

copolymer (P3). Firstly, polymer solution in 10% (w/v) DMF solvent system was 

prepared. Nanofibers with beaded structures were obtained, then changes were 

made in the solvent system. In DMF/ chloroform (4/1-v/v) solvent mixture at 10% 

(w/v) concentration, beadless structure could not be obtained although increasing 

concentration and therefore viscosity to 12%. When the concentration was 

increased more, the polymer solution solidified at the syringe tip. Therefore, 

DMF/DCM (7/3-v/v) solvent system was tried and at 12% (w/v) concentration 

uniform beadless nanofibers could be obtained without any problems. The 

obtained nanofibers were used as the fluorescence active sensing material against 

trinitrotoluene (TNT) [84]. 

In the second part, dansyl-functional polystyrene copolymer (P4) was 

synthesized and employed in the preparation of electrospun nanofibers. Different 

solvent systems were tried for electrospinning of dansyl-functional polystyrene 

copolymer (P4). The best resolution was achieved at DCM/DMF (3/2) (v/v) for 

electrospinning of dansyl-functional styrene polymer (P4-a) and could be 

dissolved until 20% (w/v) polymer concentration. Despite the concentration was 

increased, only bead structures were obtained. Because of all these difficulties, 

P4-b polymer having lower dansyl percentage was used in the electrospinning 

studies. In DCM/DMF (3/7-v/v) solvent system and increasing concentration to 

30% (w/v), uniform beadless nanofibers could be obtained without any problems. 

In the third part, porphyrin-functional polystyrene copolymer (P5) was 

synthesized and employed in the preparation of electrospun nanofibers. Different 

solvent systems were tried for electrospinning of porphyrin-functional polystyrene 
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copolymer (P5). Firstly, polymer solution in 10% (w/v) DMF solvent system was 

used and heavily beaded nanofiber structures were obtained. Then, the polymer 

concentration was increased to 13%, nanofibers were obtained beside the bead 

structures. Therefore, the solvent system was changed and DMF\DCM (7/1-v/v), 

DMF/DCM (7/3-v/v), and DMF/DCM (7/5-v/v) solvent systems at 10% (w/v) 

concentration were tried. Beadless structure could not be produced although 

significant improvements were observed in fiber quality. Then, the solution 

concentration and therefore viscosity value was increased. At 13% (w/v) 

concentration in DMF\DCM (7/1-v/v) solvent system, bead structures were 

decreased and significant improvements were observed in fiber homogenity. After 

that, at the same concentration (13% (w/v)) in DMF/DCM (7/3, v/v) solvent 

system uniform beadless nanofibers could be obtained. 

 In the last part, coumarin-functional polystyrene copolymer (P6) was 

synthesized via etherification reaction and employed in the preparation of 

electrospun nanofibers. Different solvent systems were tried for electrospinning of 

coumarin-functional polystyrene copolymer (P6). Firstly, polymer solution in 5% 

(w/v) DMF solvent system was used and only beaded nanofiber structures were 

obtained. Then, the polymer concentration was increased to 10% and DMF\DCM 

(7/1-v/v), DMF/DCM (7/3-v/v), and DMF/DCM (7/5-v/v) solvent systems were 

tried. Nanofibers were obtained beside the bead structures at this concentration. 

The uniform and less bead nanofiber structure could be obtained at 10% (w/v) 

concentration in DMF/DCM (7/3-v/v) solvent system. 

 

7.1. Benefits that are expected from thesis and its transfer 

to application 
 

Electrospun nanofibers due to the magnitude of their surface area, are used 

in a wide range of applications, such as catalysis, nanofiltration, biosensor 

applications, and artificial tissue studies. The obtained nanofiber mats which are 

produced from styrene polymers with different functional groups (pyrene, dansyl, 

porphyrin and coumarin) are thought to have potential to be used in fluorescent 

chemical sensors towards various analytes.  
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Appendix B: Mass spectra of synthesized compounds 

 

 
 

Figure B1.1: Mass spectrum of compound 1. 

 

 

 
 

Figure B1.2: Mass spectrum of compound 2. 
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Figure B1.3: Mass spectrum of compound 3. 

 

 

 

 
 

Figure B1.4: Mass spectrum of compound 4. 

  

 


