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SYNTHESIS OF CONJUGATED POLYMERS THROUGH LIGHT-

INDUCED STEP-GROWTH POLYMERIZATION 

SUMMARY 

Conjugated conducting polymers have attracted a great deal of attention since their 

discovery 50 years ago because of their distinctive conductive properties and potential 

uses in fuel cells, actuators, adhesives, and electronic components like organic field-

effect inverters, photovoltaic panels, and light-emitting devices. In recent years, these 

materials have been very important in making people’s living spaces more 

comfortable. As a result, it is critical to create unique, high-performance conjugated 

conductive materials. Electropolymerization, oxidative polymerization, and coupling 

processes are some of the most statistically significant synthesis of these polymers 

(e.g., Suzuki and Yamamoto). Polymers with distinct morphologies and, therefore, 

diverse physical and chemical characteristics can be produced based on the synthetic 

process employed. Additionally, they can be blended with other synthetic polymers to 

enhance their processability and characteristics. 

Photopolymerization is a fast-growing method due to its many benefits. For example, 

it is solvent-free, energy-efficient, and appropriate for heat-sensitive materials. In 

addition, photopolymerization only proceeds in the lighted region, resulting in both 

temporal and spatial resolutions that are complete. These advantages make it possible 

to produce films and intricate three-dimensional objects for industries including 

protective coating, adhesive, automotive, microcircuit, and semiconductor. High 

spatial resolution and a wide variety of potential uses are provided by the use of 

photosensitive resins in cost and easy additive manufacturing methods. By exposing 

photosensitive compounds, particularly photoinitiators, to ultraviolet or visible light, a 

chain reaction is initiated that transforms a monomer into a polymer. Unlike traditional 

chain polymerizations, photoinduced step-growth polymerizations do not need the use 

of an initiator. When two monomers with different functions react at equal molar 

concentrations, a difunctional polymer is formed. During the first stages of 

polymerization, just a single reaction mechanism is at work, and the total increase in 

molecular weight is slow. In contrast to a chain-growth process, the phases of 

initiation, propagation, and termination are thus omitted. 

In the first part of the thesis, we provide a novel, easy photochemical method for step-

growth polymerization synthesis of polypyrene (PPy). PPy synthesis using the photo-

induced polymerization technique in the presence of iodonium salt (DPI) was carried 

out with low cost and high efficiency. A thorough examination of the structural, 

morphological, electrochemical, and molecular weight features of the polymers 

indicated that the DPI/Py ratio has a significant impact on the chain length and on the 

efficiency of electropolymerization. This technique is very applicable to functional 

pyrenes and other conjugated monomers. 
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In the second part of the thesis, we describe the manufacture of microspherical 

conjugated polymer structures based on carbazole, an essential material for OLED, 

OPV, and electronic circular dichroism applications. A novel photochemical method 

xxiiolüene metal-free synthesis of a hollow spherical conjugated polymer is presented. 

CBP, which contains both carbazole and biphenyl units, was polymerized at 350 nm 

in the presence of iodonium salt (Ph2I
+PF6

-), and the resulting polymers were studied. 

The dedoping method resulted in the transformation of self-assembled microspheres 

with a great distance into more homogeneous spherical structures, according to atomic 

force microscopy (AFM) and transmittance electron microscopy (TEM) analyses. 

In the last part of the thesis, synthesis of 9-(4-vinylphenyl) carbazole-based polymers, 

we disclosed a completely photochemical synthetic strategy that involves the 

sequential and simultaneous combination of free radical and step-growth 

polymerization processes. As a result of diminishing crystallinity in the sequential 

technique, the resultant polymers have a smooth surface. The following photoinitiated 

step-growth polymerization of the carbazole groups using diphenyliodonium 

hexafluorophosphate (DPI) resulted in highly branching and cross-linked polymers 

with microspheres on the surface, as seen by TEM examination. Simultaneous 

photoinitiated free radical and step-growth polymerizations utilizing DPI produced 

cross-linked polymers with scattered distribution in the one-pot method. 
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IŞIKLA BAŞLATILMIŞ KADEMELİ BÜYÜME POLİMERİZASYON 

YOLUYLA KONJUGE POLİMERLERİN SENTEZİ 

ÖZET 

Sürekli artan bir tüketici nüfusu ile sürekli genişleyen bir dijital dünyada etkili enerji 

yönetimi, yeni bir dizi akıllı enerji dönüştürme ve depolama cihazı gerektirir. 

Taşınabilir cihazlar çağında, uygun enerji dönüştürme ve depolama cihazlarının 

bulunması, dünyadaki enerji kaynaklarının talebini karşılamaya çalışmak için bir 

darboğaz haline geldi. Enerji krizinin yaygınlığını kabul etmek ve onu ele almak için 

çalışmak, bu darboğazın çözülmesine yönelik temel adımlar arasındadır. Ayrıca, 

devam eden enerji dönüştürme ve depolama sorunlarına yönelik en iyi çözümün, akıllı 

malzemeler veya akıllı malzemeler olarak bilinen yeni malzeme sınıfından 

gelebileceği varsayılmaktadır. Bunlar doğası gereği çok işlevlidir, farklı koşullara ve 

süreçlere kolayca uyarlanabilir ve cihazın değişen koşullarına bağlı olarak kendi 

işlevlerini akıllıca kullanan bir sistem olarak çalışmak için uygulanabilir. Bu 

malzemeler aynı zamanda çevresel değişikliklere karşı akıllıca davranır ve daha uzun 

bir raf ömrü sunar. Konjuge polimerler, özellikle esnek elektronikte kullanım için 

ayarlanabilir özellikleri sayesinde birçok alanda hak ettiği ilgiyi çekmiştir. Konjuge 

polimerlerin çoğu, mekanik, optik, elektronik ve yapısal özelliklerinin mükemmel 

kombinasyonu nedeniyle optoelektronik ve enerji depolama cihazlarında özel ilgi 

gören termoplastikler olarak bilinen esnek plastiklere de dönüştürülebilir. 

Düşük maliyetli konjuge polimer bazlı optoelektronik malzemeler, dalga kılavuzları, 

fotonik görüntüleme cihazları, foto-kromik pencereler ve benzeri gibi optik cihazların 

imalatında kullanılmaktadır. Bu uygulamalar, yüksek optik iletim, iyi plastisite ve 

mükemmel mekanik kararlılık gibi benzersiz malzeme davranışlarından 

kaynaklanmaktadır. Bu özelliklere ek olarak, konjuge polimer bazlı malzemeler, 

sinerjistik bir tepki elde etmek için diğer malzemelerle birleştirilmelerine izin veren 

mükemmel uyumlulukla ilişkilidir. Konjuge polimer malzemelerin yüksek elektro-

optik katsayıları, yüksek termal stabilitesi, iyi esnekliği ve düşük dielektrik sabiti 

nedeniyle, bunlar aynı zamanda yüksek verimli organik elektro-optik modülasyon 

cihazlarının yanı sıra esnek elektronikte de yaygın olarak kullanılmaktadır. Konjuge 

polimerler kimyasal ve elektrokimyasal olmak üzere iki şekilde sentezlenmektedir. 

Polimer özellikleri sentezlenme yöntemine göre değişiklik göstermektedir. Konjuge 

polimerlerin hazırlanması için kullanılan en yaygın kimyasal reaksiyonlar Suzuki and 

Stille kenetlenme reaksiyonlarıdır. Bu kimyasal yöntemler oldukça maliyetli geçiş 

metal katalizörleri gerektirmektedir. Son zamanlarda alternatif sentez yöntemi olarak 

fotopolimerizasyon tekniği konjuge polimerlerin sentezinde kullanılmaya 

başlanmıştır.   
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Fotopolimerizasyon, birçok faydası nedeniyle hızla gelişen bir yöntemdir. Örneğin 

çözücü içermez, enerji tasarrufludur ve ısıya duyarlı malzemeler için uygundur. Ek 

olarak, fotopolimerizasyon yalnızca ışıklı bölgede ilerler ve hem zamansal hem de 

uzamsal çözünürlüklerin tamamlanmasına neden olur. Bu avantajlar, koruyucu 

kaplama, yapıştırıcı, otomotiv, mikro devre ve yarı iletken dahil olmak üzere 

endüstriler için filmler ve karmaşık üç boyutlu nesneler üretmeyi mümkün kılar. 

Maliyetli ve kolay eklemeli imalat yöntemlerinde ışığa duyarlı reçinelerin kullanımı 

ile yüksek çözünürlük ve çok çeşitli potansiyel kullanımlar sağlanmaktadır. Işığa 

duyarlı bileşikler, özellikle foto başlatıcılar, ultraviyole veya görünür ışığa maruz 

bırakılarak, bir monomeri bir polimere dönüştüren bir zincirleme reaksiyon başlatır. 

Geleneksel zincir polimerizasyonlarından farklı olarak, ışıkla başlatılan kademeli 

büyüme polimerizasyonlarında bir başlatıcının kullanılması gerekmez. Farklı işlevlere 

sahip iki monomer eşit molar konsantrasyonlarda reaksiyona girdiğinde, iki işlevli bir 

polimer oluşur. Polimerizasyonun ilk aşamalarında, yalnızca tek bir reaksiyon 

mekanizması iş başındadır ve moleküler ağırlıktaki toplam artış yavaştır. Bir 

zincirleme büyüme sürecinin aksine, başlatma, çoğalma ve sonlandırma aşamaları bu 

nedenle ihmal edilir.   

Tezin ilk kısmında, kademeli büyüme polimerizasyonu ile Polipiren (PPy) sentezi için 

yeni ve uygulanabilirliği oldukça kolay fotokimyasal yaklaşım sunuyoruz. Tiyofen ve 

karbazol türevleri gibi elektron açısından zengin monomerler ile iyodonyum tuzu 

arasında meydana gelen fotobaşlatılmış elektron transfer reaksiyonları ile ilgili önceki 

çalışmalarımızdan esinlenerek pirenin (Py) oda sıcaklığında 350 nm ışık altında 

iyodonyum tuzu varlığında ardışık uyarılma, uyarılmış durumda elektron transferi, 

proton salınımı ve birleşme reaksiyonları ile kolayca polimerize olduğunu 

gösteriyoruz. Polimerlerin yapısal, morfolojik, elektrokimyasal ve moleküler ağırlık 

özellikleri üzerine yapılan detaylı bir araştırma iyodonyum tuzu/Py oranının zincir 

uzunluğu ve özelliklerinde çok önemli bir rol oynadığını ortaya çıkardı. Py:DPI oranı 

1:1 ve 1:4 olmak üzere iki sekilde incelendi. Artan iyodonyum tuzu miktarıyla 

polimerlerin dalga boyları daha uzun dalga boylarına kayma yaptı. Sonuç olarak, her 

elektron transfer adımı için iyodonyum tuzu gerektiğinden ve daha fazla sayıda radikal 

katyon oluştuğundan, daha uzun zincirlerin ve nihayetinde çözünmez ağların 

oluşmasıyla sonuçlanan PPy sentezi başarılı bir şekilde gerçekleştirilmiştir. Yüzey 

analiz sonuçları piren birimlerinin sayısının artması ile parçacıklar arasında üç boyutlu 

düzlemde sterik bir engel oluşturarak istiflenmeyi kısmen önlediği ortaya konmuştur. 

Sonuç olarak, fotouyarılmış kademeli büyüme polimerizasyonu ile polipirenin sentezi 

için yeni bir strateji geliştirilmiştir. Büyük sönme katsayısı ve floresan emisyonları, bu 

polimerleri birçok optik uygulama için mükemmel adaylar yapmaktadır. Burada 

sunulan strateji, işlem sırasında radikal ve katyonik polimerizasyonlar için çeşitli 

reaktif türler de üretildiğinden, diğer polimerizasyon türleriyle birleştirilebileceğini 

göstermiştir. Ayrıca, polimerlerin pirene bağlanması, işlenebilir konjuge polimerlerin 

üretilmesi için potansiyel bir yol sağlayabilir. 
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Tezin ikinci kısmında, metal içermeyen koşullar altında yapısında karbazol ve bifenil 

birimlerine sahip özel olarak tasarlanmış bir monomer olan 4, 4′-di(N-

karbazolil)bifenil (CBP)’ nin fotoindüklenmiş polimerizasyonu için yeni bir sentetik 

strateji sunuyoruz. İyodonyum tuzu varlığında CBP’nin aydınlatılmasıyla beraber 

ardışık şekilde gerçekleşen elektron transferi, proton salınımı ve birleşme reaksiyonun 

ardından dallanmış konjuge polimer olan PCBP sentezi gerçekleştirilmiştir. CBP’nin 

dış yapısındaki oksitlenebilir iki karbazol grubu, oksitlenmiş hallerde polaronların ve 

bipolaronların oluşumuna yol açar. İki farklı oksidasyon durumundan dolayı CBP, 

OLED’ ler ve OPV’ ler için iyi bir boşluk doldurma malzemeleridir (HTM). Dopant 

iyon olan PF6
- ‘nın yapıdan uzaklaştırılması için 1:1 oranında metanol ve hidrazinyum 

hidroksit kullanılmıştır. Polimer karakterizasyonu karşı iyon varlığında ve yokluğunda 

gerçekleştirilmiştir. TEM ve AFM sonuçları oluşturulan polimerlerin çapının yaklaşık 

1-2mm kendi kendine oluşan mikroküresel yapıya sahip olduğunu ortaya koymuştur. 

PF6
- iyonunun yapıdan uzaklaştırlması ile mikroküreler düzgün bir dağılım 

göstermiştir. Polimerler, kısa dallı yapı ve nano gözeneklerin çökmesi nedeniyle 

nispeten düşük Brunauer–Emmett–Teller (BET) yüzey alanı göstermiştir. Mevcut 

yaklaşım, optoelektronik cihazların yanı sıra enerji depolama, gaz salımı ve sensör 

uygulamaları için etkili HTM’ler olarak kullanılabilen içi boş mikroküresel konjuge 

polimer sistemlerinin tasarımı ve üretimi için yeni bilimsel yollar açmaktadır.  

Tezin son kısmında, karbazol fonksiyonlu stirenin (vinil fenil karbazol, VPC) foto 

başlatılmış radikal ve kademeli büyüme polimerizasyonları sıralı ve tek kap 

stratejileriyle incelenmiştir. Elde edilen polimerler FTIR, 1H-NMR, GPC, UV-Vis, PL, 

CV ve BET analizleri ile karakterize edilmiştir. DFT ile teorik yük dağılımı ve 

HOMO-LUMO hesaplaması, optik ve elektrokimyasal ölçümlerden elde edilenlerle 

iyi bir şekilde eşleşmiştir. Ardışık yaklaşımda, bisaçil fosfinoksit (BAPO) kullanılarak 

VPC’nin görünür ışıkla başlatılan serbest radikal fotopolimerizasyonu, yan zincir 

karbazol kısımlarına sahip doğrusal polimerlerin oluşumuyla sonuçlanır. Ortaya çıkan 

polimerler, azalan kristalliğin bir sonucu olarak pürüzsüz bir yüzey sergiler. TEM 

analizi ile kanıtlandığı gibi, difeniliodoniyum hekzaflorofosfat (DPI) kullanılarak 

karbazol gruplarının takip eden fotobaşlatılmış aşamalı büyüme polimerizasyonu, 

yüzeyde mikro küreler ile çok dallı ve çapraz bağlı polimerler verir. Tek pota 

yaklaşımında, DPI kullanılarak eş zamanlı foto-başlatılmış serbest radikal ve aşamalı 

büyüme polimerizasyonları, geniş dağılımlı çapraz bağlı polimerlerin oluşumuyla 

sonuçlanmıştır. BET yüzey alanı kullanılarak VPC bazlı polimerlerin toplam azot 

alımının 77 K’de yaklaşık 150 ile 190 m2/g arasında olduğu gösterilmiştir.    
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 INTRODUCTION  

Since their discovery, conjugated polymers have received increased attention due to 

their unusual conducting qualities and possible uses in energy storage, actuators, 

adhesives, and digital equipment such as organic ground inverters, solar panels, and 

light-emitting devices. Researchers Alan MacDiarmid, Hideki Shirakawa, and Alan J. 

Heeger found in 1977 that a thin polyacetylene covering could be oxidized with iodine 

vapor to produce a conductor. Because polyacetylene was originally recognized, this 

finding was made feasible. They were awarded with the 2000 Nobel Prize in Chemistry 

for their amazing discovery. As a direct consequence of their groundbreaking 

discovery, this thermoplastic conductor, a kind of polymer with an extended 

conjugated structure, is now being investigated in a vast global field with significant 

research and industrial activity. As a means to achieve the goal of producing 

commercially viable light emitting device technology for solid-state brightness and 

displays, conjugated polymers were the subject of intense research and development 

in the business 1olüe during the 1980s. This is due to the fact that conjugated polymers 

have the potential to provide considerable improvements in lifetime, colour quality, 

and conversion efficiency at reduced prices and with less ecological impact than 

conventional incandescent and electroluminescent lighting. For conjugated polymer 

synthesis, Suzuki or Yamamoto coupling reactions, as well as oxidative and 

electropolymerization methods, are used. Due to the small amount of polymer 

produced and the limited working area on the electrode surface, electrochemical 

polymerization is difficult to study, and other methods require expensive transition 

metal catalysts (Ni, Pd). 

All creatures need light to survive. Light-based science and technology play a key role 

in many of today’s most essential applications, since they provide several benefits, 

such as decreased energy usage and a more friendly environment. However, owing to 

their simplicity of use, quick reaction times, and capacity to control both time and 

location, photoinduced polymerization methods are popular. Irradiations throughout a 

wide range of the electromagnetic spectrum, including the near IR area, can promote 
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free-radical, cationic, and anionic chain polymerizations. Recent advances in 

photoinduced polymerization procedures have allowed scientists to produce 

macromolecules with tightly regulated structures and functionalities. Among them, 

chain polymerizations need an initiator, while step-growth polymerizations do not. 

Generally, polymers are synthesized by step-growth polymerization by reacting more 

than two different monomers with antagonistic functionalities or multifunctional 

monomers at equimolar concentrations. Early on in the polymerization reaction, the 

rise in molecular weight is relatively slower, and there is just one reaction mechanism 

that happens frequently for polymer formation. Hence, the initiation, propagation, and 

termination are ignored, in contrast to a chain reaction. 

 Purpose of Thesis  

The purpose of the thesis is to create photochemical routes 2olüene synthesis of diverse 

conjugated polymers. Various spectroscopic techniques, such as NMR, FT-IR, UV-

Vis, and fluorescence spectroscopy, were used with other measurement techniques, 

such as cyclic voltammetry, GPC, DSC, SEM, TEM, and BET studies, to characterize 

conjugated polymers. Each chapter of the dissertation has its own introduction, 

experimental part, findings section, and discussion portion. 

Chapter 2 concerns a novel methodology for low-cost and very effective polypyrene 

synthesis by photo-induced polymerization process in the presence of iodonium salt 

(Ph2I
+PF6

-). A detailed analysis of the polymers’ structural, morphological, 

electrochemical, and molecular weight characteristics revealed that the Ph2I
+PF6

-/Py 

ratio significantly affects the chain length and other properties.  

In Chapter 3 offers an unique photochemical approach metal-free production of a 

hollow spherical conjugated polymer. 4,4′-di(N-karbazolil)biphenyl (CBP) which 

includes both carbazole and biphenyl units was polymerized at 350 nm in the presence 

of Ph2I
+PF6

- and obtained polymers were characterized.  

Chapter 4 presents photo-induced radical and step-growth polymerizations of 

carbazole functional styrene monomer using sequential one-pot techniques. 

Chapter 5 summarizes final comments and offers recommendations for future 

research.
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2. POLYPYRENES BY PHOTOINDUCED STEP GROWTH      

POLYMERIZATION1 

2.1 Introduction 

Conjugated polymers have exceptional electro-optic properties that are useful in many 

applications including optical and electrochemical technologies such as rechargeable 

batteries [1–4], light emitting diodes [5–7], photoluminescent devices [8–11], 

photovoltaic cells [12,13] and chemical sensors. [14,15] Pyrene (Py), one of the most 

extensively studied polycyclic aromatic hydrocarbon, is comprised of four fused 

benzene rings with a highly conjugated π-system.  A significant amount of Py is 

obtained during the fractional distillation of crude oil which makes it more abundant 

than any other conjugated aromatic monomer[16].  Py has been extensively used in a 

wide range of applications such as bio-detection [17], imaging [18] and biosensors 

facilitated by its unique features such as long fluorescence lifetime [19] and capability 

of forming intermolecular excimers in both concentrated solution and solid state. 

Moreover, Py has optimum electrochemical redox stability compared to other 

conjugated molecules. Its polymeric form, polypyrene (Ppy) has higher fluorescence 

and electrical conductivity, and lower toxicity due to higher molecular weight and a 

more rigid backbone[20]. The methodologies applied for their synthesis involve either 

Suzuki and Yamamoto coupling reactions [21], or oxidative [22] and 

electropolymerization methods [23] (Figure 2.1). Müllen’s group extensively 

investigated the formation of Ppys with different pendant groups using coupling 

reactions [24]. The synthesis cost is very high due to the requirement of very expensive 

transition metal catalysts (Ni, Pd) while electrochemical polymerization has limited 

working area on the electrode surface and full characterization cannot be achieved as 

the amount of the polymer obtained is rather small. 

 

 

 
1 This chapter is based on the paper ‘Celiker, T., Kaya, K., Koyuncu, S., & Yagci, Y. (2020). 

Polypyrenes by photoinduced step-growth polymerization. Macromolecules, 53(14), 5787-5794.’ 
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Figure 2.1:  Previous pathways for the synthesis of Ppys. 

Photoinduced polymerization reactions on the other hand have opened up a new 

platform for polymer chemists due to their simplicity, low energy requirements, high 

reaction rates, as well as providing temporal and spatial control [25–31]. Free-radical 

[32–34], cationic [35,36], and anionic chain polymerizations [37,38] can be performed 

under irradiations at a broad wavelength of the electromagnetic spectrum including 

Near IR region. [39,40] Recent advances in controlled photoinduced polymerization 

reactions [41–43] and ligation processes [44–46] have given scientists the opportunity 

to form complex macromolecules with well-defined structures and functionalities 

[47,48]. However, synthetic methods for the corresponding step-growth 

polymerization are scarce due to the limited photosensitivity of many monomers. 

Reported examples are based on light induced pericyclic reactions [49], ketene 

chemistry [50] and radical coupling processes. [51–55] Recently, Kalow and co-

workers reported an elegant photochemical approach to obtain conjugated polymers 

by using electron deficient Grignard monomers under visible-light irradiation at room 

temperature in the absence of any catalyst. [56] We have previously shown that 

polythiophenes can be obtained via direct or sensitized photoinduced electron transfer 

reactions[57–60]. More recently, the approach was further extended to the synthesis 

of poly ethylcarbazole (PEC) by a similar photoinduced step-growth polymerization. 

[61,62] Electron transfers between photoexcited polyaromatic compounds and onium 

salts such as diphenyl iodonium (DPI) salts can also generate reactive species capable 

of initiating cationic and free radical polymerizations of epoxy and acrylate monomers 

respectively[63]. We were intrigued by these examples, which have the propensity to 
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also apply to Py. After investigating the details of the photoinduced electron reactions 

between excited Py and DPI, we herein propose a potential design strategy for the 

synthesis of Ppy by photochemical means. 

2.2 Experimental Section 

Pyrene (98%, Sigma-Aldrich) was recrystallized from ethanol. Hydrazine-

monohydrate (98%, Sigma-Aldrich) and diphenyliodonium hexafluorophosphate 

(98%, Sigma-Aldrich) and methanol (99.8%, Merck) was used as purchased. 

Dichloromethane, toluene and tetrahydrofuran were purified using conventional 

drying and distillation procedures.  

Pyrene (Py) (20 mg, 0.1 mmol) and diphenyliodonium hexafluorophosphate (DPI) 

(44mg-176mg, 0.1-0.4 mmol) were dissolved in 0.5-1 mL dry dichloromethane and 

then transferred into a 15ml Schlenk tube which was previously degassed by three 

freeze-pump-thaw cycles. The mixture was then irradiated inside a photo-reactor 

equipped with 12 fluorescent lamps emitting light nominally at 350 nm. After 2 h of 

irradiation, the resultant dark brown polymer solution was precipitated by pouring into 

10-fold methanol. The precipitated polymer was then filtered and dried for 24 h under 

vacuum at 50oC. Monomer conversions were determined gravimetrically. 

Gel permeation chromatography measurements were performed on a TOSOH EcoSEC 

GPC system equipped with an auto sampler system, a temperature controlled pump, a 

column oven, a refractive index (RI) detector, a purge and degasser unit and TSKgel 

superhZ2000, 4. 6mm ID x 15 cm x 2cm column. Tetrahydrofuran was used as an 

eluent at flow rate of 1.0 mL.min-1 at 40 °C. Refractive index detector was calibrated 

with polystyrene standards having narrow molecular-weight distributions. GPC data 

were analyzed using Eco-SEC Analysis software. UV–visible spectra were recorded 

with a Shimadzu UV-1601 double-beam spectrometer equipped with a 50W halogen 

lamp and a deuterium lamp which can operate between 190nm-1100nm. All 

fluorescence spectra were recorded using Perkin-Elmer LS55 spectrometer performing 

between 200-900 nm wavelengths with 10 nm slit width. 1H-NMR spectra were 

recorded in deuterated chloroform (DMSO-d6 with tetramethylsilane as an internal 

standard) at 500 MHz and 125 MHz, respectively on an Agilent VNMRS 500 

spectrometer at 25°C. CP-MAS (Cross-Polarisation Magic Angle Spinning) 13C-NMR 

spectra were recorded using JEOL 1mm probe with 20 kHz sample spinning at 100 
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MHz. Fourier-transform infrared (FTIR) spectra were recorded on Perkin–Elmer 

Spectrum One spectrometer with an ATR Accessory (ZnSe, PikeMiracle Accessory) 

and mercury cadmium telluride (MCT) detector. 32 scans were averaged. The 

electrochemical measurements were carried out by using CH Instruments 617D 

potentiostat–galvanostat system. The electrochemical cell containing a Ag wire as a 

reference electrode (RE), a Pt wire as counter electrode (CE) and glassy carbon as a 

working electrode (WE) immersed in 0.1 M tetrabutylammonium 

hexafluorophosphate TBAPF6) as the supporting electrolyte under argon atmosphere. 

In addition, oxidation potential onsets determined from the cyclic voltammetry (CV) 

and differential puls voltammetry (DPV) measuerements were used for the HOMO 

level calculations by using the equation EHOMO = –e (Eox – Efc) + (–4.8 eV) 

according to the ferrocene oxidation E(Fc/Fc+) = 0.41 V as internal standard. The 

optical band gap (Eg) of PEC was calculated by using their absorption edges (Eg: 

1241/λons) of the UV-Vis spectra. SEM Measurements. Scanning electron 

microscopic measurements were performed using Zeiss Ultra Plus Field Emission 

Scanning Electron Microscope with EHT= 3.00 kV and probe at 30pA after coating 

all the samples with nano gold particles in order to reduce the “charging effect”. 

Morphology of the polymer films was investigated by Atomic Force Microscope 

(AFM, Nanosurf Naio). The polymer films were prepared on glass surface by using 

spin casting technique from the %2 polymer solution in chloroform with applying 2000 

rpm spin rate for 1 min.  The measurements were carried out in non-contact mode 

(wave mode) at ambient conditions scanned in a 10µm x 10µm measurement area. The 

AFM system was covered with an acoustic chamber to protect from the 

electromagnetic noise. Mass Spectroscopy. Mass spectrum was measured on a Bruker 

Microflex LT MALDI-TOF MS in toluene solvent. 

2.3 Results and Discussion 

Based on the electropolymerization [64–66] and photoinitiated polymerization of 

conjugated systems [52,57,61]. Figure 2.2 shows the proposed mechanism for the 

formation of Ppys in the presence of DPI under 350nm irradiation. First step of the 

process involves the formation of excited complex (exciplex) between excited Py and 

DPI. Electron transfer in the exciplex results in the formation of Py radical cation 

which is counterbalanced by the hexafluorophosphate anion of DPI. Following proton 
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release, the radical coupling reaction of two close pyrene units leads to new C-C 

bonding between two pyrene units. The proposed mechanism was also substantiated 

by the formation of Py+. Radical cation as detected by laser flash photolysis [67,68] 

and a significant decrease in the pH of the resulting solution due to the release of 

protonic acid. Thus, successive sequences of photoinduced electron transfer, proton 

release and coupling of the radicals thus formed essentially led to the formation of Ppy. 

The effect of the concentration of electron acceptor, iodonium salt in the process was 

also investigated (Table 2.1).  

As seen in Figure 2a, with increasing DPI concentration, higher wavelength absorption 

is developed. Such dependence is expected as iodonium salt is required for each 

electron transfer step and a higher number of radical cations are formed favoring more 

units to couple resulting in the formation of longer chains and ultimately insoluble 

networks. In order to remove of any dopants such as PF6
- and Cl- anions, a dedoping 

procedure was applied by mixing the doped soluble portion of the polymers in 4:1 

hydrazine mono hydrate: methanol solution. The color of the polymers turned from 

dark brown to reddish brown after the dedoping procedure.  

 

 

 

 

 

 

 

 

 

Figure 2.2 :  Proposed mechanism of photoinduced step-growth polymerization of 

pyrene. 
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Table 2.1 : Photopolymerization results of pyrene using DPI at 350nm. 

Code DPI:Py 

(mol eq.) 

Overall Conversiona 

(%) 

Insoluble Partb 

(%) 

Mn c 

(kg/mol) 

Đ c 

 

PPy6 1 34 32 1.23 1.98 

PPy9 4 47 97 1.80 2.94 

a: Determined gravimetrically for both soluble and insoluble parts; b: Insolubility percentage of polypyrenes in 

tolune; c: Number-average molecular weight (Mn) and dispersity index (Đ) of the soluble parts were measured by 

GPC using polystyrene standards using THF as eluent. 

The molecular weight characteristics of the soluble portion of the polymers were 

evaluated by SEC (Figure A1). However, because of the branched structure of the 

polymer obtained, the values of Mn and Đ calibrated with linear standard polymers 

should be taken as the minimum estimation. In light of the similar result obtained from 

mass spectroscopy (Figure A2) and also by analyzing the mass data of polypyrenes 

previously obtained by the electrochemical method, [20] we suggest that depending 

on the iodonium salt, the soluble dendritic polymer structures consisted of six and nine 

Py units (Figure A3). At high concentrations of DPI, mainly insoluble and highly 

branched networks were produced because of further coupling reactions (Table 2.2). 

Notably, the dispersity of the soluble polymers is relatively high as a result of the step-

growth polymerization processes. 

Table 2.2 : Solubility data of Ppy6 and Ppy9. 

Code Acetonitrile DMSO THF Toluene 

PPy6 20 80 55 68 

PPy9 18 15 10 3 

 

While Py displays only a strong absorption below 350 nm arising from π-π transition, 

both polymers exhibit a very broad absorption band up to 520nm (Figure 2.3 a). This 

additional band is due to the extended π-conjugation of the polymer. Notably, with 

higher chain length, the absorption band is broadened and slightly red-shifted. Optical 

band gap (Eg) calculated from the absorption edge (at 344 nm) was found to be 3.60 

eV and 2.57 eV for Ppy6 and Ppy9, respectively. The photoluminescence spectra of 

Py, Ppy6 and Ppy9 were measured by using the excitation at the wavelength of their 

absorption maxima. The extended emission with a maximum around λ = 550 nm 

makes both polymers potential candidates as white-light emitting materials. The 

observed higher fluorescence intensity observed for Ppy9 can be explained by the 
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incorporation of more pyrene units causing a larger π-system leading to a more intense 

emission (Figure 2.3 b).  

Figure 2.3: (a) UV-vis spectra (10-3 mol L-1 in toluene) (b) fluorescence emission of 

pyrene (blue), Ppy6 (black) and Ppy9 (red) (10-6 mol L-1 in toluene). 

In the 1H-NMR spectra of the polymers, in addition to broadening, there is a clear 

increase in the number of peaks in the upfield aromatic region belonging to the newly 

formed pyrene units having slightly different surroundings as presented in Figure 2.4 

on the example Ppy9. CP-MAS 13C-NMR spectra supported the presence of pyrene 

units and higher crystallinity of Ppy9 [69] (Figure A4). 

 

 

 

 

 

 

 

 

Figure 2.4 : 1H NMR spectra of pyrene (blue), PPy6 (black) and PPy9 (red) in 

DMSO d-6. (500 MHz). 

The cyclic Voltammetry (CV) technique was used to determine the electrochemical 

redox behavior of pyrene, Ppy6 and Ppy9. In the CV of Pyrene, the double step 

oxidation peaks were observed at E1= 1.31 V, E2= 1.60 V were observed in the anodic 

regime attributed to the oxidation of the conjugated π-system of the pyrene units 

(Figure 2.5). The oxidation peak was broadened and shifted to higher potential for 

(a) (b) 
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Ppy6 and Ppy9. On the other hand, onset peak potential was reduced to a small degree 

in the more conjugated Ppy6 and Ppy9.( Figure 2.5) 

On the other hand, the onset peak potential was slightly reduced to a small degree in 

the more conjugated PPy6 and PPy9. The reason why the shifting is less than expected 

here in the more conjugated system is due to the low ability of the localized charge in 

the pyrene ring to transfer the connected other pyrene ring. DFT results are also 

supported the localized charge at HOMO and LUMO. The HOMO levels were 

calculated from the oxidation potential onset values determined from the CV 

measurements. According to these results, the HOMO level of pyrene was calculated 

as -5.60.  and the levels was cahanged as -5.47 and -5.44 eV respectively for PPy6 and 

PPy9. 

 

Figure 2.5 : Cyclic voltammograms of dropcasted thin films of pyrene based 

molecules on the GCE in 0.1 M TBAPF6/acetonitrile electrolyte solution at scan rate 100 

mV/s, vs. Ag wire. 

The charge separation of the polymers was investigated using Density Functional 

Theory (DFT) calculations using Spartan18 software at the parameters of B3LYP and 

6-31 + G* basis set [70]. It was clearly seen that the Py center is completely planar as 

observed in the geometric optimization. The planar center of the polymers can be 

useful in the film forming process. According to DFT calculations, the charges at 

HOMO were localized on the peripheral Py units. The orbital charges were slightly 

delocalized on the Py center at LUMO for Ppy9 when compared to Ppy6. As the 
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charges would not be favorably transferred to another pyrene unit at LUMO level, 

charge localization occurred on the condensed π-structure of the Py units. Due to the 

aggregation between the planar π-systems on the solid state film forming process, 

HOMO-LUMO orbital energy levels calculated by DFT did not match with the 

experimental values obtained from the UV-vis measurements (see Table 2.3). 

The polymers obtained had limited solubility in common solvents due to the highly 

branched structure and increased planarity. Thus, structural and molecular weight 

characterizations were made on the soluble fractions. It is anticipated that the insoluble 

part should have a higher molecular weight and a more rigid backbone, and solid-state 

methods such as IR spectroscopy and that wide-angle X-ray diffraction would provide 

deeper insight into the actual structure of the polymers. 

In the IR spectrum of the polymers, the strong absorption at 705 cm-1 and the moderate 

absorptions at 1180 cm-1 and 750 cm-1 corresponding to the out-of-plane vibrations of 

the three adjacent C–H bonds observed with the precursor monomer are significantly 

weakened in Ppy6 and nearly disappear in Ppy9 (Figure A5, Figure A6). Moreover, 

the peaks at 840 cm-1, and 1430 cm-1 and 1591 cm-1 associated with the C=C bonds of 

the monomer were slightly up-shifted. These results indicate that polymers are formed 

through the a-a coupling of the monomer following the electron transfer and proton 

release. 
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Table 2.3 : Molecular orbital diagrams and theoretical HOMO-LUMO levels of 

Ppy6 and Ppy9. 

 

Wide-angle X-ray diffraction analysis (Figure A7) reveals that Ppy6 prepared with a 

1:1 DPI:Py ratio has amorphous structure. However, Ppy9 diffractogram has sharp 

peaks referring to a crystalline structure. A higher number of pyrene units might 

increase the crystallinity of the polymers due to the stronger interchain interactions. In 

other words, less intermolecular π-π interaction of the structure caused by non-

planarity of higher number of pyrene units prevents aggregation resulting in a much 

more crystalline structure. Bragg angles of 10.59, 11.40, 11.72, 14.90, and 16.30 

suggest that pyrene units are preserved during photopolymerization. Moreover, Ppy9 

shows additional diffractions at Bragg angles between 30 and 40 degrees indicating 

formation of high molecular weight structures rather than relatively lower molecular 

weight oligomers. 

Scanning electron microscopy (SEM) was also used to further evaluate the 

morphological properties of the structures. Although Ppy6 shows a microporous 

 
HOMO 

(eV) 

LUMO 

(eV) 

Eg 

(eV) 

PPy6 

 

         -4.93  

 

                   -1.58  

3.35 

PPy9 

 

        -4.92  

 

                   -1.55  

3.37 
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structure comprised of irregular spheres of around 2000 nm radius (Figure 2.6b), Ppy9 

shows rod shape crystals which are surrounded by these irregular spheres having 

similar dimensions observed with the spheres of Ppy6 (Figure 2.6c). Energy dispersive 

X-Ray spectroscopical investigation during SEM measurements revealed that 

although extensive dedoping procedure was applied both Ppy6 and Ppy9 contained 

residual amount of dopants such as hexafluorophosphate and chloride anions (Figure 

A7). We have also observed the presence of these dopants after dedoping procedure 

of PEC in our previous study. These dopants were most probably the reason for the 

small degree of charging on the structures during SEM measurements. 

Surface morphologies of spin casted Ppy6 and Ppy9 films on the glass surface were 

investigated by atomic force microscopy (AFM) (Figure 2.7). The thicknesses of Ppy6 

and Ppy9 films coated under the same spin rate and same conditions were found at 570 

and 456 nm, respectively. Owing to the high solid state interaction of the planar Py 

center, a cauli-flower like morphology with large and non-uniform crystalline domains 

were observed on the AFM images. 

On the other hand, as it was confirmed by SEM that increasing the number of pyrene 

units partly prevented packing by creating a steric hindrance on the three dimensional 

plane among the particles. 
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Figure 2.6: Wide-angle X-Ray diffractograms of (a) pyrene (blue), Ppy6 (black) and 

Ppy9(red) (b) SEM images of Ppy6 (c) Ppy9. 

 As a result, the roughness values of the Ppy6 film (10.76 nm) were higher than that 

of the Ppy9 (9.69 nm) (Figure 2.7). The highly porous surface obtained can be a great 

advantage for some important applications such as gas adsorption, water treatment, 

separation, heterogeneous catalysis, electrochemical energy storage, precursors for 

porous carbons, and others. 

(a) 
(b) 

(c) 
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 Figure 2.7 : AFM images of (a) Ppy6 (b) Ppy9 (scales are 3 μm × 3 μm). 

On heating up to 300oC, while the pyrene monomer lost only 10% of its weight, PPy6 

and PPy9 lost 40% and more than 75% of their weights, respectively (Figure A8). Two 

explanations can be proposed observation; the presence of residual amounts of dopants 

and an increase in the number of C-C single bonds causing a weakness in the rigidness 

of the system. Crystallinity of PPy9 was also confirmed by DSC study as a sharp 

melting point was recorded at 200oC (Figure A9). 

2.4 Conclusion 

In conclusion, we announce a novel strategy for the synthesis of polypyrene by 

photoinduced step-growth polymerization. Notably, our results appear to provide 

insight into photoinduced electron transfer reactions especially regarding highly 

conjugated aromatic monomers with onium salts. The large extinction coefficient and 

fluorescence emissions make these polymers perfect candidates for many optic 

applications. The strategy presented here should benefit further investigation of 

combinations with other modes of polymerization as various reactive species for 
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radical and cationic polymerizations are also produced during the process. Moreover, 

attachment of polymers to pyrene may provide a potential way to fabricate processable 

conjugated polymers. Further studies along this line are now in progress.  
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3. HOLLOW MICROSPHERICAL CARBAZOLE-BASED CONJUGATED 

POLYMERS BY PHOTOINDUCED STEP-GROWTH 

POLYMERIZATION2  

3.1 Introduction 

Three-dimensional hollow spheres of conjugated polymers are a diverse class of 

materials with unique structural properties, including permanent microporosity, 

extended conjugation, high conductivity, chemical and thermal stability offering a 

range of topological strategies for control of properties and amorphous structure 

[71,72]. Conjugated polymer microspheres (CPMs) have a wide range of uses due to 

these number of properties for example gas and chemical adsorption, [73] 

encapsulation, [74] heterogeneous catalysis, light emittance, [75] sensing, [76] energy 

storage [77] and solar fuels production [78]. CPMs are synthesized by transition metal 

coupling chemistry including Ni-catalyzed Yamamoto reaction, Pd-catalyzed Suzuki 

or Sonogashira cross-coupling and oxidative polymerization. [79] Several strategies 

preparation of microspheres without post-processing were reported. [80–82] 

CPMs containing carbazole units are of great importance [83–85]. Carbazole 

containing polymers have attracted attention as an important component of organic 

materials due to their excellent electrical and photoelectric properties. [86] Especially, 

carbazole-based hole transport materials (HTMs) are widely studied as organic light 

emitting diodes (OLEDs), [87] organic photovoltaics (OPVs) [88] and also perovskite 

solar cells.[89]. Continuously increasing interest lies in their attractive hole mobilities, 

charge transfer (CT) complexes as well as low cost, simple structure, good 

photochemical stability and excellent photoelectric properties. Despite their wide 

usage in variety of applications, existing synthesis methods require Lewis acids or the 

use of highly air sensitive and expensive transition metal catalysts [90]. Therefore, 

 

 
2 This chapter is based on the paper ‘Celiker, T., Suerkan, A., Altinisik, S., Akgun, M., Koyuncu, S., 

& Yagci, Y. (2021). Hollow microspherical carbazole-based conjugated polymers by photoinduced 

step-growth polymerization. Polymer Chemistry, 12(32), 4654-4660.’ 
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need development of an energy efficient, easy and eco-friendly method for their 

synthesis is still a challenging area of research. Photoinduced polymerization reactions 

have acquired growing interest due to the unique virtues offered such as temporal and 

spatial control, lower energy, chemical consumption and high reaction rates[91]. In a 

continuing effort to develop new photopolymerization processes, we have synthesized 

conjugated polymers by light-induced step-growth polymerization strategy. [92–94] 

Successfully polymerized monomers include thiophene [95] and derivatives, [96–98] 

N-ethyl carbazole [61] pyrene [99] and derivatives [54] presence of diphenyliodonium 

(DPI) salt. Detailed mechanistic investigations revealed that upon light irradiation, 

excited monomer undergoes electron transfer reaction with the onium salt within the 

exciplex to form radical cationic species. Consecutive proton release and radical 

coupling reactions essentially yield the corresponding conjugated polymer. It should 

be noted that this concept is also applicable to initiate radical and cationic 

polymerizations as related initiating species are formed[100,101]. Figure 3.1 depicts 

the overall mechanism on the example of N-ethylcarbazole as a highly conjugated 

monomer. 

Herein, we present a novel synthetic strategy for photoinduced polymerization of a 

specially designed monomer, 4, 4′-di(N-carbazolyl)biphenyl (CBP) possessing 

carbazole and biphenyl units in the inner structure under metal-free conditions. The 

two oxidizable carbazole groups in the outer structure of CBP leads to the formation 

of polarons and bipolarons in oxidized states[102].  
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Figure 3.1: Photoinduced step-growth polymerization of N-Ethylcarbazole 

using diphenyliodonium hexafluorophosphate [61]. 

Due to the two distinct oxidation states, CBP is an important HTM for OLEDs 

[103] and OPVs[104]. As will be shown below, during the polymerization of 

CBP, the new band is intensified in the visible regime of the absorption spectrum 

as also reflected by the dark blue colorization of the solution. Moreover, the 

double step oxidation of CBP is reduced to lower potential with reversible 

behaviour. TEM and AFM measurements of the polymer on the thin film surface 

suggest microspherical structure. Notably, after the dedoping process resulting 

in the removal of PF6
- counter ions, more uniformly distributed microspheres 

were obtained. Moreover, structure-property relation of the resulting 

microspheres has been evaluated.  

3.2 Experimental Section 

4,4′-Bis(N-carbazolyl)-1,1′-biphenyl (CBP) was synthesized according to the 

described procedure. Diphenyliodonium hexafluorophosphate (DPI) (Sigma-
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Aldrich, >98 %) was used as received. Dicholoromethane (DCM) were purified by 

conventional drying and distillation methods. 

CBP was polymerized by photoinduced step-growth photopolymerization. For this 

purpose, 0.4 mmol DPI (175 mg), and 0.1 mmol CBP (50 mg) were dissolved in 6 

mL of DCM and transferred into previously heated and degassed quartz tube. After 

20 min of irradiation in the photoreactor (Rayonet merry-go-round type 

photoreactor), emitting light nominally at >300 nm at room temperature. After 

irradiation, the solution was precipitated into methanol and the bluish precipitate was 

collected by filtration and washed off with methanol. The obtained polymer was 

added into a solution mixture consists of hydrazinium hydroxide and methanol (50:1, 

v/v),dedoping process. After washing, the polymer was kept for at least 24 h within 

a vacuum-oven at 50oC in order to get rid of any solvent impurities. Monomer 

conversion was determined gravimetrically (yield: 51%, Mn: 985 g mol−1, Đ: 1.15). 

The obtained polymer was characterized by Gel Permeation Chromatography (GPC), 

ultraviolet–visible light (UV–vis) spectroscopy, Nuclear Magnetic Resonance 

(NMR), and Differential Scanning Calorimetry (DSC). 1H-NMR spectra were 

recorded on an Agilent NMR system VNMRS 500 spectrometer at 25oC using 

deuterated chloroform as solvent with tetramethylsilane (TMS) as an internal 

standard. Molecular weight and distribution of PCBP were determined by a TOSOH 

EcoGPC system equipped with an auto sampler unit, a temperature controlled pump, 

a column oven, a purge and degasser unit, and TSK gel superhZ2000, column with 

4.6 mm ID × 15 cm × 2 cm column dimensions. Tetrahydrofuran (THF) was used as 

the eluent at flow rate of 10 mL.min−1 at 40°C. The refractive index (RI) detector 

calibrated with polystyrene standards having very narrow molecular-weight 

distributions was used in the measurements. GPC data were evaluated by Eco-GPC 

Analysis software. DSC measurements were carried out by using a PerkinElmer 

Diamond DSC with a heating rate of 10 °C min−1 under a nitrogen flow, covering 

temperatures of 25-300°C. The electrochemical measurements were carried out by 

using CH Instruments 617D Potentiostat / Galvanostat system. Optical absorption 

measurements were carried out by a Shimadzu UV1601 double-beam spectrometer 

equipped with a 50 W halogen lamp and a deuterium lamp. The optical band gap 

(Eg) of CBP and PCBP before and after dedoping process were estimated via 

absorption edges (Eg: 1241/λons) of the spectrum. CH Instruments 617E 
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electrochemical gie equipped with the electrochemical cell is consisting of glassy 

carbon as a working electrode (WE), a Pt wire as counter electrode (CE), Ag wire as 

a reference electrode (RE). In these measurements, 0.1 M tetrabutylammonium 

hexafluorophosphate TBAPF6 in acetonitrile was used as the supporting electrolyte 

solution under argon atmosphere. In addition, Cyclic voltammetry (CV) technique 

was used determination of Highest Occupied Molecular Orbital (HOMO) levels of 

the CBP momomer and corresponding polymer. The HOMO level was calculated by 

using the equation EHOMO = –e (Eox – Efc) + (–4.8 eV) according to the ferrocene 

oxidation E(Fc/Fc+) = 0.41 V as internal standard. Morphology of the polymer films 

was investigated by Atomic Force Microscope (AFM, Nanosurf Naio) and Transition 

Electron Microscopy (TEM). AFM measurements, the polymer films prepared from 

the polymer solution in chloroform on glass surface via spin coating technique with 

the 2000 rpm spin rate. The measurements were performed in non-contact mode 

(wave mode) under scanned ambient conditions in a 10µm x 10µm measuring area. 

The AFM system is covered with an acoustic chamber to protect it from 

electromagnetic noise.  TEM images were obtained with the JEOL JEM 1400 Plus 

TEM device (Tokyo, JAPAN) at 80 kV operating voltage. The TEM samples were 

prepared with 50 µL ethanol. 10 µL of each solution was deposited on carbon 

supported copper 300 mesh grid after sonification for 1 min and then dried at room 

temperature for 1 h before the analysis. Branueaur-Emmet-Teller (BET) analysis was 

performed to study the surface area and pore size characteristics of PCBP before and 

after dedoping process. The surface areas of the polymers were measured using the 

BET surface area and pore size analyzer (Quantachrome Instruments – Quadrasorb 

SI). BET measurements were performed using N2 physisorption at 77 K. The surface 

area of the PCBP samples was calculated based on the nitrogen adsorption isotherm 

obtained using the multi-point BET and Barette, Jovner and Halenda (BJH) method. 

3.3 Results and Discussions 

As stated, the conventional synthetic methods for polycarbazole and derivatives 

require the use of high-cost and toxic catalysts or sophisticated electrochemical 

set-up, whereas photo-induced electron transfer (PET) polymerization offers an 

environmentally friendly and inexpensive method. Upon irradiation, carbazole 

radical cations are formed by electron transfer reaction between excited CBP 
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molecules and iodonium salt. Following proton release the carbazole radicals 

formed undergo coupling reactions. As previously reported, [105,106] 

successive excitation, electron transfer, proton release and coupling reactions 

essentially yield PCBP polymer with conjugated branched structure (Figure 

3.2). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 : Synthesis of PCBP by photo-induced step-growth polymerization. 

Since branched oligomers were obtained, chain growth was limited. The limited 

chain growth observed can be attributed to the steric effect as well as the 

shielding effect of dark oligomer formation that prevents sufficient light 

penetration. The PF6
- counter ions can increase the solubility by acting as a 

barrier effect between the conjugated structures. Besides, the broadening of the 

characteristic aromatic bands in the 1H-NMR spectrum of the PCBP clearly 

confirm successful polymerization process (Figure 3.3). 
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Figure 3.3: The photos and 1H-NMR spectra of the CBP and PCBP solution 

before (a) and after irradiation (b). 

UV-vis spectra of CBP monomer and the corresponding polymer before and 

after dedoping process were examined in chloroform (CHCl3) phase (Figure 

3.2). The absorption spectra in all cases showed two absorption maxima at 

approximately 300 and 340 nm, corresponding to the π – π* and n – π* 

transitions of biphenyl bridge and carbazole moiety, respectively. The shoulder 

band at about 380 nm and the broad band between 600 and 800 nm observed 

with PCBP are considered to be the consequence of ionic interactions (Figure 

3.4). These bands disappeared after dedoping process and dark blue color of the 

solution turned to pale brown as also observed in previous study for the fluorene-

carbazole based porous polymers (PCFD)[54]. Notably, the bands at lower 

wavelength range were not influenced by the polymerization. This is mainly due 

to the breakage of the conjugation at N-9 position of the carbazole units[107]. 

Moreover, CT between carbazole units is prevented as a consequence of the 

branched structure. 
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Figure 3.4: UV–vis spectra of CBP   (      ) and PCBP before (   ) and after (      ) 

dedoping process in CHCl3 solution. 

 

The electrochemical properties of CBP and PCBP before and after dedoping 

process were investigated by cyclic voltammetry (CV) (Figure 3.5). In the 

anodic scanning of the CBP monomer, the oxidation peak observed at 1.65 V is 

due to the carbazolium radical cation on the nitrogen unit. As a result of the 

carbazole-carbazole coupling from the 3,6-positions, two reversible oxidation 

waves corresponding to the polaronic and bipolaronic species of the branched 

structure were observed[108]. After the polymerization process, the onset 

potential decreased about 0.4 V compared to the monomer due to the increased 

conjugation. After the dedoping process, the potential slightly increased by 

removing the PF6
- as dopant ion from the structure. The HOMO levels of CBP 

and PCBP (before and after dedoping) obtained from the onset potentials were 

calculated as -5.27, −5.69 and −5.42 eV, respectively. 
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Figure 3.5 : Cyclic voltammogram of CBP monomer, and PCBP before and after 

dedoping process in TBAPF6
- acetonitrile, scan rate 100mV/s vs. Ag wire. 

Frontier Molecular Orbitals (FMOs) and optimized geometry were examined via 

Density Functional Theory (DFT, Spartan 18 software, Wavefunction) calculations 

with B3LYP (Becke 3-parameter-Lee Yang-Parr) with the 6-311G basis set (d,p). CBP 

and PCBP were fully optimized down to the third branch at the B3LYP level, using 

the corresponding PM6 equilibrium geometry structures as inputs. In this way, the 

geometrical optimization of the possibly formed PCBP crystal organic framework 

structure was realized. Calculated HOMO and LUMO energies (HOMO and LUMO) 

were presented in Table 3.1 According to the DFT calculations of CBP, it was 

observed that the charge at HOMO was distributed over the entire conjugated 

structure. At LUMO, it was observed that the charges were localized on the biphenyl 

bridge between two carbazole as donor unit. When the charge distribution of the 

possible covalent organic framework (COF) structure of PCBP is examined, it is 

observed that the charges were distributed over the whole structure in the HOMO, and 

they are localized at a certain point in the LUMO similar to the monomer. HOMO and 

LUMO levels of CBP and PCBP were calculated experimentally using optical and 

electrochemical methods as well as DFT calculations. Due to the solid state 

aggregation of both monomer and polymer as conjugated π-systems, it has been 

observed that the obtained results do not match with the experimental data of the CV 

measurements. 
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Table 3.1 : Molecular orbital diagrams and theoretical HOMO-LUMO calculations 

of CBP and PCBP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Surface morphology of PCBP films prepared on glass surface before and after the 

dedoping process was investigated by AFM (Figure 3.6). The AFM image of the CBP 

film before dedoping indicates the formation of microspheres with a large distance due 

to the presence of PF6
- ions in the structure. The root mean surface (RMS) roughness 

of the polymer was found to be 37.7 nm as estimated from the topography image. On 

the other hand, due to the absence of ion-dipole attraction, more regular and stable 

microspheres were formed on the surface after the dedoping process. Due to these 

interactions, the roughness decreased to 28.9 nm. Since the AFM image of PCBP 

shows the agglomerated non-uniform structure, its roughness is higher than the 

dedoped surface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 : AFM images of PCBP films before (a) and after dedoping (b) process. 
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-4.98 
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TEM measurements of doped and dedoped PCBP were also conducted (Figure 3.7). 

The TEM images also confirm the formation of micro-sized spheres with a diameter 

of approximately between 1-2 mm. As can be seen from Figure 3.6 b and d, 

microspheres converge after dedoping process. This change suggests that electrical 

repelling effect of PF6
- counter ions is eliminated during the course of dedoping. The 

disappearance of the counter ions were also evidenced by Energy Dispersive X-

Ray Analysis (EDX) (Figure B1). Thermal properties of the polymers were examined 

by DSC analysis (Figure B2 ) and correlated with AFM measurements. Before 

dedoping, no significant peak was observed up to 300°C in the thermogram indicating 

an amorphous character of the polymer.  However, after the dedoping process, an 

endothermic peak corresponding to crystalline property of the polymer was observed 

at about 120oC. The increased crystallinity was also supported by SEM and AFM 

analyses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 : TEM images of PCBP films before (a, b) and after dedoping (c, d) 

process. 

Nitrogen adsorption isotherm measurements before and after dedoping were 

carried out at 77 K to give information on the pore sizes (Figure 3.8). The surface 

area based on the physical adsorption isotherm was calculated using the multi-

point BET and BJH methods. Markedly, the BET surface area of PCBP was 

slightly increased from 8.24 m2g-1 to 13.69 m2g-1 after dedoping process 

resulting from the removal of the PF6
- counterion from the polymer structure 
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(Table 3.2). It should be pointed out that these values are lower than that of the 

carbazole-based polymers[109–111]. The observed low surface area may be due 

to the complete closure of the nanopores during the self-assembly microsphere 

formation [74,112]. 

Table 3.2 : Surface area of PCBP before and after dedoping process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 : Nitrogen adsorption isotherms of the PCBP before (a) and after 

dedoping (c), and linear graphs of monolayers of PCBP before (b) and after dedoping (d). 

3.4 Conclusion 

In conclusion, we have introduced a new methodology involving photoinduced 

step-growth mechanism for the fabrication of carbazole based microspherical 

conjugated polymer structures as an important material for OLED, OPV and 

electronic circular dichroism (ECD) applications. The photoinitiating system 

presented operates by successive photoexcitation, electron transfer, proton 

release and radical coupling reactions which eliminates disadvantages of the 

conventional synthetic methodologies.   The HOMO level of the monomer CBP 

Sample  BET Surface Area 

(m2/g) 

BJH Adsorpsion 

Surface Area 

(m2/g) 

PCBP_before 

dedoping 

8.25 5.55 

PCBP_after 

dedoping 

13.69 7.35 
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was reduced from the 5.69 eV to 5.27 eV with a reversible redox behaviour after 

the polymerization process. TEM and AFM measurements revealed that the 

formed polymer has a self-assembled microspheric structures with an average 

diameter of approximately 1-2 mm. Dedoping process microspheres showed a 

more uniform distribution as a consequence of the removal of PF6
- counter ions. 

The polymers showed relatively low BET surface area due to short branched 

structure and collapse of the nanopores. The present approach opens scientific 

avenues for the design and fabrication of hollow microspherical conjugated 

polymer systems that can be used as effective HTMs for optoelectronic devices 

as well as energy storage, gas uptake and sensors applications. 
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4. SEQUENTIAL AND SIMULTANEOUS PHOTOINDUCED RADICAL 

AND STEP-GROWTH POLYMERIZATIONS OF CARBAZOLE 

FUNCTIONAL STYRENE3  

4.1 Introduction 

Carbazole-containing polymers are of considerable interest as they are widely used in 

variety of applications including photorefractive materials [113], photovoltaic devices 

[114], electrophotography [115], and most importantly light emitting diodes [116,117] 

(LEDs) due to their useful properties such as charge transport [118,119] and 

luminescence [120]. One of the most studied polymers with a carbazole moiety in the 

side chain is poly(N-vinylcarbazole) (PNVC), which exhibits hole transport capability, 

thermal and photochemical stability, and is easily synthesized via radical [120] and 

cationic [120,121] mechanisms. It is used as the host material in polymer light emitting 

diodes [120,122–124]. To fine-tune the electrochemical, mechanical, and 

photophysical properties of PNVC a variety of different monomers with pendant 

carbazolyl groups, such as oxiranes and thiiranes were synthesized and polymerized 

via ring-opening, cationic, and anionic polymerization [121,125,126]. However, 

owing to the unregulated 31olüen of the procedure, low molecular weight polymers 

(Mn = 1810–5800 g mol-1) with a high dispersity (Đ≤8.8) were formed in all cases. 

Other families of carbazole-containing monomers possessing acrylate [127,128], 

methacrylate [129,130], and styrene [131–133] additional functionalities were also 

reported. These monomers were effectively polymerized by radical [128–130,132], 

anionic [133], and cationic [131] processes, resulting in poorly defined polymers with 

a high dispersity and lack of control over their molecular weight. With continuous 

developments in the manufacture of the polymers, substantial research has been 

conducted to create photochemical synthetic processes that provide ecologically 

benign and sustainable conditions [31,134]. Conventional synthesis techniques using 

 

 
3 This chapter is based on the paper ‘Celiker, T., Altınışık, S., Vaitusionak, A., Kostjuk, S. V., 

Koyuncu, S., & Yagci, Y. (2022). Sequential and Simultaneous Photoinduced Radical and Step-

Growth Polymerizations of Carbazole Functional Styrene. Macromolecules, 55(18), 8242-8249.’ 
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metal catalysts and high temperatures may be incompatible with specific applications 

[135]. Nowadays, light-activated polymerizations are considered to be more 

advantageous in material science due to the inherent benefits they provide, including 

safety, reduced energy consumption, spatiotemporal control, high efficiency at room 

temperature, and reduced emissions of volatile organic compounds[136]. Chain 

polymerizations through free radical [137], cationic [138–140], and anionic [141,142] 

pathways can be realized by photochemical at wide wavelength range including UV 

[143], visible [144–146], and near-infrared [147–150] region of the electromagnetic 

spectrum. We recently showed that step-growth polymerization can also be induced 

by light activation to produce highly conjugated polymers [151]. In the process, upon 

irradiation the excited conjugated monomer forms an exciplex with iodonium salt 

which undergoes single electron transfer reaction. The monomer radical cations 

formed this way release protons couples. Successive exciplex formation, electron 

transfer, proton release, and radical coupling photocatalytic cycles effectively create 

desirable highly conjugated polymers. Typical reactions photoinduced step-growth 

polymerization of N-ethylcarbazole are presented in Figure 4.1 The most recent studies 

from our laboratory demonstrated that this photochemical approach can successfully 

applied for synthesis polythiophenes [95,152,153], polycarbazoles[61], and 

polypyrenes [99]. 
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Figure 4.1 : Photoinduced step-growth polymerization of N-ethylcarbazole using 

diphenyliodonium hexafluorophosphate. 

Herein, we report photoinduced sequential and concomitant free radical and step-

growth polymerization of styrene-carbazole based monomer (VPC). The resulting 

corresponding polymers, poly(phenyl vinyl carbazole) (PVPC) and poly(phenyl vinyl 

carbazole)-polycarbazole (PVPC-PC) can be obtained with reasonable molecular 

weights and molecular weight distributions. When compared to the VPC monomer and 

PVPC, the oxidation potential of PVC-PC is significantly reduced as a result of 

carbazole-carbazole coupling reaction and the double-step reversible oxidation was 

observed attributed to the carbazole-based branched structure. TEM and BET results 

revealed that the polymers exhibit a porous property and the surface area was slightly 

increased after the removing PF6
- dopant via hydrazine hydroxide treatment. The 

PVPC as high soluble polymer in organic solvents can be an alternating hole transport 

material (HTM) for solution-processable thin-film based optolectronic devices 
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4.2 Results and Discussion 

In the present work, we developed two straightforward synthetic routes synthesis of 

conjugated carbazole based networks by making use of two functional groups present 

in the monomer structure. In the sequential mode (Figure 4.2), visible light induced 

radical polymerization of VPC by using BAPO results in the formation of linear 

polymer with pendant carbazole units. In the second step, and step-growth 

polymerization of carbazole units of PVPC in the presence of DPI proceeds in a similar 

manner to that described in Figure 4.1 and yields PVPC-PC. In the process, carbazole 

units absorbed the light to form exciplexes. BAPO has a strong absorption in the near 

UV and the visible region of the spectrum arising from n–π* transitions. 

Polymerization results are shown in Table 4.1.  

 

Figure 4.2: Sequential photoinduced radical and step-growth polymerizations of 

VPC. 

Table 4.1: Photoinitiated polymerization of styrene containing carbazole moiety 

(VPC). 

Type of 

Polymerization 

Monomer t 

(h) 
ir 

(nm) 

Conv. [a] 

(%) 

Mn [b] 

(g mol-1) 

Đ [b] 

Free radical VPC 4 400-500 86 3023 2.2 

Step growth 

Free Radical and 

Step-growth 

PVPC-PC 

VPC 

6 

6 

350 

350 

77 

68 

4781[c] 

∞[d] 

2.1 

∞[d] 

t:polymerization time, [a] Determined gravimetrically. [b] Determined by gel permeation chromatography 

according to polystyrene standards.  [c] molecular weight of soluble portion, [d] cross-linked polymer. 

The structures of VPC and PVPC were characterized by 1H NMR and FT-IR spectral 

analyses. In the FT-IR spectrum of PVPC, strong transition peaks at 721 cm-1 and 744 

cm-1 are attributed to ring deformation of the substituted aromatic structure and CH2 

deformation of the vinylidene group, respectively. The stretching vibrations of the C–



 

 

35 

 

H bonds in the aromatic ring and the vinylidene group are depicted by the bands at 

3050 cm-1 and 2930 cm-1. The ring vibration of the carbazole moiety has a distinctive 

peak at 1219 cm (Figure C.1). The 1H NMR spectrum of VPC displays peak at 5.4 and 

5.8 ppm. In addition, aromatic peaks associated with carbazole units between 7.3-8.2 

ppm were observed. The 1H NMR spectra of the polymers displayed a distinct 

broadening pf the peaks in the aromatic region confirming the polymeric 35olüen 

(Figure C.2). 

The UV-vis spectra of the VPC monomer and the corresponding polymers were 

examined in chloroform phase (Figure 4.3). Three different absorption maxima at 

about at about 280, 340, and 360 nm were observed depending on the π–π* and n–π* 

transitions of the carbazole moiety in VPC and PVPC (Figure 4.3a). The broad 

absorption band of the styrenic unit in VPC was clearly seen at 320 nm, and this band 

quenched as a consequence of the polymerization. Since the radicals generated from 

BAPO is only active on the double bond, no change occurred in the carbazole bands 

at 340 and 360 nm after the polymerization [154]. The broadened and redshifted band 

of the carbazole in PVPC-PC is noted as the carbazole-carbazole coupling reaction 

ensues the success of the second step. Notably, no significant change is observed in 

the absorption spectrum at lower wavelength due to conjugation breakdown at the N-

9 position of the carbazole units [102]. In addition, the broad charge transfer band 

resulting from the ionic interaction of PVPC with PF6
- counter ion was observed 

between 550-700 nm (Figure 4.3b). This band fully quenched after the dedoping 

process. In addition, after the dedoping process, the dark blue color of the PVPC-PC 

solution was bleached[155].  

 

Figure 4.3: UV-vis spectra of VPC, PVPC (a) and PVPC-PC (b) before and after the 

dedoping process in CHCl3 solution. 
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When VPC and PVPC were excited at their absorption maxima, they showed a broad 

fluorescence band between 400-700 nm centered about 500 nm (Figure 4.4). The 

photoluminescence spectra of the PVPC exhibited a blue-shift of approximately 10 

nm. The cyan fluorescence of VPC was turned into blue as a result of the 

polymerization. In addition, after the carbazole-carbazole coupling reaction, the 

resulting PVPC-PC exhibited no remarkable photoluminescence due to the 

aggregation of the polymer in solution.   

 

Figure 4.4: Photoluminescence spectra of the VPC and PVPC under UV light ex 

=366 nm. 

The electrochemical properties of VPC, PVPC and PVPC-PC before and after the 

dedoping process were investigated by cyclic voltammetry (CV) (Figure 4.5). In the 

anodic scanning of the VPC monomer, the peak observed at 1.42 V is due to the 

oxidation of electroactive carbazole donor moiety. During the reverse scan, both the 

cathodic peak of the monomer and the cathodic peak of the coated polymer on the 

electrode surface were observed at 1.22 V and 0.92 V, respectively. At the CV 

voltammogram of PVPC, the oxidation potential is observed at 1.37 V with a negative 

shift due to increased interaction of the electroactive carbazole units in the polymer 

side group. As a result of the carbazole-carbazole coupling at the 3,6-positions, two 

reversible oxidation waves were observed corresponding to the polaronic and 

bipolaronic species of the branched structure [155]. Moreover, the onset potential 

decreased about 0.14 V compared to the PVPC due to the increased conjugation. 

Furthermore, the reduction of the PF6- doped polymer was recorded at -0.85 V during 

cathodic scan. After the dedoping process, this peak was disappeared as a consequence 
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of PF6
- removal. The HOMO levels of VPC, PVPC and PVPC-PC before and after the 

dedoping process obtained from the onset potentials by using the equation EHOMO = 

−e(Eox – Efc) + (−4.8 eV) according to the ferrocene oxidation E(Fc/Fc+) = 0.41 V as 

an internal standard were calculated as -5.62, -5.53, -5.39 and -5.37 eV, respectively. 

Besides, the LUMO level was calculated by subtracting the optical band gap from the 

HOMO level (Table 4.2). 

Figure 4.5: Cyclic voltammogram of the VPC, PVPC (a) and PVPC-PC (b) before 

and after the dedoping process in TBAPF6
− acetonitrile; scan rate 100 mV s−1 vs. Ag wire. 

Table 4.2: Optical and electrochemical values of VPC monomers and corresponding 

polymers. 

Molecule Oxidation Peak 

Potential (V) 

HOMO 

(eV) 

*LUMO 

(eV) 

Egap, 

optical (eV) 

VPC Em,a
ox = 1.42 

Em,c
ox = 0.92; 1.22 

-5.62 -2.06 3.56 

PVPC Ep,a
ox = 1.37 

Ep,c
ox = 1.18; 0.99 

-5.53 -2.03 3.50 

PVPC-PC Ep,a
ox = 1.20; 1.45 

Ep,c
ox = 1.15; 1.33 

-5.39 -2.07 3.32 

PVPC-PC_dedoped Ep,a
ox = 1.21; 1.48 

Ep,c
ox = 1.14; 1.33 

-5.37 -1.91 3.46 

* Calculated by subtracting the optical band gap from the HOMO level. 

 

The molecular structures and theoretical characteristics of the monomer and resulting 

polymers were studied by density functional theory (DFT). Gaussian16 was used to 

optimize the molecular structures of the compounds at the solid state and GaussView 

6.0 was used to view of them. With the 6-311G(d,p) basis set, the B3LYP, M062X, 

and CAM-B3LYP functionals were employed for DFT calculations. With all positive 
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frequencies, the true minimal natures of optimized structures were validated. When 

the ground state charge distribution of VPC is coupling examined, it is seen that the 

charges are located the whole structure, mainly carbazole, at HOMO, and all charges 

are distributed towards the styrenic moiety at LUMO. When the PVPC structure 

consisting of six repeated units is examined, it is seen that a nonlinear branching 

structure is realized after the geometric optimization. In the ground state charge 

distribution of PVPC, it was observed that the charges moved from one repeating 

carbazole unit to another carbazole between HOMO and LUMO. It is clearly observed 

that in the charge distribution of the coupling product PVPC-PC, all the charges are on 

the formed coupled carbazole structure at HOMO and transferred to another carbazole 

at LUMO. In addition, when compared with PVPC, it was observed that the theoretical 

HOMO value increased to -4.9 eV with an increase of about 0.3 eV due to the higher 

conjugated structure. Finally, the theoretical HOMO-LUMO band gap of all samples 

were found to be in agreement with the experimental values (Table 4.3). 

Table 4.3: Molecular orbital diagrams and theoretical HOMO-LUMO calculations 

of VPC, PVPC and PVPC-PC. 

 HOMO-1 HOMO LUMO LUMO+1 

VPC 

 

-5.745 eV 

 

-5.320 eV 

 

-1.169 eV 

 

-0.694 eV 

PVPC 

n= 6 

 
-5.330 eV 

 
-5.260 eV 

 
-0.845 eV 

 
-0.765 eV 

PVPC-

PC 

 
-5.093 eV 

 
-4.930 eV 

 
-0.827 eV 

 
-0.815 eV 

 

The surface morphology of the VPC and PVPC films prepared on a glass surface was 

investigated by AFM (Figure 4.6). According to AFM image, due to its crystalline 

38olüen of VPC the film surface has an agglomerated morphology. The crystalline 
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behavior of VPC was also supported by XRD and DSC analysis (Figure C.1 and C.2). 

It is seen that the phases formed here were accumulated in the range of about 200-500 

nm. On the other hand, AFM image of PVPC exhibited a smooth surface as a result of 

decreasing crystallinity due to the polymeric structure. In addition, the hole observed 

in the size of 500-1000 nm are depend on the packaging of the flexible polystyrene 

backbone. Based on this behavior, RMS (root mean surface) values were calculated 

from the topography image as 14.03 nm and 7.64 nm for VPC and PVPC, respectively. 

TEM observations (Figure C.3) also support the AFM results. 

Figure 4.6 : AFM images of the VPC (a) and PVPC (b) thin film (each scale 3 μm × 

3 μm). 

Since PVPC-PC and PVPC-PCX have limited solubility, TEM pictures were acquired 

by dispersing them in ethanol. Due to the presence of PF6
- ions in the structure, the 

TEM image of the PVPC-PC shows the development of microspheres with a large 

distance. On the other hand, the absence of ion-dipole interaction with the removal of 

PF6
- ions resulted in the microspheres coming together to form a uniform structure and 

more regular and stable microspheres were formed on the surface. This change 

indicates that the electrical repelling action of PF6
- counter ions is eliminated during 

the dedoping process (Figure 4.6a). The formation of micro-sized spheres with a 

diameter of between 0.5 μm and 1.0 μm is also confirmed by TEM images (Figure 

4.7). A similar effect of the PF6
- counterion was also observed in PVPC-PCX. In the 

one-pot synthesis of PVPC-PCX, a non-homogeneous dispersed and porous 
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distribution was observed and these particles came together after the dedoping process 

(Figure 4.6b).  

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.7 : TEM images of PVPC-PC (a) and PVPC-PCX (b) films before 

and after the dedoping process (each bar is 0.5 μm). 

Surface area isotherm based on physical adsorption was determined using multi-point 

BET and BJH methods. Nitrogen adsorption isotherm analysis at 77 K were used to 

estimate the pore sizes of PVPC-PC and PVPC-PCX before and after dedoping process 

(Figure 4.8). It was determined that the structure was macro and mesoporous rather 

than microporous structure as there was no steep initial increase in N2 adsorption in 

the extremely low-pressure region for all samples. After the dedoping process, the BET 

surface area of both PVPC-PC and PVPC-PCX slightly increased (Table 4.4). In 

addition, the total surface area of PVPC-PCX and PVPC-PC were found to be 188.70 

m2/g and 148.27 m2/g, respectively. The relatively low surface area observed with 

PVPC-PC may be due to closure of nanopores during self-assembled microsphere 

formation[158]. This behavior is further supported by the porous surface of PVPC-

PCX observed in TEM results. These results are in agreement with those reported for 

carbazole-based polymers [156,157]. 
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Figure 4.8: Nitrogen adsorption isotherms of PVPC-PC and PVPC-PCX before and 

after dedoping process. 

Table 4.4: Surface area of PVPC-PC and PVPC-PCX before and after the dedoping 

process. 

Sample BET surface 

area 

(m2 g−1) 

BJH adsorption  

surface area  

(m2 g−1) 

PVPC-PC 74.28 52.78 

PVPC-PC_Dedoped 85.20 63.08 

PVPC-PCX 108.75 79.96 

PVPC-PCX_Dedoped 114.52 76.58 

4.3 Conclusion 

In summary, we have reported a fully photochemical synthetic approach by the 

sequential and simultaneous combination of free radical and step-growth 

polymerization processes synthesis of 9-(4-vinylphenyl) carbazole-based polymers. In 

the sequential mode, visible light induced free radical polymerization of VPC through 

vinyl bonds by using BAPO as photoinitiator results in the formation of linear polymer 

possessing carbazole side groups. Since the electroactive carbazole sites are not 

involved in the polymerization, no significant changes in the oxidation potential and 

low energy absorption bands of the polymer PVPC are observed. However, a blue shift 

was observed in the − transition at 320 nm and PL spectrum. In the second step, the 

carbazole groups are linked by the excitation of carbazole forming exciplex with DPI 
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followed by electron transfer, proton release and coupling reactions to yield PVPC-

PC. Geometric optimization carried out with DFT calculations revealed that PVPC and 

PVPC-PC have helical structures and all theoretical HOMO-LUMO band gap values 

are well matched with the optical and electrochemical band gap values obtained from 

CV and UV-Vis measurements.  Due to the crystalline behavior of VPC, micro 

domains were observed in the AFM images. Further, because of the polystyrene 

structure generated in the main chain, PVPC had a smooth surface due to decreased 

crystallinity. According to TEM analysis, while microspheres were observed in PVPC-

PC, a disperse structure was observed in PVPC-PCX. Direct carbazole-styrene 

coupling reactions that 42olü in the one pot mode can explain the morphological 

difference between PVPC-PC and PVPC-PCX. Owing to its simple synthetic strategy, 

the soluble polymer product PVPC can be used as active material in OLED, OPV and 

ECD applications. Considering the electrochemical property with low oxidation 

potential and optical behavior, this material can be potential hole transport material for 

OLEDs. In addition, cross-linked products PVPC-PC and PVPC-PCX can be 

considered as an important member of the porous fluorescent organic materials. 
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 CONCLUSIONS 

Over the years, much progress has been made in the preparation and understanding of 

conjugated polymers. Due to their fascinating and unique properties, conjugated 

polymers can be used in variety of applications, especially in energy storage, sensors, 

coatings, organic field-effect transistors, photovoltaic cells, and light-emitting 

electronic devices.  

In this thesis, light-induced systems were used to fabricate conjugated polymers. These 

systems offer safe reaction conditions environment and less side reactions.  

In the first part of the thesis, we provide a novel easy photochemical method for the 

step-growth polymerization for synthesis of polypyrene (Ppy). Pyrene (Py) readily 

polymerizes under 350 nm irradiation at room temperature in the presence of iodonium 

salt via consecutive excitation, electron transfer within exciplexes, proton release, and 

coupling reactions. These findings are inspired by our previous studies on 

photoinduced electron transfer reactions occurring between electron rich monomers 

such as thiophene and carbazole derivatives and iodonium salt. A thorough 

examination of the structural, morphological, electrochemical, and molecular weight 

features of the polymers indicated that the iodonium salt/Py ratio has a significant 

impact in the chain length and attributes. This technique is very applicable to 

functional pyrenes and other conjugated monomers. 

In the second part of the thesis, an innovative photochemical method for the 

manufacture of metal-free three-dimensional hollow spherical conjugated polymers is 

outlined. Irradiation of solutions containing a particularly designed monomer, namely 

4,4′-bis(N-carbazolyl)-1,1′-biphenyl (CBP) having both carbazole and biphenyl units, 

at 350 nm led to the production of a black polymer, poly(4,4′-bis(N-carbazolyl)-1,1′-

biphenyl) (PCBP). Polymerization occurs by means of a step-growth process involving 

consecutive electron transfer between CBP and iodonium ion inside the 

photochemically produced exciplex, proton release, and radical coupling reactions. 

UV-vis, 1H-NMR, GPC, CV, BET studies were used to describe the polymers. 

Dedoping led to the transition of self-assembled microspheres with a considerable 

distance into more homogeneous spherical structures, as shown by AFM and TEM 

examinations. 
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Finally, photo-induced radical and step-growth polymerizations of carbazole-

functional styrene (vinyl phenyl carbazole, VPC) have been explored using sequential 

and one-pot techniques. FTIR, 1H-NMR, GPC, UV-Vis, PL, CV, and BET studies 

were used to the polymers obtained. The theoretical charge distribution and HOMO-

LUMO prediction by DFT matched optical and electrochemical results excellently. 

Visible light-induced free radical photopolymerization of VPC with bisacyl 

phosphineoxide (BAPO) leads to the creation of linear polymers containing side-chain 

carbazole groups in the sequential method. As a result of reduced crystallinity, the 

resultant polymers have a smooth surface. The following photoinitiated step-growth 

polymerization of the carbazole groups using diphenyliodonium hexafluorophosphate 

(DPI) produces highly branched and cross-linked polymers with microspheres on the 

surface, as shown by TEM examination. In the one-pot method, simultaneous 

photoinitiated free radical and step-growth polymerizations employing DPI produce 

cross-linked polymers with a scattered distribution. Using the BET surface area, the 

total nitrogen absorption of VPC-based polymers at 77 K was determined to be 

between 150 and 190 m2/g.
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APPENDIX A: Characterization figures of Chapter 2 

 

 

 

 
 

 

Figure A.1 : Size-exclusion Chromatography traces of PPy6 (black) and PPy9 (red) 

in THF. 

 

 

 

 

 

 
Figure A.2 : MALDI-TOF spectrum of PPy9 in toluene solvent. 
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Figure A.3 : Proposed structures of PPy6 and PPy9. 

 

 
Figure A.4 : CP-MAS 13C-NMR spectra of PPy6 and PPy9. 
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Figure A.5 : Infrared spectra of Py (blue), PPy6 (black) and PPy9 (red). 

 

 

 

 

 

 

 

 
Figure A.6 : Infrared spectra of Py (blue), PPy6 (black) and PPy9 (red) focused on 

region 600-1200 cm-1 
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Figure A.7 : Energy dispersive X-Ray spectra of PPy6 and PPy9. 
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Figure A.8 : TGA thermograms of Py, PPy6 and PPy9. 

 

 
 Figure A.9 : DSC of Py (blue), PPy6 (black) and PPy9 (red). 
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APPENDIX B: Characterization figures of Chapter 3 

 

 

 

 

 
Figure B.1: TEM-EDX of PCBP before (a) and after dedoping (b) process. 

  

 

 

 
 

Figure B.2 : DSC curves of PCBP before and after dedoping process. 
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APPENDIX C: Characterization figures of Chapter 4 

 

 

 
Figure C.1 : A)1H NMR spectra of VPC (a), PVPC (b) and PVPC-PC (c). 

*impurities and water, **traces of monomer b) FTIR spectra of the synthesized 

polymers 

 

 
Figure C.2 : TEM images of VPC (a) and PVPC (b). 

 
Figure C.3 : TEM images of PVPC-PC films before (a) and after (b) the dedoping 

process (50 nm and 200nm). 
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Figure C.3 : Wide-angle X-ray diffractograms of VPC and corresponding polymers. 

 

 
Figure C.4 : DSC thermogram of VPC 
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