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THE SYNTHESIS OF MACROMOLECULES VIA CLICK REACTIONS 

SUMMARY 

The synthesis of well-defined macromolecules with controlled compositions and 

architectures had been the ultimate challenge of polymer chemists until the 

development of ionic polymerization methods opened a new field of polymer 

science. However, the development of ionic polymerization research meets some 

serious obstacles associated with stringent process conditions with regards to high 

purity and incompatibility with a variety of functional monomers. Although, free 

radical polymerization is more tolerant to impurities and is capable of polymerizing a 

vast variety of vinyl monomers, the main drawback of radical polymerizations is that 

they have not been able to offer the same degree of control over the polymer 

structure and functionality as do ionic polymerizations. Therefore, considerable 

efforts have been devoted to implement the free radical polymerization in controlled 

fashion. Eventually, the revolution of free radical polymerization has led to 

development of controlled/„„living” radical polymerization (C/LRP) methods that 

have been facilitated the access to the construction of well-defined macromolecules 

without stringent requirements on the experimental conditions. Currently, three 

methods appear to be most efficient and can be successfully applied: stable free 

radical polymerization (SFRP), best represented by nitroxide mediated radical 

polymerization (NMP), atom transfer radical polymerization (ATRP), and reversible 

addition-fragmentation chain transfer (RAFT). Ultimately, their widespread 

acceptance and exploitation in polymer synthesis is justified by their seemingly 

unlimited potential to create a wide range of well-defined macromolecules with 

precise control over composition, architecture and functionality.  

The term “click” refers to versatile, efficient, specific and energetically-favored 

chemical reactions, which could become universal tools first in synthetic chemistry 

lately extremely popular in polymer and materials science. Click reactions, in 

particular Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction and Diels-

Alder reaction, have recently shown to be extremely powerful tools for advanced 

macromolecular design. 

In this thesis, functional polymeric materials with novel macromolecular 

architectures such as graft and star copolymers were envisaged and synthesized, 

combining the merits of both C/LRP techniques and “click”  chemistry. 

In the first study, a combination of C/LRP methods (NMP and ATRP) to produce 

polymers with well-defined chain length and functionality at spesific positions and 

double “click” reactions (CuAAC and Diels-Alder) to quantitatively couple these 

polymer chains together were applied in situ to form  hetero graft copolymers in N,N-

dimehthylformamide (DMF) for 48 h at 120 
o
C (Figure 1). 
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Figure 1 : Synthesis of heterograft copolymers via one-pot CuAAC and Diels–

Alder click reactions. 

Second, two types of 3-arm star-block copolymers: (PS-b-PMMA)3, and (PS-b-

PEG)3, were prepared using in situ double click reactions: CuAAC and Diels–Alder 

reactions (Figure 2). 

 

Figure 2 : Synthesis of 3-arm star block copolymers via one-pot CuAAC and Diels–

Alder click reactions. 
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In the third study, multiarm star block (and mixed-block) copolymers: (PtBA)m-

(PS)n-poly(divinylbenzene) (polyDVB) and (PEG)k-(PS)n-polyDVB and (PEG)k-

(PtBA)m-(PS)n-polyDVB were efficiently prepared via a combination of cross-

linking and  CuAAC click reaction (Figure 3).  

 

Figure 3 : Synthesis of multiarm star block (and mixed-block) copolymers via 

CuAAC click reaction. 

Finally, a new efficient route to prepare well-defined multi-miktoarm star block 

copolymers, (PtBA)n-(PS)m-polyDVB-(PS-Anth)m and (PtBA)n-(PS)m-polyDVB-

(PS)m-(PMMA)k, were shown via a combination of cross-linking and  sequential 

double click reactions including CuAAC and Diels–Alder (Figure 4). 
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Figure 4 : Synthesis of multi-miktoarm star block copolymers via sequential 

CuAAC and Diels–Alder click reactions. 
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CLICK REAKSĠYONLARI ĠLE MAKROMOLEKÜLLERĠN SENTEZĠ 

ÖZET 

Kontrollü kompozisyon ve yapılarda iyi tanımlanmıĢ makromoleküllerin sentezi 

polimer biliminde yeni bir alan açan iyonik polimerizasyon yöntemlerinin geliĢimine 

kadar kimyagerler için sorun olmuĢtu. Ancak, iyonik polimerizasyon araĢtırmalarının 

geliĢimi zorlu iĢlem koĢulları; yüksek saflık ve çeĢitli fonksiyonel monomerlerle 

uyumsuzluk söz konusu olduğundan bazı ciddi engeller ile karĢılaĢmaktadır. Serbest 

radikal polimerizasyonu safsızlıklara daha toleranslıdır ve çok çeĢitli vinil 

monomerlerinin polimerleĢtirilmesi yeteneğine sahiptir fakat en büyük dezavantajı 

iyonik polimerizasyondaki gibi polimer yapı ve fonksiyonalite kontrolünün aynı 

derecede mümkün olmamasıdır. Bu nedenle, kaydadeğer çabalar serbest radikal 

polimerizasyonunu kontrollü bir Ģekilde gerçekleĢtirmek için harcanmıĢtır. Neyse ki, 

serbest radikal polimerizasyonunundaki devrim herhangi bir zorlu deneysel koĢul 

gereksinimleri olmayan, iyi tanımlanmıĢ makromoleküllerin inĢasına eriĢim kolaylığı 

sağlayan kontrollü/“yaĢayan” radikal polimerizasyon (C/LRP) yöntemlerinin 

geliĢimlerine yol açmıĢtır. Günümüzde, en etkili ve en sık kullanılan üç C/LRP 

yöntemi: kararlı serbest radikal polimerleĢmesi (SFRP) veya en sık kullanılan ifadesi 

ile nitroksit ortamlı radikal polimerleĢmesi (NMP), atom transfer radikal 

polimerleĢmesi (ATRP), ve tersinir eklenme-ayrılma zincir transfer 

polimerleĢmesidir. Sonuç olarak, bu yöntemlerin polimer sentezinde geniĢ bir 

yelpazede yaygın olarak kabulu ve yararlanılması iyi tanımlanmıĢ 

makromoleküllerin kontrollü kompozisyon, yapı ve fonksiyonalitede yapılmasındaki 

sınırsız potansiyellerine dayanır. 

Çok yönlü, verimli, özel ve enerji olarak tercih edilen kimyasal reaksiyonlar 

anlamına gelen “click” terimi ilk sentetik kimyada daha sonraları polimer ve 

malzeme biliminde son derece popüler evrensel araçlar haline gelmiĢtir. Son 

zamanlarda, “click” reaksiyonları, özellikle Cu (I)-katalizli azit-alkin siklokatılma 

(CuAAC) reaksiyonu ve Diels-Alder reaksiyonu ileri makromoleküler tasarım için 

son derece güçlü araçlar olarak gösterilmiĢtir. 

Bu tezde, aĢı ve yıldız kopolimerleri gibi yeni makromoleküler yapılarda fonksiyonel 

polimerik malzemeler hem C/LRP teknikleri hem de “click” kimyasının yararlarının 

birleĢtirilmesiyle tasarlandı ve sentezlendi. 

Ġlk çalıĢmada, iyi tanımlanmıĢ zincir uzunluğu ve spesifik pozisyonlarda 

fonksiyonalitelere sahip polimerlerin sentezinde kullanılan C/LRP (NMP ve ATRP)  

yöntemlerinin, bu polimerleri etkin bir biçimde birleĢtirmede baĢvurulan çift “click”  

(CuAAC and DA) reaksiyonlarıyla bir arada uygulanması ile farklı kollu aĢı 

kopolimerlerin sentezleri gerçekleĢtirilmiĢtir (ġekil 1). 
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ġekil 1 : CuAAC ve Diels–Alder click reaksiyonları ile tek aĢamada farklı kollu aĢı  

kopolimerlerin sentezi. 

Ġkinci çalıĢmada, iki farklı (PS-b-PMMA)3 ve (PS-b-PEG)3 3-kollu yıldız blok 

kopolimerleri CuAAC ve Diels–Alder reaksiyonlarının birlikte kullanılamasıyla tek 

aĢamada sentezlenmiĢlerdir (ġekil 2). 

 

ġekil 2 : CuAAC ve Diels–Alder click reaksiyonları ile tek aĢamada 3-kollu yıldız 

blok kopolimerlerin sentezi. 
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Üçüncü çalıĢmada, (PtBA)m-(PS)n-poli(divinilbenzen) (poliDVB), (PEG)k-(PS)n-

poliDVB ve (PEG)k-(PtBA)m-(PS)n-poliDVB çok kollu yıldız blok ve farklı kollu 

yıldız blok kopolimerleri çapraz-bağlanma ve CuAAC click reaksiyonlarının birlikte 

kullanılması ile sentezlenmiĢlerdir (ġekil 3). 

 

ġekil 3 : CuAAC click reaksiyonu ile çok kollu yıldız blok ve farklı kollu yıldız 

blok kopolimerlerin sentezi. 

Son olarak, iyi tanımlanmıĢ çok ve farklı kollu yıldız blok kopolimerlerin; (PtBA)n-

(PS)m-polyDVB-(PS-Anth)m ve (PtBA)n-(PS)m-polyDVB-(PS)m-(PMMA)k 

hazırlanmasında çapraz bağlanma ile CuAAC ve Diels-Alder reaksiyonlarını içeren 

ard arda uygulanan çift “click”  reaksiyonlarının kombinasyonu yeni etkili bir yol 

olarak gösterilmiĢtir (ġekil 4). 
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ġekil 4 : Ard arda gerçekleĢtirilen CuAAC ve Diels–Alder click reaksiyonları ile 

çok ve farklı kollu yıldız blok kopolimerlerin sentezi. 
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1. INTRODUCTION 

The research to design novel macromolecular architectures with unusual properties 

has led to the synthesis of block, graft, star polymers with well-defined end 

functional groups, controlled molecular weights, and narrow molecular weight 

distributions. Traditionally, control of polymerization processes has been achieved 

with “living” polymerization techniques such as ionic (anionic or cationic), group 

transfer and transition-metal-catalyzed processes [1-6]. However, these methods 

suffer from rigorous process conditions imposed by the high purity required and 

incompatibility with a variety of functional monomers. Therefore, much interest has 

recently been focused toward free radical chemistry to achieve control over 

polymerization process due to their tremendous commercial significance [7]. Even 

though free radical initiated polymerizations are synthetically less rigorous and are 

compatible with a wide range of monomers, they, in general, lack the ability to 

accurately control molecular weight distribution and end functional groups. The main 

drawback of radical polymerizations is that they have not been able to offer the same 

degree of control over the polymer structure and functionality as do ionic 

polymerizations.  In this connection, there is increasing interest in methods based on 

radical chemistry that allow for the preparation of polymers in controlled fashion. 

Eventually, the concept of controlled/„„living” radical polymerization (C/LRP) has 

been introduced in which the control and precision of living polymerization and the 

robustness of radical polymerization are put together in a single process [8-10]. 

Several methods have been developed over the years to attain control of radical 

polymerizations. Particularly, the three most well-known C/LRP techniques are 

nitroxide mediated radical polymerization (NMP) [11, 12], atom transfer radical 

polymerization (ATRP) [13-17], and reversible addition-fragmentation chain transfer 

(RAFT) polymerization [18-20]. 

The concept of click chemistry, introduced by Sharpless and co-workers has attracted 

widespread attention in polymer science due to its high specificity, quantitative 

yields, and fidelity in the presence of a wide variety of solvents and functionalities 
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[21]. The Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC) and Diels-Alder  

click reactions are the most frequently employed click reactions, which are capable 

of selectively combining two components in terms of covalent bonds in excellent 

yields. In order to expand the applicability of this concept, other click chemistry-type 

reactions, such as thiol-ene reaction, nucleophilic substitution and radical reactions 

have also been developed. 

The great potential of click reactions combination with their compatible partner of 

C/LRP processes for the construction of novel macromolecular architectures such as 

graft and star polymers has been pursued by synthetic polymer chemists in recent 

years, and is now the subject of intensive research in polymer science.  

Since graft copolymers have many structural variables (composition, backbone 

length, branch length, branch spacing, etc.), they have great potential to realize new 

properties. Three different approaches have been applied to the synthesis of graft 

copolymers. Firstly the „„grafting onto‟‟ strategy, where end-functionalized 

preformed polymer grafts are linked in a chemical reaction with reactive side chains 

of a polymer backbone. Secondly, the „„grafting from‟‟ strategy, consists in a 

polymerization of the grafts from a polymer backbone bearing initiating sites. The 

last approach is the „„grafting through‟‟ strategy which relies on polymerization of 

appropriate macromonomers. 

Additionally, it is well-known that star polymers have a fascinating macromolecular 

architecture due to their unique properties that differentiate them from their linear 

counterparts, such as a smaller hydrodynamic volume and lower viscosity at a given 

molecular weight as a consequence of their compact structure and globular shape. To 

date, known synthetic strategies for the formation of star polymers can be 

generalized into three main categories: (1) “core-first”; (2) “arm-first”; and (3) 

“coupling onto”. The core-first technique involves the use of a multifunctional 

initiator. The arm-first technique involves the synthesis of preformed arms followed 

by reaction with a cross-linking agents usually by using a divinyl cross-linker. The 

third method is a slight variation of the arm-first technique, which involves the 

synthesis of preformed arms followed by reaction with a multifunctional coupling 

agent. 



  

3 

The aim of this thesis is to use a combination of C/LRP to produce polymers with 

well-defined chain length and end group functionality at specific locations and 

“click” reactions to quantitatively couple these polymer chains together to form 

novel macromolecular architectures such as graft and star copolymers. The first 

study concerns the synthesis of hetero graft copolymers in terms of using double 

click reactions (CuAAC and Diels–Alder reactions) in one-pot technique. 

Subsequently, double click reactions were applied to the synthesis of 3-arm star-

block polymers (A3B3) using trialkyne functional linking agent in one-pot technique. 

In addition, multiarm star block and mixed-block copolymers were prepared via a 

combination of cross-linking and CuAAC reaction based on “arm-first” and 

“coupling-onto” methodologies. Finally, a new efficient route to prepare well-

defined multi-miktoarm star block copolymers were prepared via a combination of 

cross-linking and sequential double click reactions including CuAAC and Diels–

Alder. 

 

   

 

 



  

4 



5 

 

2. THEORETICAL PART 

2.1 Living Polymerizations 

The considerable attention to the field of living polymerization techniques is due to 

the increasing demand for well-defined functional polymers with fully controllable 

molecular characteristics. Living polymerization, the concept of which was first 

introduced by Szwarc in 1956, is one of the most promising ways for the synthesis of 

well-defined polymers [1, 2]. A living polymerization is defined as a chain 

polymerization that proceeds in the absence of chain transfer and chain termination 

as indicated by Szwarc. His pioneering work on the anionic polymerization of St 

initiated with sodium naphthalenide opened the field of living polymers with 

controlling the molecular weight and molecular weight distributions as well as the 

structure of the end-groups.  

After the discovery of living anionic polymerization, critical research on cationic 

polymerization was performed in the “living” era. An equimolar mixture of HI/I2 was 

the first system used for the initiation of such polymerizations of vinyl ethers [3]. In 

this system, the initially formed adduct of HI to a vinyl ether is activated by iodine. 

The fast initiation realized ideal living cationic polymerization of alkyl vinyl ethers. 

Thus, homopolymers and block copolymers with narrow molecular weight 

distributions were first synthesized in cationic polymerization.  

Since then, much progress has been made in these living ionic polymerization 

techniques and polymerization of various monomers have been examined, for which 

numerous types of initiators have been developed. While these techniques are 

undoubtedly successful, they do suffer from rigorous synthetic requirements 

including the use of very pure reagents and the total exclusion of water and oxygen 

and incompatibility with a variety of functional monomers.  Definitely, with so many 

parameters to control, such requirements represent a grand challenge to synthetic 

polymer chemists and somewhat delay their practical use. Aware of the intrinsic 

limitations of ionic polymerizations, many efforts have been made to find new routes 

which could address the development of a free radical polymerization. This process 
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is tolerant to impurities, very versatile with respect to compatibility with broad range 

of functional monomers, and relatively easy to implement in an industrial plant. 

2.2 Controlled/„„Living” Radical Polymerizations (C/LRP) 

Conventional free radical polymerization (FRP) remains the most convenient method 

to synthesize high molecular weights polymers since it provides high versatility, 

commercial productivity, and tolerance to many functionalities and impurities. 

Moreover, free radical polymerization has been shown to be applicable to the 

polymerization of a wide range of monomers under mild reaction conditions over a 

large temperature range (-100 to 250 
o
C) [22]. However, the major drawback of free 

radical polymerization is its poor-control in molecular weight and well-defined chain 

end structure as well as its inability to synthesize block copolymers and complex 

polymeric architectures. 

Conventional free radical polymerization consists of four elementry steps: initiation, 

propagation, termination, and chain-transfer reactions. Once the initiating radical is 

formed by various stimuli, e.g., thermolysis, photolysis, and redox processes, reacts 

rapidly with vinyl monomers to grow the polymer chains (propagation). In contrast 

to ionic polymerizations, the propagating radical species undergo bimolecular 

termination reactions by recombination or disproportionation to give dead polymers. 

The propagating radical also undergoes a chain-transfer reaction to generate a new 

propagating radical and a dead polymer chain. However, because of slow initiation 

and fast radical-radical termination reactions, the resulting materials are polydisperse 

(Mw/Mn>1.5), and the control over molecular weight and functionality is very 

difficult. 

As a result of the in effectiveness to accurately control molecular weight distribution 

and end functional groups, great progress has been made toward free radical 

polymerization achieving better control over polymer structure and possessing the 

characteristics of a living process. Thus, the concept of controlled/„„living” radical 

polymerization (C/LRP) has been introduced in which the control and precision of 

living polymerization and the robustness of radical polymerization are put together in 

a single process [8-10, 23, 24]. C/LRP is a powerful process, which allows the 

preparation of polymers with well-defined features such as control molecular 
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weights, narrow molecular weight distributions (Mw/Mn<1.1), high degrees of 

functionality and compositional variation under relatively facile conditions. 

Even though FRP and C/LRP proceed via the same radical mechanism, the 

difference between conventional free radical polymerization and C/LRP is that the 

radical end does not deactivate during the polymerization. Therefore, all of the 

C/LRPs based on the reversible generation of carbon-centered radicals from a so-

called dormant species, which possesses appropriate functional groups at the polymer 

end for radical generation (Scheme 2.1). This “pseudo” deactivation of the growing 

radical species to the dormant species decreases the concentration of radical species 

in reaction intermediates and reduces the probability of undesirable side reactions 

making the reaction proceed almost like a “living” process [25].   

 

(2.1) 

Consequently, the key to molecular weight control mainly lies in the predominant 

formation of the dormant species from the growing radical species, as well as the 

establishment of an extremely fast activation-deactivation process relative to the fast 

propagation. 

The origin of controlling molecular weight and end functional groups by free radical 

chemistry can be traced back to the “iniferter” system developed by Otsu in 1982 

using thiurams and dithiocarbamates as chain transfer agents [26]. In this case, the 

photoinitiator (1) decomposes homolytically to generate two unsymmetrical free 

radicals, one of which acts as the initiator (2) while the other behaves as the 

molecular weight controlling agent (3) (Scheme 2.2). In this way, the overall 

concentration of the reactive radicals can be controlled, and the termination can be 

restricted to a primary radical termination process. However, this approach is 

inefficient in many respects, particularly because, the polymers obtained by the 

“iniferter” approach were found to have higher molecular weight distributions.  
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(2.2) 

Although not truly „„living”, this was the starting point for a C/LRP process.  

Nowadays, among the most efficient C/LRP systems are nitroxide-mediated radical 

polymerization (NMP) [11, 12], atom transfer radical polymerization (ATRP) [13, 

14, 16, 17], and reversible addition-fragmentation chain transfer (RAFT) [18-20, 27].  

These methods will be discussed in the context of the following sections. 

2.2.1 Nitroxide mediated radical polymerization (NMP) 

Nitroxide mediated radical polymerization (NMP) is a member of the family of 

C/LRP systems that gained attention after the seminal paper by Georges [11] and was 

initially reported in 1985 by Solomon and Rizzardo [28].  The NMP process has a 

similar mechanism to the use of iniferters and it has now emerged as one of the most 

versatile for conferring living characteristics on a radical polymerization. The 

principle of NMP is summarized in Scheme 2.3.  

The key to the success of this approach is that the concentration of the reactive chain 

ends is reduced by reversible termination of the growing polymeric chain end. The 

low overall concentration of the propagating chain end will minimize undesired side 

reactions, such as irreversible termination reactions through combination or 

disproportionation. Thus control over the entire polymerization process is achieved 
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since all the chains should be initiated only from the desired initiating species and 

propagation should proceed in a controlled fashion.  

 

(2.3) 

The identity of the mediating radical, R
.
, is critical to the success of living free 

radical procedures and a variety of different persistent, or stabilized radicals have 

been employed. These range from (arylazo)oxy [29], substituted triphenyls,[30] 

verdazyl [31], triazolinyl [32], nitroxides [33] etc. with the most widely studied and 

certainly most successful class of compounds being the nitroxides, especially 2,2,6,6-

tetramethylpiperidinoxy (TEMPO), and their associated alkylated derivatives, 

alkoxyamines.  

In general, two procedures have been applied to initiate NMP. On the one hand, the 

alkoxyamine is formed in situ from the nitroxide and radicals generated using a 

conventional initiator for a bimolecular system. On the other hand, the initiation can 

occur by using an alkoxyamine acting as an initiator and a control agent for a 

unimolecular system. Basically, during the NMP, the initiation step occurs under 

thermal conditions. 

Moad, Solomon and Rizzardo first introduced the use of TEMPO for controlled 

radical polymerization [28]. The goal of synthesizing narrowly dispersed polymer 

using the nitroxide remained elusive until a procedure reported by Georges et al. 

[11]. This group synthesized PS with a relatively narrow molecular weight 

distribution (< 1.3) using a bimolecular mixture of benzoyl peroxide and TEMPO.  

While successful in yielding low polydispersity products of predictable molecular 

weight, the poorly defined structure and unknown concentration of the initiating 

species in this process resulted in less than ideal control of the polymerizations 

(Scheme 2.4). 
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(2.4) 

In contrast, thermolysis of a well-defined unimolecular initiator, typically an 

alkoxyamine, releases both the initiating radical and the nitroxide in a 1/1 molar 

ratio. Therefore, the initiator efficiency is close to unity, and the structure of the 

chain ends is well defined with the initiating fragment of the alkoxyamine being 

attached at the α-chain end and the nitroxide at the ω-chain end of the chains 

(Scheme 2.5).  

 

(2.5) 

The importance of this is great, as each polymer chain initiated will be capped by 

nitroxide leading to controlled living polymerization and ultimately polymers with 

low MWD. The amount of initiator added to the polymerization can be accurately 

weighted, and consequently, the resulting polymer chain length can be determined by 
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the monomer to initiator ratio. The structure of the typically used original 

unimolecular initiators for NMP can be seen in scheme 2.6. 

 

(2.6) 

Although NMP is one of the simplest methods of living free radical polymerization, it 

has many disadvantages. The major disadvantage of NMP results from the limited 

scope of monomers mainly St and its derivates in its early versions. Notable 

advances have been accomplished with the appearances of novel nitroxides [34-37]. 

Another limitation can be the requirement of a high temperature of polymerization 

(110 ºC).  

The structure of the nitroxides strongly affects their ability to efficiently mediate 

C/LRPs of various monomers. Different nitroxides have been developed and used for 

NMP, many of which have proved to be far superior to the TEMPO type, giving 

better molecular weight distributions in addition to faster polymerizations. 

Polymerization of non-styrenic monomers by NMP was made possible with the 

development of second generation acyclic nitroxides such as 2,2,5-trimethyl-4-

phenyl-3-azahexane nitroxide (TIPNO) (Scheme 2.7, (b)) and N-tert-butyl-1-

diethylphosphono- 2,2-dimethylpropyl nitroxide (DEPN) also called SG1 (Scheme 

2.7, (c)). Gnanou was the first to show this significance, demonstrating that the α-

hydrogen enabled extensive control over the polymerization process of n-butyl 

acrylate by using DEPN molecule [35]. 

 

(2.7) 

Compared with other reversible-deactivation radical polymerization methods, NMP 

possesses several advantages, such as easier product purification and an excellent 

functional group tolerance since no metal complex is used [38-40].  
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2.2.2 Atom transfer radical polymerization (ATRP) 

Transition-metal mediated controlled/„„living” radical polymerization, reported 

independently by Matyjaszewski [41], Sawamoto [14] and Percec [42] in 1995, is 

one of the most powerful techniques to obtain polymers with high control over 

compositions, architectures, and functionalities. The polymerization, which is 

mechanistically similar to atom transfer radical addition (ATRA), therefore,  is often 

termed as atom transfer radical polymerization (ATRP).  

A general mechanism for ATRP is shown in Scheme 2.8. ATRP is based on the 

reversible homolytic cleavage of carbon-halogen bond by a redox reaction. 

Homolytic cleavage of the alkyl (pseudo)halogen bond (RX) by a transition metal 

complex (activator, Mt
n
 –Y / ligand, where Y may be another ligand or a counterion) 

in the lower oxidation state generates an alkyl radical (R
•
) and a transition metal 

complex (deactivator,  X–Mt
n+1 

/ ligand) in the higher oxidation state. The formed 

radicals can initiate the polymerization by adding across the double bond of a vinyl 

monomer, propagate, terminate by either coupling or disproportionation, or be 

reversibly deactivated by the transition metal complex in the higher oxidation state to 

reform the dormant species and the activator. 

 

 

(2.8) 

This process occurs with a rate constant of activation, kact, and deactivation kdeact, 

respectively. Polymer chains grow by the addition of the free radicals to monomers 

in a manner similar to a conventional radical polymerization, with the rate constant 

of propagation, kp. Termination reactions (kt) also occur in ATRP, mainly through 

radical coupling and disproportionation; however, in a well-controlled ATRP, no 

more than a few percent of the polymer chains undergo termination. Typically, no 

more than 5% of the total growing polymer chains terminate during the initial, short, 

nonstationary stage of the polymerization. Other side reactions may additionally limit 

the achievable molecular weights.  

This process generates oxidized metal complexes, the deactivators, which behave as 

persistent radicals to reduce the stationary concentration of growing radicals and 

thereby minimize the contribution of termination at later stages. A successful ATRP 
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will have not only small contribution of terminated chains but also uniform growth of 

all the chains; this is accomplished through fast initiation and rapid reversible 

deactivation.  

The ATRP equilibrium (Keq= kact/kdeact) essentially mediates the rate of 

polymerization (Rp), defined by eq 2.1, by ensuring steady and concurrent growth of 

all polymer chains, resulting in well-defined polymers with narrow molecular weight 

distributions. Keq must be low to maintain a low stationary concentration of radicals; 

thus, the termination reaction is suppressed. 

 

 

(Eq. 2.1) 

 

(Eq. 2.2) 

The rate of ATRP, Rp,  has been shown to be the first order with respect to the 

monomer [M]  and initiator [R-X]. The rate of polymerization is also influenced by 

the ratio of concentrations of the activator to the deactivator, although this may 

change during polymerization.  

Equation 2.2, which shows how the polydispersity index in ATRP (in the absence of 

chain termination and transfer) relates to the concentrations of initiator (RX) and 

deactivator (Mt
n+1

), the rate constants of propagation (kp), deactivation (kdeact), and 

monomer conversion (p). Lower polydispersities are obtained at higher conversion, 

higher kdeact relative to kp, higher concentration of deactivator, and higher monomer 

to initiator ratio, [M]0/[I]0 [17, 43, 44]. 

An ATRP system consists of the monomer, an initiator, and a catalyst composed of a 

transition metal species complexed with any suitable ligand. A detailed discussion of 

the basic components of ATRP is elucidated extensively in the following sections. 

2.2.2.1 Basic components of ATRP 

Monomers 

Most vinyl monomers used in free radical polymerizations have been successfully 

polymerized via ATRP, e.g. St derivates, (meth)acrylates, (meth)acrylamides, dienes, 

and acrylonitrile which contain substituents that are capable of stabilizing the 

propagating radicals [45]. ATRP is tolerant to many functional polar groups in 

monomers, however, a few monomers can not be polymerized with currently 
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available ATRP catalysts. Some groups react rapidly with the catalyst system (such 

as acids; (meth)acrylic acid) creating metal carboxylates which are ineffective 

catalysts for ATRP. Some other monomers may be difficult to polymerize since they 

exhibit side reactions. An example of such a monomer is 4-vinyl pyridine (4-VP), 

which can undergo quaternization by the (alkyl halide) initiator [46].  Monomers 

often have a major effect on the ATRP, several variables can account for the 

influence of the used monomer. For each monomer the rates of activation and 

deactivation (kact and kdeact) are unique, and these in combination with the rate of 

propagation kp determine the polymerization rate. The most common monomers in 

the order of their decreasing ATRP reactivity are methacrylates, acrylonitrile, 

styrenes, acrylates, (meth)acrylamides [47]. 

Initiators 

Generally, initiators used in ATRP are alkyl halides (RX) (or pseudohalides,) with α-

phenyl, vinyl, carbonyl, cyano groups and multiple halogen atoms as well as any 

compound with a weak halogen-heteroatom bond, such as sulfonyl halides. The 

primary role of the initiator is to determine the number of dormant chains and to 

provide the end groups of the polymer chains.  

To obtain well-defined polymers with narrow molecular weight distributions, the 

(pseudo)halide group, X, must rapidly and selectively migrate between the growing 

chain and the transition metal complex. Thus far, bromine and chlorine are the 

halogens that afford the best molecular weight control. Iodine works well for acrylate 

polymerizations; however, in styrene polymerizations the heterolytic elimination of 

hydrogen iodide is too fast at high temperatures. Fluorine is not used because the 

carbon–fluorine bond is too strong to undergo homolytic cleavage. As for other X 

groups, some pseudohalogens, specifically thiocyanates, have been used successfully 

in polymerization of acrylates and styrenes [48-50]. 

Initiator efficiency is of prime importance for succesful ATRP. Generally, alkyl 

halides RX with resonance stabilizing substituents are efficient initiators for ATRP. 

Often, the structure of the initiator is analogous to the structure of the halogenated 

polymer chain end to obtain similar reactivity of the carbon-halogen bond. For 

example, styrene polymerizations often incorporate 1-phenylethyl chlorides  or 

bromides as the initiators [13]. However, this guideline does not always hold as 

demonstrated in the polymerization. The use of sulfonyl chlorides as universal 

initiator in ATRP of styrene and methacrylates was reported [51]. 
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The initiator can not only be a small molecule, but also a polyfunctional small 

molecule, or a macromolecule, which would produce end-functional polymers, star 

polymers, and graft copolymers, respectively.  

Catalysts 

Catalyst is the most important component of ATRP. It is the key to ATRP since it 

determines the position of the atom transfer equilibrium and the dynamics of 

exchange between the dormant and active species. There are several prerequisites for 

an efficient transition metal catalyst. An efficient catalyst should be able to expand 

its coordination sphere and oxidation number upon halogen abstraction from an 

initiator (alkyl halide) or dormant polymer chains. The metal center should have 

reasonable affinity toward a halogen. Additionally, the catalyst should not participate 

in any side reactions which would lower its activity or change the radical nature of 

the ATRP process.  

Various transition metals, such Re [52], Ru [53, 54], Rh [55], Fe [56-61], Ni [62, 63], 

Pd [64] and Cu [13, 17] has been successfully used as catalysts for ATRP. Among 

them, Cu seems to be the most efficient metal as determined by the successful 

application of its complexes as catalysts in the ATRP of a broad range of monomers 

in diverse media. A recent work from Sawamoto and co-workers shows that the Ru-

based complexes can compete with the Cu-based systems on many fronts. A specific 

Fe-based catalyst has also been reported to polymerize vinyl acetate via an ATRP 

mechanism. The transition metal complex is very often a metal halide, but 

pseudohalides, carboxylates, and compounds with noncoordinating triflate and 

hexafluorophosphate anions were also used successfully [65]. 

Ligands 

Ligand plays a critical role in the activation/deactivation equilibrium in ATRP. The 

type of a ligand including electronic, steric and solubility characters, greatly affects 

the reactivity of the catalyst complex and control over the polymerization [13, 66]. 

The main role of a ligand in ATRP is to solubilize the transition metal salt in the 

organic media and to adjust the redox potential and halogenophilicity of the metal 

center forming a complex with an appropriate reactivity and dynamics for the atom 

transfer. The ligand should complex strongly with the transition metal, and should 

also allow expansion of the coordination sphere, and should allow selective atom 

transfer without promoting other reactions.  
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Ligands for ATRP systems include multidentate alkyl amines, pyridines, 

pyridineimines, phosphines, ethers or half-metallocene species. Copper complexes 

with various multidentate N-containing ligands are most often used as ATRP 

catalysts such as PMDETA, and tris[2-(dimethylamino) ethyl]amine (Me6-TREN). 

[67] The ATRP catalytic activity of Cu(I) complexes increases in the order 

bipyridine (bpy)< 1, 1, 4, 7, 10, 10- hexamethyltriethylene tetramine (HMTETA)< 

PMDETA< tris(2-pyridylmethyl)amine (TPMA)< Me6-TREN< dimethyl cross-

bridge cyclam (DMCBCy). The most active complex known to date is derived from 

the cross-bridged cyclam ligand DMCBCy [17]. 

While nitrogen ligands are typically used for copper-based ATRP, phosphorus-based 

ligands are used for most other transition metals in ATRP.  

Solvents 

ATRP can be performed in bulk, in solution and in heterogeneous systems (e.g. 

emulsion and suspension). Generally used solvents are nonpolar, such as toluene, 

xylene, benzene but some polar aprotic solvents, such as anisole, p-

dimethoxybenzene, diphenyl ether, N,N-dimethylformamide, ethylene carbonate, 

acetonitrile, and polar protic solvents such as alcohols and water have been 

successfully used in ATRP. The solvent can have a large influence on the 

polymerization reaction, both on the polymerization rate and the final properties of 

the prepared polymer. The influence of solvents on the polymerization rate is 

attributed to a change in the the structure of the catalyst and/or a change in the 

solubility of the catalyst complex. For example, when the ATRP of n-butyl acrylate 

was carried out with CuBr/bipyridine complex as catalayst in different sonvents also 

in bulk, the polymerization rate was found to decrease in the order: ethylene 

carbonate> bulk> anisole> p-dimethoxybenzene> diphenyl ether> propylene 

carbonate [68]. A solvent is sometimes necessary, especially when the polymer is 

insoluble in its monomer (e.g., polyacrylonitrile). Several factors affect the solvent 

choice. Chain transfer to solvent should be minimal. In addition, specific interactions 

between solvent and the catalytic system should be considered. Catalyst poisoning by 

the solvent (e.g., carboxylic acids or phosphine in copper-based ATRP)  [69]and 

solvent-assisted side reactions, such as elimination of HX from polystyryl halides, 

which is more pronounced in a polar solvent [70],  should be minimized. 

Among the various methods of C/LRP, facile experimental setup and commercial 

availability of most reagents required for ATRP has resulted in a majority of the 
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literature reports concerning the synthesis of polymeric materials with well defined 

compositions, architectures and functionalities. 

However, ATRP has some limitations. ATRP is especially sensitive to oxygen, since 

oxygen can inhibit polymerization not only by the formation of unreactive peroxy 

radicals but also by the irreversible oxidation of transition metal catalysts. To  

overcome this problem using air stable catalysts in their higher oxidation states was 

successfully developed and used as a tool in preparing well-defined polymers [71]. 

Additionally, reducing the concentrations of catalyst would be beneficial from both 

industrial and environmental standpoints. Several modified ATRP techniques have 

been developed that require significantly reduced the amount of catalyst used in 

ATRP systems [72-74]. These techniques include initiators for continuous activator 

regeneration (ICAR) ATRP [75], activator regenerated by electron transfer (ARGET) 

ATRP [76, 77], activators generated by electron transfer (AGET) ATRP [78-80] and 

single electron transfer living radical polymerization (SET-LRP) [81-85]. In these 

systems, oxidatively stable Cu(II) complexes were reduced to the Cu(I) complexes at 

the beginning of the reaction with radicals formed by decomposition of radical 

initiators or various reducing agents, such as tin(II) 2-ethylhexanoate [76, 78, 80], 

ascorbic acid [80, 86, 87], phenol [88] or thiophenol and derivatives [89] or sugars 

[90]. SET-LRP is distinct in that it uses metallic copper as the catalyst.  

2.2.3 Reversible addition–fragmentation chain transfer process (RAFT) 

A subclass of C/LRP systems, reversible addition-fragmentation chain transfer 

(RAFT) polymerization, is one of the most extensively studied C/LRP methods [19]. 

RAFT polymerization is arguably the most adaptable of all the C/LRP techniques 

due to the ability of polymerizations to be conducted under a variety of conditions 

[91]. It is the most flexible technique with respect to monomer choice and functional 

group tolerance and allows for the construction of well-defined polymeric materials 

with complex architectures. Moreover, a distinct advantage of RAFT polymerization 

is its relative simplicity and versatility, since conventional free radical 

polymerizations can be readily converted into a RAFT process by adding an 

appropriate RAFT agent while other reaction parameters can be kept constant. 

The selection of an appropriate RAFT agent for any particular monomer is probably 

the most crucial step in performing a successful RAFT polymerization. RAFT agent 

have in common to contain a thiocarbonylthio function, and their structure can be 
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schemed as [Z-(C=S)S-R] (Figure 2.1), where the R and Z groups both play vital 

roles in a controlled/living fashion. The R group must be a better leaving group and 

efficiently reinitiate polymerization and the Z group should first activate the C=S 

bond toward radical addition and then stabilize the intermediate radical formed. 

RAFT agents can be categorized into four classes depending on the different 

substituent group next to the C=S functionality: dithioesters (Z = alkyl or aryl), 

trithiocarbonates (Z = SR), xanthates (dithiocarbonates) (Z = O-alkyl) and 

dithiocarbamates (Z = NR2) (R = alkyl or H) (Figure 2.1) [92, 93]. 

 

Figure 2.1: Main classes of RAFT agents. 

Unlike ATRP and NMP, where the equilibrium between the dormant and active, 

propagating chains is based on reversible termination, RAFT polymerization is based 

on reversible or degenerate chain transfer. 

The generally accepted mechanism for a RAFT polymerization is depicted in Figure 

2.2 [94]. The first step of polymerization is the initiation step, where a radical is 

created and reacts with the monomer (step I). This growing polymer chain rapidly 

adds to the reactive [S=C(Z)SR] bond of the RAFT agent to form a radical 

intermediate (the radical initiator may add directly onto the RAFT agent, before 

reacting with any monomer). Step II shows the fragmentation of the intermediate 

occurring reversibly either toward the initial growing chain or to free the re-initiating 

group (R
•
) and a polymeric RAFT agent. The radical R

•
 can then re-initiate 

polymerization by reacting with the monomers or react back on the polymeric RAFT 

agent (step III). Once the initial RAFT agent has been entirely consumed, the 

polymeric RAFT agent is solely present in the reaction medium and enters 

equilibrium (IV). This equilibrium is considered the main equilibrium, and a rapid 

exchange between active and dormant (thiocarbonyl- thio capped) chains ensures 

equal probability for all chains to grow, therefore leading to the production of narrow 
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polydispersity polymers. Although limited, termination reactions still occur via 

combination or disproportionation mechanisms (step IV). When the polymerization 

is complete, the great majority of the chains contain the thiocarbonylthio moiety as 

the end group which has been identified by 
1
H NMR and UV–vis spectroscopy [20]. 

Additional evidence for the proposed mechanism was provided by the identification 

of the intermediate thioketal radical by electron spin resonance (ESR) spectroscopy 

[95]. 

 

Figure 2.2: Proposed general mechanism of RAFT polymerization. 

Many different sources of initiation have been reported for a RAFT polymerization, 

such as the thermal initiation, direct photochemical stimulation of the RAFT agent by 

ultraviolet light or γ radiation and by decomposition of organic initiators. The 

thermal decomposition of radical initiators is, however, the most widely adopted 

method of initiation, due to the commercial availability of such compounds. 

Polymerization temperature is usually in the range of 60–80 
o
C, which corresponds 

to the optimum decomposition temperature interval of the well-known initiator 

azobis(isobutyronitrile) (AIBN). However, even room temperature and high 

temperature conditions can also be applied [96, 97]. Generally, a RAFT agent/free-

radical ratio of 1:1 to 10:1 yields polymers with narrow molecular weight 

distributions.  

Photo- and γ-ray-induced reactions, which use light energy to generate radicals in 

RAFT polymerization, offer a number of advantages compared with thermally 

initiated ones. The major advantage is to allow the polymerization to be conducted at 

room temperature with relatively shorter reaction times. In photoinduced reactions, 



20 

 

however, the RAFT agent should carefully be selected, as in some cases control over 

the molecular weight cannot be attained, particularly at high conversions because it 

may also decompose under UV light [98]. γ-Ray-induced RAFT polymerization 

appeared to be more penetrating compared with the corresponding UV-induced 

processes [99, 100]. 

2.3. Click Chemistry 

The term „click chemistry‟, or „click reaction‟, was coined by Sharpless and co-

workers in 2001 to describe an approach to building complex molecules from a few, 

straightforward, thermodynamically favorable reactions, commonly involving the 

construction of carbon atom–heteroatom linkages [21]. To be classified as click 

reaction Sharpless et al. outlined a set of certain criteria that a reaction obey. For 

example, the reaction must be modular, wide in scope, give (near) quantitative 

yields, generate inoffensive byproducts, be stereospecific and involve simple 

experimental procedure. They should also make use of readily available starting 

materials, enviromentally frendly conditions (water as solvent or solvent-free 

conditions), and should avoid chromatographic isolations. In that sense, click 

chemistry is not limited to a specific type of reaction  but rather defines a synthetic 

concept that comprises a range of reactions, with different reaction mechanisms, but 

common reaction criteria. Examples of reactions that fulfill this criteria include the 

Cu(I) catalyzed reaction between an alkyne and an azide, Diels–Alder reactions in 

general, C=C bond additions, non-Aldol carbonyl chemistry, and nucleophilic ring 

opening reactions, especially involving epoxides.  

In this section, the most well-known of click reactions, the copper(I)-catalyzed 

azide/alkyne cycloaddition (CuAAC) reaction and Diels-Alder reaction will be 

discussed along with another increasingly popular click reaction, such as thiol-ene 

radical addition reaction. 

2.3.1 Copper(I) catalyzed azide-alkyne cycloaddition (CuAAC) reaction 

The copper(I) catalyzed azide-alkyne cycloaddition (CuAAC) reaction is derived 

from the original 1,3-dipolar cycloaddition of organic azides to terminal alkynes 

discovered by Huisgen et al. [101] and later enhanced and popularized by Sharpless 

[21], is a very efficient coupling reaction. This methodology was also independently 
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discovered by Meldal et al. [102] at about the same time that provides diverse 

applications ranging from small organic molecule synthesis, drug discovery to 

polymer and materials science.  

The critical invention of this process is the transformation of a purely thermal 1,3-

dipolar cycloaddition process to a 1,3-dipolar cycloaddition process catalyzed by 

metal salts (mostly Cu(I) salts, but recently also Ru, Ni, Pd, Pt and Fe salts) which 

runs at ambient temperature, is nearly solvent insensitive, and with an extremely high 

tolerance of numerous functional groups. In the absence of an appropriate catalyst, in 

most cases, this reaction is generally slow and not regioselective [103], but in the 

presence of Cu(I), which binds to terminal alkynes to form intermediate copper 

acetylides, this cycloaddition reaction is dramatically accelerated, regioselective and 

highly efficient. Cu(I) catalysis directs the reaction to form the 1,4-regioisomer 

exclusively (Scheme 2.9) and increases the reaction rate up to 10
7
 times [104], 

eliminating the need for elevated temperatures. 

 

(2.9) 

The mechanism of the reaction is different from that of a purely thermal 1,3-dipolar 

cycloaddition. According to Sharpless et al. [105] , modified by Finn et al. [106, 

107] by computational methods [108, 109] , and finally revised by Bock et al. [110] , 

the metal-catalyzed reaction involves: (a) an up to 10
5
 times rate acceleration and an 

absolute 1,4-regioselectivity of the Cu(I)-catalyzed process; (b) a kinetic feature of 

the reaction indicating at least second-order kinetics with respect to the concentration 

of the copper species, [107] thus involving at least two copper centers within the 

catalytic cycle, presumably linking two acetylenes via a μ-bridge [111]; (c) a 

significant autoacceleration if multiple triazoles are formed [112] , revealing 

intermolecular ligands effects; and (d) a significant rate-reduction with strongly 

increasing amount of copper. Another report supported by DFT calculations 

described rate enhancement is due to a stepwise process lowering the transition state 

energy compared to the uncatalyzed concerted cycloaddition [109]. 
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Although CuAAC click reacton was initially postulated as a general concept for 

organic synthesis, this strategy also has an enormous potential in polymer science. 

The important application of CuAAC in polymer chemistry is not only the synthesis 

of functionalized polymers (either end-functionalized or side-functionalized) but also 

the construction of polymers with well-defined architectures.  Since the first report of 

click chemistry in polymer science by Hawker, Sharpless and coworkers, the 

construction of well-defined and complex macromolecular architectures via click 

chemistry has been fully exploited [113]. Afterwards, the number of publications in 

this field has increased dramatically within the years. 

2.3.2 Diels-Alder reaction 

The Diels-Alder reaction is defined as the cycloaddition reaction between a 

conjugated diene and a second component, called dienophile to construct a six 

membered ring in a regio- and stereo controlled way. The Diels-Alder reaction was 

discovered in 1928 by Otto Diels and his student Kurt Alder awarded the Nobel Prize 

in 1950 bearing their names [114]. The discovery of this reaction, has had a 

significant impact on mechanistic and synthetic organic chemistry. 

The reaction is classified as a [4π + 2π] cycloadditon; 4 and 2 identify both the 

number of π electrons involved in the electronic rearrangement and the number of 

atoms originating unsaturated six-membered ring. The reorganization of the π 

electrons and the formation of two new sigma bonds and one new π bond all take 

place in a concerted manner as illustrated in Scheme 2.10. 

 

 

(2.10) 

A great variety of conjugated dienes and dienophiles can be used for constructing 

simple and complex molecules. In the typical Diels-Alder reaction the diene is 

substituted with electron donating functional groups (like -OR, -NR2, etc) and the 

dienophile is substituted with electron-withdrawing functional groups (like  -CN, -

CO, -COOR, -NO2, etc).  

The basic requirement is that the conjugated dienes must have cisoid conformation in 

order to participate in the Diels-Alder reaction Scheme 2.11.  Even though rigid 

transoid structures of dienes that are more stable due to steric reasons are unreactive 
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in the Diels-Alder reactions [115]. Additionally, cyclic conjugated dienes, which are 

locked into the rigid cisoid form, are particularly more reactive.  

 

 

(2.11) 

With the potential of forming carbon-carbon, the reaction has remained as one of the 

best powerful organic transformations in chemical synthesis. When diene and/or 

dienophile have a heteroatom, the cycloaddition is called a hetero-Diels Alder 

reaction. The Diels-Alder reaction can be intermolecular or intramolecular and can 

be carried out under a variety of experimental conditions. Many factors have 

contributed to the popularity of the Diels-Alder reaction in organic synthesis. One of 

the considerable advantage of this reaction is the readiness of many adducts to 

undergo the reverse reaction which is also known as the retro Diels–Alder reaction 

when heated to an appropriate temperature, thus regenerating the starting reactants.  

2.3.2.1 Stereochemistry of Diels-Alder reaction 

The regio- and stereoselectivities of the Diels-Alder cycloaddition depends on the 

number and the nature of the substutients on the diene and dienophile as well as on 

the reaction conditions (catalyst, temperature, pressure, solvent, etc.) explained in 

terms of the frontier molecular orbitals (FMO)
 

of dienes and dienophiles. Frontier 

orbitals are the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO). FMO theory give a better explanation matching of the 

complementary rectivity surfaces of the diene and dienophile. Woodward and 

Hoffmann
 

pointed out that if the cycloaddition is concerted (bonds are being formed 

and broken at the same time), during the Diels-Alder reaction the HOMO of the 

diene interacts in phase (constructive overlap) with LUMO of the dienophile 

(Scheme 2.12): 

 

 

(2.12) 
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Since the Diels-Alder reaction is suprafacial reaction (sigma bonds are formed or 

broken on the same face of the π system) relative stereochemistry of the substituents 

in the 1,4-position of the diene and 1,2-positions of the dienophile is retained in the 

product. Thus, a cis dienophile gives cis substutients in the product, and a trans 

dienophile gives trans substutients in the product [116]. Similarly, trans,trans-1,4 

disubstituted dienes give rise to adducts in which the 1,4-substituents are cis relative 

to each other. The cis, trans isomer of the dienes give products in which the 1,4-

substituents are trans (Figure 2.3) [117-119]. 

 

Figure 2.3: Illustration of the „cis‟ rule in Diels-Alder reaction. 

When an unsymmetrical diene reacts with an unsymetrical dienophile, the mixture of 

regioisomers can be formed depending on the orientation of the substituents of the 

diene and dienophile in the transition state. In most cases of the regioselectivity of 

Diels-Alder reactions, ortho and para orientations in products are usually favored 

over meta orientation in unsymmetrically substituted diene and dienophile [120]. The 

regioselectivity in Diels-Alder reactions is exemplified in Scheme 2.13. 

 

 

(2.13) 

If the diene is cyclic, the substituent on the dienophile can be either endo or exo in 

the product, based on the orientation of the diene and dienophile with respect to each 

other in the transition state. However, Diels-Alder reaction is known as highly 

http://en.wikipedia.org/wiki/Arene_substitution_patterns
http://en.wikipedia.org/wiki/Arene_substitution_patterns
http://en.wikipedia.org/wiki/Arene_substitution_patterns
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selective reaction and quite often gives the endo product. This is the “endo rule”, first 

proposed by Alder [116]. According to the endo mode of attack the substituent on the 

dienophile is underneath the diene framework (endo approach), while in the exo 

mode of addition the substituent on the dienophile is away from the diene framework 

(exo approach) (Scheme 2.14).  

 

 

(2.14) 

The “endo rule” is usually rationalized as a result of the principle of maximum 

spatial overlap of the unsaturated centers of the diene and the dienophile. However, 

the endo isomer is less stable (because of steric repulsions) thermodynamically than 

the exo isomer and is said to be formed under kinetic control. In spite of this, the 

endo tends to be major product because of stabilizing secondary orbital interactions 

in the transition state. Woodward, Hoffman, and Fukui showed that favorable 

interaction between the substituent π system and that of the diene during cyclization 

overcomes the steric hindrance and thus favors the endo isomer over the exo 

(Scheme 2.15) [121, 122]. 
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(2.15) 

Considering that the Diels-Alder reaction is reversible at elevated temperatures, the 

endo/exo ratio depends on the reaction temperature. Therefore use of high 

temperature and extended periods of time can results in the formation of the 

thermodynamically more favorable exo product at the expence of the endo product. 

2.3.2.2 Catalyst 

The presence of a Lewis acid catalyst in Diels-alder reaction often allows for a 

dramatic increase in the rate of cycloaddition; this has been attributed to changes in 

energy of molecular orbitals when complexed so that there is a lower activation 

energy.  

Because the Lewis acid coordinates at the Lewis base side of the dienophile (Scheme 

2.16), it makes the reactions possible with low reactive dienes with dienophiles more 

electron-withdrawing and, therefore, more reactive [123].  

 

 

(2.16) 

A large number of Lewis acids have been advocated for the catalysis of the Diels-

Alder reaction like AlCl3, Et2AlCl, BF3, B(OAc)3, ZnCl2, SnCl4 and TiCl4 [124]. In 

addition to Lewis acids, proteins, antibodies, enzymes and radicals have been found 

to catalyze the Diels-Alder cycloaddition [125]. 

The use of a catalyst allows the cycloaddition to be carried out under mild conditions 

shorter reaction time at lower temperatures and, thus, allows for greater 

differentiation of the regio- and stereoselectivity. The addition of a Lewis acid 

appears to be essential to maximize selectivity for the vast majority of Diels-Alder 
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reactions [126-128]. Two examples of the effects of Lewis acids on selectivities are 

given in Scheme 2 17 [129, 130]. The reaction catalyst by anhdrous AlCl3 showed 

much higher endo selectivity than the uncatalyst reaction. 

 

 

(2.17) 

2.3.2.3 Solvent 

It is known that the Diels-Alder reaction is moderately sensitive to solvent effects; 

[125, 131, 132] however, water was shown to have a positive effect on both the 

reaction rate and stereoselectivity. The positive effects of water are due to the 

hydrophobic packing and the enforced hydrophobic hydration in addition to the 

hydrogen-bonding effects [133]. 

The Diels-Alder reaction is a valuable, competitive, and alternative to CuAAC 

“click” chemistry. Many factors have contributed to the popularity of this reaction in 

polymer science. Major interest has risen within the past few years as research 

groups have started to acknowledge all the benefits this reaction can offer in 

designing novel macromolecules. So far, the use of Diels-Alder „„click‟‟ reaction in 

combination with C/LRP techniques have been facilitated access to the construction 

of various architectures (e.g. block copolymers [134, 135], star polymers [136], 

dendronized polymers [137-140] and graft copolymers [141-143]). 

2.3.3 Thiol-ene reaction 

The thiol-ene reaction is an emerging synthetic tool that is considered to be a "click" 

reaction because the reaction has many of the attributes of the click reaction, for 

example, quantitative yields, rapid reaction rates, mild reaction conditions, and 

tolerant of various solvents and functional groups. 
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The thiol-ene chemistry, which involves the hydrothiolation of a C=C bond, can be 

induced photochemically or thermally at ambient temperature to mainly give an anti-

Markownik-type product. Generally, the thiol-ene reaction follows a radical-

mediated process, with initiation, propagation and termination steps. Initiation 

involves the treatment of a thiol with an initiator, under irradiation or heat, 

subsequently generating a thiyl radical, RS˙, via hydrogen abstraction, plus other 

byproducts (Scheme 2.18). Propagation then occurs in two step which involves first 

the direct addition of the thiyl radical to the C=C bond producing an intermediate 

thioether carbon radical followed by chain transfer to a second molecule of thiol to 

give the thiol-ene addition product with the concomitant generation of a new thiyl 

radical. Termination is believed to ocur through the radical-radical recombination of 

the thioether carbon and/or thiyl radicals. 

 

(2.18) 

Although thiol–ene click reaction has mainly been focused on a radical-mediated 

version to non-activated alkenes, this reaction can also proceed via Michael addition, 

especially when the vinyl group is alpha to an electron withdrawing moiety.  The 

Michael addition applies to α, β-  unsaturated carbonyl compounds such as acrylate, 

maleimido, etc., and an intermediate thioanion is usually generated owing to the 

usage of a base or nucleophilic catalysis such as NEt3, primary/secondary amines or 

certain phosphines for the reaction.  

The thiol-ene „„click‟‟ reactions, through either a radical or nucleophilic mechanism, 

provide efficient hydrothiolation routes across virtually any double bond. [144-148] 

Over the years, the thiol-ene „„click‟‟ reaction has been extensively exploited in 

polymer chemistry since it can be conducted under various conditions without any 

metal catalyst. The UV-induced crosslinking of unsaturated polymers (photocuring) 

by reaction with multifunctional thiols is currently employed in surface coating 
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owing to a number of advantages over other curing methods.  Biomaterials for 

application in medicine, especially dentistry, have been prepared by using this 

process. Only recently, however, has the click aspect of the thiol-ene „„click‟‟ 

reaction been fully appreciated in the field of polymer science. The use of thio-

Michael addition as a click reaction was recently reported by Lowe et al. for the 

synthesis of star polymers [149]. The great potential of thiol–ene chemistry was 

exploited by Hawker and co-workers in the synthesis of poly(thioether) dendrimers 

[150]. Consequently, numerous examples are available in the literature for polymer 

end group  and backbone  modification [151-153], many of which are covered in 

various excellent reviews [145, 154, 155]. 

2.4 Polymer Topology 

The need to synthesize polymers with new and/or improved properties properties has 

driven the effort to design polymers with novel macromolecular architectures. The 

properties of polymers depend strongly on their topologies, and finding facile and 

feasible synthetic methods for polymers with different topological structures remains 

a goal for polymer chemists. Polymer topology can be generally defined as the 

fabrication of complex macromolecular structures with defined composition, 

functionality, and architecture (e.g. telechelic polymers, block copolymers, 

macromolecular brushes, stars, and networks) as depicted in Figure 2.4.  

 

Figure 2.4: Schematic represantation of selected (co)polymer architectures. 

C/LRP techniques are well suited for preparation of polymers with precisely 

controlled architectures, including graft and star polymers as well as branched, 
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dendritic, network, and cyclic type structures. In addition to versatile polymerization 

chemistry, the synthesis of such complex macromolecules often requires the use of 

efficient and specific postpolymerization modification techniques to incorporate 

functionality potentially incompatible with the polymerization conditions and to 

build novel structures by coupling preformed polymers. In this respect, click 

reactions are especially well conformed for such advanced macromolecular design. 

Indeed, click strategies have served as a complementary tools for most of the major 

synthetic polymerization techniques, such as ring opening polymerization (ROP), 

ring opening metathesis polymerization (ROMP), polycondensation, conventional 

free-radical polymerization, and C/LRPs.  

2.4.1 Graft copolymers 

Graft polymers refer to the special type of branched polymers in which branched 

chains are structurally distinct from the main chain. The main chain is commonly 

called as the backbone and the branches as the side chains which are distributed 

along the backbones either randomly or uniformly.  

When graft polymers characterized by a high density of grafted chains they were 

named „„macromolecular brushes‟‟. In terms of chemical composition, 

macromolecular brushes can be categorized into homopolymer brushes and 

copolymer brushes. The latter typically consist of two or more types of polymer side 

chains. When only two types of polymer grafts are involved, they can be arranged in 

a random, alternating, block, and “centipede” manner. 

Graft copolymers have been the subject of continuously increasing interest due to 

their unique specific properties (morphology, phase behaviour, etc.). In general, graft 

copolymers can be prepared following three main strategies: (a) the “grafting onto”, 

(b) the “grafting from”, and (c) the “grafting through” strategies which differentiate 

from each other based on the formation principle. The different pathways are 

schematically depicted in Figure 2.5  and will be discussed in the context of the 

ensuing sections.  
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Figure 2.5: Strategies for the synthesis of graft copolymer: (a) „„grafting onto‟‟,  

(b) „„grafting from‟‟, and (c) „„grafting through‟‟. 

The „„grafting onto‟‟ strategy involves the attachment of preformed polymer chains 

via chemical reaction with reactive side chains of a polymer backbone. Secondly, the 

„„grafting from‟‟ strategy, consists in a polymerization of the grafts from a polymer 

backbone bearing initiating sites. The last approach is the „„grafting through‟‟ 

strategy which relies on polymerization of appropriate macromonomers. 

Each of these strategies controls different structural parameters, including chemical 

composition, grafting density, degree of polymerization (DP) of side chains, and DP 

of the backbone. Even though each strategy demonstrates distinct advantages with 

respect to the molecular design, there are also limitations from a synthetic 

perspective. There are several strategies that have been employed to synthesize graft 

polymers thus, increasing interest in their various possible applications. Graft 

copolymers can be synthesized using any of the various polymerization techniques 

available including: anionic polymerization, ROMP, conventional radical 

polymerization, C/LRPs, and various coupling reactions („„click chemistry‟‟). 

2.4.1.1 General synthetic routes 

The „„grafting onto‟‟ strategy 

The „„grafting onto‟‟ method (a) relying on grafting of preformed side chains onto a 

backbone is carried out via a coupling reaction between the pendant functional 
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groups distributed randomly on the backbone and the complementary end-functional 

groups of side chains.   

The primary advantage of this method is that both backbone and side chains are 

prepared separately via different living polymerization techniques allowing the more 

accurate characterization of the resulting polymer with respect to their backbone and 

side chains. On the other hand, the number of grafted polymer chains is limited due 

to the steric hindrance and low reactivity of functional groups of the polymer chains 

resulting in insufficient grafting efficiency. 

Usually, „„grafting onto‟‟ reactions involve the preparation of well-defined side 

chains by living anionic polymerization and their subsequent reaction with a 

backbone of monomer units that are susceptible to nucleophilic attack. Examples of 

such functional groups include esters, anhydrides, benzylic halides, nitriles, 

chlorosilanes, and epoxides. So far, polymers bearing highly reactive benzylic 

halides, particularly poly(chloromethylstyrene)s, have been largely used as 

backbones subsequent reaction with the living polymers [156-159]. A number of 

different ways have been tried to improve the grafting density by reducing the 

contribution of side reactions resulting from the halogen–metal exchange. In this 

respect, the chloromethyl groups were transformed to the chlorosilyl groups before 

reaction with the living polymers. A representative example is the preparation of 

poly(Bd-g-St) copolymers, where the polybutadiene (PBd) backbone is synthesized 

by anionic polymerization, followed by introduction of chlorosilane groups, via 

postpolymerization hydrosilylation, and, finally, linking with living PS anions [160-

162]. 

Beside the above mentioned anionic polymerization techniques, so far, extensive 

attempts for the preparation of graft copolymers using „„click‟‟ chemistry and 

combined with some of the other C/LRP techniques that have been used to construct 

a graft architecture applying a „„grafting onto” concept. Click reactions are expected 

to efficiently attach side chains to a backbone in „„grafting onto‟‟ method. 

Obviously, this technique offering unique opportunities to improve the grafting 

efficiency have been explored. However, the problems for controlling the grafting 

density remain a challenge especially when clicking long or „„thick‟‟ chains to the 

backbone. 

By means of the high coupling efficiency between bromine and TEMPO groups 

poly(4-glycidyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl-co-ethylene oxide)-g-PS 
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and PtBA have been constructed via the Atom Transfer Nitroxide Radical Coupling 

(ATNRC) method (Scheme 2.19) [163]. 

 

(2.19) 

Where the „„click‟‟ chemistry is concerned, Matyjaszewski and co-workers reported 

on the poly(hydroxyethyl methacrylate) (PHEMA) modification with 4-pentynoic 

acid in order to incorporate alkyne functionality along the backbone, followed by 

reaction with azido-terminated polymers via enabled synthesis of well-defined graft 

copolymers in an efficient manner (Scheme 2.20) [164]. For the bulkier side chains 

such as PS, PBA, and PBA-b-PS, grafting densities were lower than 50% because the 

steric hindrance of attached side chains; while the relatively „„thinner‟‟ PEO side 

chains were grafted onto the backbone, the grafting density reached up to 88.4%. 

 

(2.20) 

The same authors exploited a similar click concept to prepare graft copolymer [165].   

Poly(glycidyl methacrylate-co-methyl methacrylate) P(GMA-co-MMA) copolymer 

were synthesized by ATRP. The epoxide ring in copolymer was efficiently opened 

with sodium azide in the presence of ammonium chloride. Then, poly(ethylene 

oxide) methyl ether pentynoate was added azide functional P(GMA-co-MMA) 
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copolymer through CuAAC reaction to form respective loosely grafted polymeric 

brushes with hydrophilic poly(ethylene oxide) side chains. 

In an effort to further expand the versatility of click reaction toward the synthesis of 

graft copolymer, Stenzel and coworkers [166] reported a „„grafting onto” approach 

of combining RAFT polymerization and CuAAC reactions. In this case, propargyl 

methacrylate (PgMA) with its acetylene function protected with a silyl group was 

polymerized via the RAFT process. Subsequent deprotection of the representative 

acetylene species followed by reaction with azide functionalized poly(vinyl acetate) 

(PVAc) via cycloaddition process to afford the graft copolymer (Scheme 2.21). 

 

(2.21) 

In a similar fashion, a Diels-Alder click reaction has been used to prepare graft 

copolymers. Gacal et al. also applied the “grafting onto” approach to the synthesis of 

graft copolymers containing PS backbone and side chains with either PEG or PMMA 

units using Diels-Alder click reaction (Scheme 2.22) [141]. 

 

(2.22) 

The thiol-ene „„click‟‟ reaction is one of the most favorable chemical approaches for 

polymer synthesis. Nuyken et al. firstly synthesized poly[2-(4-

methoxybenzylsulfanyl) ethyl-2-oxazoline]-co-poly- (ethyl-2-oxazoline) 

biocompatible copolymers bearing potential thiol groups with different molecular 

weights and functional group densities [167]. After quantitative deprotection of thiol 
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groups and thiol-ene coupling reaction of those SH groups of the copolymer with 

acrylamide or maleimide in the end of poly(2-methyl-2-oxazoline)s, a series of graft 

copolymers containing poly(2-oxazoline)s as both backbone and side chains with 

different lengths of side chains were prepared with a quantitative conversion.  

In addition to chemical strategies, physical interactions such as hydrogen bonding 

[168-170], ionic interactions [171, 172], and coordination bonding [173, 174], have 

also been used to construct a graft copolymer. 

The „„grafting from‟‟ strategy 

In the “grafting from” (b) method, a polymer backbone (macroinitiator) with a 

predetermined number of initiation sites is generated, followed by grafting the side 

chains from the macroinitiator. The number of grafted chains can be controlled by 

the number of initiation sites generated along the backbone assuming that each one 

participates in the formation of one branch. 

The “grafting from” approach has been extensively used in the synthesis of well-

defined macromolecular grafts and brushes. For instance, PI-g-PS and PBd-g-PS 

well-defined copolymers were synthesized several years ago employing anionic 

polymerization [175, 176]. 

C/LRP techniques are suitable for polymer brush synthesis via grafting from method 

since low concentration of instantaneous propagating species limit the coupling and 

termination reactions and the gradual growth of side chains can effectively decrease 

the steric effect which is inevitable for either „„grafting-onto‟‟ or „„grafting-through‟‟ 

strategies.  

ATRP is a particularly attractive and has been proved to be a highly versatile method 

to synthesize the graft polymers with well-defined structure including the 

controllable molecular weight and narrow molecular weight distribution. 

Matyjaszewski and co-workers  have previously described the controlled synthesis of 

molecular brush copolymers by “grafting from” a macroinitiator using ATRP [177]. 

The macroinitiator was obtained by polymerization of 2-(trimethylsilyloxy)ethyl 

methacrylate (HEMA-TMS), followed by cleavage of the TMS protective groups and 

esterification with 2-bromopropionyl bromide to produce poly(2-(2-

bromopropionyloxy)- ethyl methacrylate) (pBPEM) (Scheme 2.23). This was used as 

macroinitiators for ATRP of St and butyl acrylate (BA). In order to suppress the 

coupling and termination reactions, the polymerizations of monomers were 
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conducted in bulk but under dilute conditions and low conversions (<20%) were 

maintained. 

 

(2.23) 

Grubbs et al. reported the preparation of graft and dentritic graft copolymers by 

successive NMP and ATRP [178]. The backbone was produced by copolymerization 

of St and p-(4-chloromethylbenzyloxymethyl) styrene via NMP. Through ATRP of 

St, MMA, and n-butyl methacrylate (BMA) initiated by PS backbone containing 

chloromethyl groups, a series of graft copolymers containing PS backbone and PS, 

PMMA, or PBMA side chains were prepared.  

Inceoglu et al.  prepared well-defined graft and block-graft copolymers via the 

ATRP-NMP combination [179]. First, using ATRP process, MMA and 2-phenyl-2-

[(2,2,6,6-tetramethylpiperidino)oxy] ethyl methacrylate as comonomer were 

polymerized in the presence of CuCl/PMDETA as a catalyst and ethyl-2-

bromoisobutyrate or 2-phenyl-2-[(2,2,6,6-tetramethylpiperidino)oxy] ethyl 2-

bromopropanoate as an initiator. Second, the corresponding copolymers with 

TEMPO functionality were then used as polyfunctional macroinitiator in NMP of St 

to yield the resulting graft and block-graft copolymers (Scheme 2.24). 

 

(2.24) 

Synthesis of graft copolymer containing PBA-b-PS side chains through successive 

ATRP [180]  and PCL-b-PBA side chains via the combination of ROP and ATRP 
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[181] were also reported. Using this similar strategy, Muller et al. synthesized more 

complex amphiphilic graft copolymers containing PS-b-PAA or PAA-b-PS side 

chains [182]. Matyjaszewski et al. also employed AGET ATRP to prepare PBA side 

chains using poly(2-(2-bromopropionyloxy)ethyl methacrylate) (PPEM) as 

macroinitiator in mini-emulsion system with relatively high monomer conversion and 

short reaction time [183]. 

The „„grafting through‟‟ strategy 

The „„grafting through‟‟ approach (c) is based on the synthesis of a terminally 

functional polymer chain followed by a polymerization of this macromonomer. 

The attractive feature of this method is that the length of side chains and the grafting 

density can be controlled by adjusting the degree of polymerization of side chains and 

backbone, respectively. Also, because the macromonomers are prepared separately, 

the side chains can be characterized prior to polymerization. This method allows 

preparation of macromolecular brushes with well-defined grafting density and side-

chain length. However, the „„grafting through‟‟ method suffers from the degree of 

polymerization of the backbone being dependent on the macromonomer length and 

type. Additionally, due to the necessarily low concentration of polymerizable end 

groups and high steric hindrance of the propagating chain end, polymerizations can 

be slow and not proceed to high conversion [184]. 

The combination of different polymerization approaches such as ROP, ROMP, C/LRP, 

and living anionic polymerization, “grafting through” led to graft copolymers with 

precisely controlled Mw/Mn, functionality, copolymer composition, backbone length, 

branch length, and branch spacing. 

There have been several reports on anionic polymerizations of various 

macromonomers including polyisoprene (PI), PBd, and PS with terminal styrenic and 

methacrylic functionalities. Hadjichristidis et al. reported that the reaction of 

polyisoprenyllithium (PI–Li) and polystyrene-b-polyisoprenyllithium (PS-b-PI–Li) 

prepared by living anionic polymerization with 4-chlorodimethylsilylstyrene led to the 

successful preparation of styryl-terminated PI and PS-b-PI macromonomers due to the 

faster reaction of the living polymers with the chlorosilane group than with the styryl-

tipped double bond [185]. Thereafter, a series of triblock-graft copolymers of PS-b-(PI-

g-PI)-b-PS, PS-b-[PI-g-(PI-b-PS)]-b-PS, and (PS-g-PS)-b-(PI-g-PI)-b-(PS-g-PS) were 

synthesized by utilizing the macromonomer as a key building block. 
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ROMP has been considered to be an efficient way to synthesize polymacromonomer 

with complete conversion as well as with a uniform molecular weight distribution 

since the ring strain and a larger space of ring functional group provide a favorable 

environment for polymerization. Grubbs et al. firstly prepared a variety of polymers 

including PS, PMMA, and PtBA, via ATRP [186]. The bromide end groups in these 

polymers were subsequently converted to azides. (Scheme 2.25) Regardless of the 

type of polymers, the azido-terminated polymers were reacted with a norbornene 

monomer containing an alkynyl group through CuAAC reaction. Next, a series of 

graft copolymers were prepared by ROMP.  

 

(2.25) 

Recently, Durmaz et al. has reported the synthesis of graft copolymers via 

combination of ROMP with Diels-Alder click reaction [142]. In this case, 

anthracene-functionalized oxanorbornene monomer and oxanorbornenyl PS with ω-

anthracene end-functionalized macromonomer were first polymerized via ROMP 

then coupled with maleimide end-functionalized polymers, including PEG, PMMA, 

and PtBA via Diels-Alder click reaction to create corresponding graft copolymers, as 

shown in Scheme 2.26. 

 

(2.26) 
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2.4.2 Star polymers 

A star polymer consists of several linear polymer chains connected at one central 

core is one of the simplest form of branched topologies. The presence of a central 

core in these macromolecules has lead to new, often improved characteristics, 

compared with their linear polymer analogs. The main feature of star polymers 

differing them from the linear analogues of identical molar masses, is their compact 

structure (smaller hydrodynamic volume and radius of gyration, and therefore lower 

viscosity) and the multiple functionality. This generates several potential applications 

for star polymers, including drug delivery, cosmetics, coatings, membrane, or 

lithography. 

Depending on their chain composition, star polymers can be classified into two 

structural categories; homoarm and miktoarm (or heteroarm)  star types. In the 

former case,  all arms have the same chemical structure, while in the latter case, two 

or more than two different types of arms build the star molecule. Thus, miktoarm star 

polymers are comprised of chemically different arms linked to the branch point. 

Asymmetry is introduced when arms of different molecular weights, chemical 

compositions or topologies are incorporated into the same macromolecule. From the 

viewpoint of asymmetry their structures are shown in Figure 2.6. 

 
Figure 2.6: Schematic represantation of the some different types of miktoarm star 

polymers. 

Star polymers can be obtained using different polymerization methods, namely 

anionic polymerization, cationic polymerization, ring-opening polymerization (ROP)  

and a variety of C/LRP techniques including ATRP, NMP, and RAFT 
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polymerization.  Synthetic strategies for the construction of star polymers can be 

divided into three main categories according to their formation sequence of core and 

arms; (i) “core-first”; (ii) “arm-first”; and (iii) “coupling onto”. Each of these 

approaches has associated advantages and disadvantages. The synthetic aspects of all 

approaches will be discussed in detail below. 

2.4.2.1 “Core-first” strategy 

In the “core-first” strategy, the polymerization of monomer from the initiating 

functions present on the preformed multifunctional initiator (core) generates a star 

molecule with preserved initiating functions at the chain end of each arm, which can 

be further used for chain extension with a second monomer to form star block 

copolymers (Figure 2.7).  

 

Figure 2.7: Schematic representation of  the synthesis of star and star block 

copolymers by “core-first” method. 

In the „„core-first‟‟ method, there are several requirements that a multifunctional 

initiator has to fulfill in order to produce star polymers with uniform arms, low 

molecular weight distribution, and controllable molecular weights. All the initiation 

sites must be equally reactive and have the same rate of initiation [187]. Aditionaly, 

broad molecular weight distribution was observed because of the large amounts of 

initiating sites and high probability of radical-radical recombination. Therefore, the 

polymerization is usually limited to low monomer conversion (<20%) to avoid the 

star-star coupling reaction [188]. 

The first successful synthesis of an entire array of homoarm star polymers by “core-

first” method was reported by using anionic polymerization [189, 190].  For instance, 

Quirk et al. achieved the synthesis of well-defined three arm PS using a trifunctional 

initiator 1,3,5-tris(1 phenylethenyl)-benzene (tri-DPE), was prepared by the reaction 
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of 3 moles of s-BuLi [191]. In addition, Sawamoto et al. managed to carried out the 

synthesis of well-defined tri arm PIBVE star polymer using living cationic 

polymerization [192].  

The first example of the synthesis of stars with six arms via ATRP process was 

reported in 1995; hexakis(chloromethyl)benzene was used as the initiator for St 

polymerization [193]. Subsequently, star polymers with 3, 4, 6 and 8 arms were 

prepared using various initiators based on inorganic cores, and various organic 

structures including core-functional initiators based on natural products [188, 194-

199]. 

NMP was tested for the synthesis of three arm PS [200]. In this study, a trifunctional 

unimolecular initiator with hydrolysible core was prepared and utilized for the 

polymerization of St at higher temperature. Analysis of the product revealed a 

molecular weight comparable to that expected from the initiator to monomer ratio 

and a narrow polydispersity. These results demonstrated that each of the initiating 

units in the tris-alkoxyamine was active and the individual PS arms grow at 

approximately the same rate with little or no cross-linking due to radical coupling 

reactions. 

It is convenient to introduce a wide variety of monomers into the final polymeric 

structure by means of the combination of different polymerization methods. Because 

of the variety of polymerization methods and their accompanying choice of 

monomers, it is easy to see why the „„core-first‟‟ technique is a versatile and efficient 

synthetic strategy in the formation of miktoarm star polymers, and it has received 

great attention. 

Using the „„core-first‟‟ method, Tunca and coworkers was synthesized well-

characterized AB2 miktoarm star polymers, in which the first step was the synthesis 

of a multifunctional initiator designed for sequential ROP and ATRP [201]. In this 

study, they used a novel miktofunctional intiator possessing one initiating site for 

ROP and two initiating sites for ATRP. The successive ROP and ATRP processes 

yielded the desired AB2 miktoarm star polymer. The described core-first approach 

provides another level of control to the synthesis of miktoarm star polymers by 

employing different miktofunctional initiators (Scheme 2.27). 
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(2.27) 

Hizal and coworkers reported a new method to synthesize ABC miktoarm star 

terpolymers by combining three different controlled/“living” polymerization 

techniques: ring-opening polymerization ROP, ATRP, and NMP [202]. A 

trifunctional initiator bearing a hydroxy group, an ATRP initiator, and a NMP 

initiator was synthesized to create an ABC miktoarm star polymer where each 

polymerization step does not require end-group modification for subsequent 

polymerization reactions (Scheme 2.28). This polymer was composed of 

polycaprolactone (PCL), PS, and PtBA. 

 

(2.28) 

Additionally, Tunca and co-workers synthesized AB2C2 type miktoarm star polymer 

consisting of PS (A), PtBA (B) and PMMA (C) with a combination of NMP and 

ATRP techniques [203]. In this case, they prepared a trifunctional initiator bearing a 
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NMP initiator and dual ATRP initiators. First NMP of St subsequently ATRP of tBA 

were carried out to create (PS)(PtBA)2 miktoarm star polymer. Then, the initiating 

sites preserved on the AB2 type star polymers was further used for chain extension 

with a second monomer (MMA) to form (PS)(PtBA)2(PMMA)2 miktoarm star 

polymer. 

While variations in either polymer arms or core can lead to an array of new 

morphologies, the use of responsive core can lead to changes within a single 

miktoarm star, and therefore can offer potential in applications of these polymers. 

For instance, in a „„core-first‟‟ fashion with multifunctional initiator with two 

bromide (for ATRP) and two TEMPO (for NMP) functionalities, the same group 

synthesized photoresponsive A2B2 miktoarm stars with an azobenzene unit at core by 

combination of ATRP and NMP routes (Scheme 2. 29) [204]. 

 

(2.29) 

2.4.2.2 “Arm-first” strategy 

In the “arm-first method”, a star polymer is synthesized by crosslinking of linear arm 

precursors to form the core with cross-linking agents usually by using a divinyl 

cross-linker (Figure 2.8).  

While the “core-first” and “coupling onto” methods based on multifunctional 

initiators or cores with an accurate number of functional groups can afford star 

polymers with the desired number of arms, the arm-first with divinyl compounds of 

linear polymers results in statistically distributed numbers of arms due to occurring 

cross-linking reactions. However, the “arm-first” method can produce star polymers 
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with a large number of arms (10-100) and consists of relatively simple procedures. 

This method is more practical than the “core-first” and “coupling onto” methods 

which require the complicated synthesis of the multifunctional agents. 

The star polymer synthesis based on the “arm-first” aproach was first developed in a 

living anionic polymerization. Zilliox et al. first employed anionic polymerization to 

prepare star polymers in high yield via the cross-linking of living PS with 

divinylbenzene (DVB) [205]. On the other hand, the “arm-first” aproach has been 

studied in living cationic polymerization. The successful preparation of star polymers 

was first reported by Kanaoka et al. and involved the cationic polymerization of 

poly(isobutyl vinyl ether) with divinyl ether cross-linkers [206].  

With the development of the C/LRP methods have superseded both living anionic 

and cationic polymerisation methods mainly due to the less stringent reaction 

conditions and wide range of monomers. So far, ATRP has been extensively used to 

prepare star polymers via the arm-first method. Matyjaszewski and coworkers first 

reported the synthesis of star polymers with a coss-linked core by ATRP. In this 

case, they established that cross-linker (DVB)/ macroinitiator molar ratios of 

between 5 and 15 were optimal for the formation of core cross-linked star polymers 

from PS [207] and PtBA macroinitiators [208]. Following the preliminary study of 

Matyjaszewski and coworkers several research groups have conducted detailed 

examinations into the preparation of core cross-linked star polymers via ATRP [209-

212].  

Regardless of the linear arm precursors, the preparation of core cross linked star 

polymers by “arm-first” technique can be categorized into two broad strategies: 

macroinitiator and macromonomer (Figure 2.8). In the macroinitiator strategy, the 

star macromolecules formed by crosslinking linear macroinitiator, where both the 

initiating sites and the arms of the star molecule originate from the macroinitiator. A 

major drawback to star synthesis using linear macroinitiator as the arm precursor is 

that the star polymer usually have a broad polydispersity due to the significant level 

of star-star coupling reactions. When a linear macromonomer is employed to 

copolymerize with divinyl cross-linker by using a low-molar-mass initiator, the 

number of arms (derived from macromonomer) per star molecule is independently 

controlled. Thus, a low molar ratio of initiator to macromonomer decreases the 

number of initiating sites in the star core, which effectively limits the extent of star-

star coupling reactions and results in star polymers with low polydispersity. 
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Figure 2.8: Schematic representation of  the “arm-first” method for star polymer 

synthesis. 

In addition, the further chain extension of the preserved initiating sites from the core 

to initiate the polymerization of another monomer will induce formation of miktoarm 

star polymer by the „„in-out‟‟ method (Figure 2.8). 

There are several parameters in an ATRP that should be controlled carefully in order 

to maximize the yield of stars and prevent star–star coupling reactions. The effects of 

type of cross-linker, cross-linker/macroinitiator molar ratio, macroinitiator DP, 

macroinitiator concentration, catalyst concentration, solvent nature, reaction 

temperature, and reaction time on the structure and yield of core cross-linked star 

polymers prepared via ATRP were investigated in several reports.  

It is important to note that the “arm-first” process leads to preparation of 

multifunctional star polymers when functional initiators are used for the synthesis of 

the arms. Indeed, this method provides an efficient route to prepare multiarm star 

homo and block copolymers.  

In that sence, a particularly well-suited example comes from Tunca and coworkers 

who have prepared multiarm star block copolymers based on the combination of 

„„arm first‟‟ method with Diels-Alder click reaction to conjugate building blocks 

[213]. In this case, an α-anthracene and α-maleimide end functionalized polymers : 

Anth-PS,  MI-PMMA and MI-PtBA were prepared by ATRP. Then, multiarm star 

polymer with anthracene functionality as reactive periphery group was synthesized 
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by a cross-linking reaction of DVB using Anth-PS as a macroinitiator. Subsequently, 

the formation of multiarm star block copolymers were achieved via Diels–Alder 

click reaction between the reactive core and maleimide-end functionalized polymers 

(Scheme 2.30). 

 

(2.30) 

This successful approach was further expand to prepare multiarm star triblock 

terpolymers using double click reactions sequentialy [214]. 

In order to synthesize miktoarm star polymers with potentially any desired molar 

ratio and composition of the arms, Gao et al. reported a new strategy for the synthesis 

of miktoarm star copolymers using a simple and general „„arm-first‟‟ method, i.e. 

one-pot ATRP cross-linking a mixture of different linear macroinitiators and/or 

macromonomers with a divinyl cross-linker [215]. When linear macromonomers 

were partially or completely used as arm precursors instead of macroinitiators, 

miktoarm star copolymers with a high star yield and a low polydispersity were 

successfully synthesized (Scheme 2.31). 

 

(2.31) 

Alternatively, NMP has been applied to the design of core cross-linked star 

polymers. Solomon and co-workers  first prepared poly(4- tert-butylstyrene) via 
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NMP followed by synthesizing the (PS)n-polyDVB star polymers via „„arm-first‟‟ 

aproach using DVB as cross-linker [216].  In order to increase the high star, different 

molar ratios of DVB to macroinitiators were examined to get optimum conditions in 

several reports [217-219]. The desire to prepare star polymers with high star yield 

and narrow polydispersities has provided a progressive impetus to the development 

of new strategies for their creation. The NMP approach has since been refined by the 

introduction of improved alkoxyamine functionalised initiators, which have 

permitted the use of a wide range of monomer families and enabled the production of 

narrow polydispersity core cross-linked star polymers, in high yield, using a variety 

of alkoxyamine terminated macroinitiators and functional monomers [220, 221]. 

Compared to the broad applications of ATRP and NMP for the synthesis of 

functional star polymers using the “arm-first” method, only limited success has been 

obtained with RAFT polymerizations. Moad first proposed the possibility of using 

the “arm-first” method in RAFT polymerization for the synthesis of star polymers 

with a cross-linked core [222]. The first experimental proof of the synthesis of star 

polymers with a cross-linked core by RAFT was reported by Davis and coworkers  

although the synthesized (PS)n-polyDVB star polymers were poorly controlled with 

low star yield and high polydispersity [223]. 

2.4.2.3 „„Coupling-onto‟‟ strategy 

In the third „„coupling onto‟‟ method, the linear arms of the star polymers are 

synthesized first followed by the coupling reactions between arms containing a 

reactive chain end group and a multifunctional coupling agent (core). 

 

Figure 2.9: Schematic representation of  the synthesis of star polymers by 

“coupling onto” method. 
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The most general and accurate way to prepare star homopolymers and block 

copolymers by anionic polymerization was the coupling of living polymers with 

multifunctional linking compounds. Several linking agents which are the 

chlorosilanes [224] and the chloromethyl or bromomethyl benzene derivatives [225, 

226] have been used for the synthesis of star polymers. By using this method, star 

polymers with different arm numbers have been prepared [227, 228]. These model 

homopolymer and block copolymer stars are playing a critical role in the study of the 

relation between the architecture, the chain conformation, and the properties of the 

polymers. Pennisi and Fetters employed that approach to prepare narrow molecular 

weight distribution three-arm PS and PBd stars, where one of the three arms differs 

in molecular weight from the remaining two [229]. By using this strategy, Mays 

prepared 3-arm star copolymer of the A2B type, where A was polyisoprene (PI) and 

B was PS [230]. The chlorosilane approach has been extended to prepare a new type 

of model polymer: the 3-miktoarm star terpolymer, an ABC type where A is PI, B is 

PS, and C is PBd [231]. 

Recently, the combination of C/LRP methods with highly efficient and orthogonal 

post-polymerization coupling reactions widened the possibilities to access complex 

macromolecular architectures from individual building blocks. Such click 

approaches, including CuAAC, Diels–Alder, and thiol-ene conjugations, allowed for 

the synthesis of well-defined star polymers, star block copolymers, and miktoarm 

star copolymers. 

Matyjaszewski and coworkers reported the first synthesis of star polymers with 

different arm numbers by “coupling-onto” method using a combination of ATRP and 

click chemistry. In this case, the click coupling reactions between azido-terminated 

PS (PS-N3) and alkyne-containing multifunctional compounds (bis-, tris- or tetra-

alkyne) were fast and highly efficient [232]. The effect of several parameters, such as 

the molecular weight of the initial PS-N3 samples, the presence of Cu(0) as reducing 

agent, and the stoichiometry between the azido and alkynyl groups, on the final yield 

of coupling product was investigated. It was found that the fraction of coupling 

products decreased when the molecular weight of PS-N3 chains increased. The yield 

of coupling product was higher in the presence of Cu(0). The stoichiometry between 

azido and alkynyl groups also influenced the ratio of species in the final product. The 
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highest yield of the coupling product was  obtained when the molar ratio of 

azido/alkynyl groups was 1. 

On the basis of similar principle, Tunca and coworkers prepared 3-arm star polymers 

(A3) via Diels-Alder click reaction of furan protected maleimide end-functionalized 

linear precursors with trianthracene functional linking agent (Scheme 2.32) [136]. 

 

(2.32) 

Tunca and coworkers demostrated one of the most standard examples of the coupling 

onto technique to prepare ABC-type miktoarm star polymer [233]. In this study, 

ATRP and NMP were used to polymerize PMMA and PS respectively from a 

trifunctional core, giving a block copolymer with an alkyne which is located at the 

junction. Subsequent „„click‟‟ reaction with either azide-terminated PEG or PtBA 

yielded PMMA-PS-PtBA and PMMA-PS-PEG miktoarm star polymers  . 

Similarly, Tunca and coworkers combined the CuACC click reaction with ROP and 

NMP to synthesize ABC type miktoarm polymers composed of PS, PCL and either 
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PtBA, PMMA or PEG in two different one-pot techniques: one-pot/onestep and one-

pot/two-step (Scheme 2.33) [234]. 

 

(2.33) 

Additionally, the group of Tunca has created an ABC type miktoarm polymer 

utilizing „„core-in‟‟and „„core-out‟‟ methods by combining of Diels–Alder reaction, 

NMP, and ATRP. First, in DA reaction, MI-PEG precursor was reacted with 

trifunctional core bearing anthracene moiety to give macroinitiator, which has 

appropriate functional groups for NMP and ATRP. Then, NMP was used to grow PS 

and ATRP for tBA was employed to yield the final ABC type miktoarm star 

terpolymer (PEG-PS-PtBA) with controlled molecular weight and low polydispersity 

(Mw/Mn < 1.27). (Scheme 2.34) [235]. 

 

(2.34) 
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Moreover, our group first time used a combination of ROMP and click chemistry in 

the preparation of A3 type homoarm star polymer [236] and ABC-type miktoarm star 

polymer [237]. In the synthesis of ABC-type miktoarm star polymer, the bromide 

end-functionality of monotelechelic poly(N-butyl oxanorbornene imide) (PNBONI) 

obtained from ROMP of NBONI was first transformed to azide and then reacted with 

PS-b-PMMA copolymer having alkyne at the junction point via click chemistry, 

producing PS-PMMA-PNBONI. 

The click reaction has also been used to make ABCD type miktoarm star polymers 

by coupling between two diblock copolymers [238] The same strategy of coupling 

two block copolymers together through „„click chemistry‟‟ to create the final 

miktoarm star was employed to yield unique H-shaped polymers composed of either 

five different arms (ABCDE) [239, 240] or three  different arms (ABCAB) [241] in 

moderately high yield. 
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3. EXPERIMENTAL WORK 

3.1. Materials and Chemicals 

Styrene (St, 99%, Merck), methyl metacrylate (MMA, 99%, Aldrich) and tert-

butylacrylate (tBA, 99%, Aldrich) were passed through basic alumina column to 

remove inhibitor and then distilled from CaH2 in vacuum prior to use. 4-

Chloromethylstyrene (CMS; ca. 60/40 meta/para isomer mixture; 97%, Aldrich) was 

distilled under reduced pressure. Furan (99%, Aldrich), maleic anhydride (99%, 

Aldrich), ethanolamine (99.5%, Aldrich), succinic anhydride (97%, Aldrich), 9-

anthracene methanol (97%, Aldrich), α-bromoisobutryl bromide (98%, Aldrich), 

triethylamine (Et3N, 99.5%, Aldrich), propargyl alcohol (99%, Aldrich), N,N’-

dicyclohexylcarbodiimide (DCC, 99%, Aldrich), 4-dimethylaminopyridine (DMAP, 

99%, Aldrich), 4-pentynoic acid (98%, Aldrich), 1,1,1-tris(4-hydroxyphenyl)ethane 

(99%, Aldrich), 3-trimethylsilyl-2-propyn-1-ol (99%, Aldrich), tin(II)-2-

ethylhexanoate (Aldrich, 98%), tributyltinhydride (97%, Aldrich), divinylbenzene 

(DVB, 80%, Aldrich), CuBr (99.9%, Aldrich), and CuCl (99.9%, Aldrich) were used 

as received. N, N, N‟, N”, N”-pentamethyldiethylenetriamine (PMDETA, 99%, 

Aldrich) was distilled over NaOH prior to use. Poly(ethylene glycol) 

monomethylether (PEG-OH, Mn = 550, Acros, and Mn = 2000, Fluka) were dried by 

azeotropic distillation with anhydrous toluene. Tetrahydrofuran (THF, 99.8%, J.T. 

Baker) was dried and distilled from benzophenone-Na. N,N-dimethylformamide 

(DMF, 99.8%, Aldrich) was dried and distilled under vacuum over CaH2. 

Dichloromethane (CH2Cl2, 99%, J. T. Baker) was dried and distilled over and P2O5. 

Diethyl ether (99.7%, Aldrich), 1.4-dioxane (99.8%, Aldrich), toluene (99.8%, 

Aldrich), methanol (99.8%, Aldrich) were used without further purification. Ethyl 

acetate (EtOAc) and hexane were in technical grade and distilled prior to use.  
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3.2 Equipments  

Nuclear magnetic resonance spectroscopy (NMR) 

1
H NMR measurements were recorded in CDCl3 with Si(CH3)4 as internal standard, 

using a Bruker AC250 (250 MHz) instrument.  

Infrared spectrophotometer (FT-IR) 

FT-IR spectra were recorded on a Thermo Nicolet 6700 FT-IR spectrometer.  

UV-visible spectrophotometer (UV-vis) 

UV-visible spectra were recorded on a Shimadzu UV-1601 UV-visible 

spectrophotometer. 

Gel permeation chromatography (GPC) 

(a) The conventional Gel Permeation Chromatography (GPC) measurements were 

conducted in THF at 30 °C using an Agilent instrument (Model 1100) consisting of a 

pump (0.3 mL/min) and four Waters Styragel columns (guard, HR 5E, HR 4E, HR 3, 

HR 2), (4.6 mm internal diameter, 300 mm length, packed with 5 μm particles) in 

series with two detection systems: a refractive index and UV detectors). Toluene was 

used as an internal standard. The determination of apparent molecular weights for the 

polymers was based on linear PS standards (Polymer Laboratories), whereas linear 

PMMA standards (Polymer Laboratories) were only used for the molecular weight 

determination of the PMMA homopolymer using PL Caliber Software from Polymer 

Laboratories.   

(b) The second GPC system (TD-GPC)  is equipped with an Agilent model isocratic 

pump, four Waters Styragel columns (guard, HR 5E, HR 4, HR 3, and HR 2), and a 

Viscotek TDA 302 triple detector (RI, dual laser light scattering (LS) (λ = 670 nm, 

90° and 7°) and a differential pressure viscometer).  TD-GPC was conducted to 

measure the absolute molecular weights in THF with a flow rate of 0.5 mL/min at 35 

°C. All three detectors were calibrated with a PS standard having narrow molecular 

weight distribution (Mn = 115,000 g/mol, Mw/Mn = 1.02, [η] = 0.519 dL/g at 35 °C in 

THF, dn/dc = 0.185 mL/g) provided by Viscotek company. Typical sample 

concentrations for GPC-analysis were in the range of 1–10 mg/mL depending on 

molecular weight of analyzed polymers. Data analyses were performed with 

OmniSec 4.5 software from Viscotek Company. 
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Gas chromatography (GC) 

DVB conversion was determined using the Agilent 6890N gas chromatograph, 

equipped with an FID detector using a wide-bore capillary column (HP5, 30 m x 

0.32 mm x 0.25μm, J&W Scientific). Injector and detector were kept constant at 280 

and 285 ºC, respectively. The chromatographic conditions: Injector and detector were 

kept constant at 280 °C and 285 ºC, respectively. Initial column temperature is 40 ºC, 

finally reaching up to 120 ºC at a heating rate of 40 ºC/min.  

Mass spectroscopy (MS) 

Mass spectroscopy was performed on Thermo LCQ-Deca ion trap mass instrument. 

Differential scanning calorimeter (DSC) 

Differential scanning calorimeter (DSC) was performed on a Perkin Elmer Diamond 

DSC with a heating rate of 10 
o
C min

-1
 

under nitrogen.  

Dynamic Light Scattering (DLS) 

Dynamic Light Scattering (DLS) measurements were done at 25 
o
C using Malvern 

Nano-S particle size analyzer. For DLS measurements, multiarm star polymers were 

dissolved in CH2Cl2 at a concentration of 10
-1

-10
-3

 mg/mL. Up to 500 measurements 

each having 10 s correlation times were recorded for each sample. The average 

hydrodynamic diameter was determined by fitting a Gaussian curve to the histogram 

of the measured data. 

Atomic force microscopy (AFM) 

Atomic Force Microscopy (AFM) images were taken by NT-MDT Solver P47 in 

tapping mode. Ultra sharp Si cantilevers having force constant of 48 N/m were used.  

3.3 Synthetic Procedures 

4,10-Dioxatricyclo[5.2.1.0
2,6

]dec-8-ene-3,5-dione (1) [242], 4-(2-hydroxyethyl)-10-

oxa-4-azatricyclo[5.2.1.0
2,6

]dec-8-ene-3,5-dione (2) [242], 2-bromo-2-methyl 

propionic acid 2-(3,5-dioxo-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-en-4-yl) ethyl 

ester (3) [242], 1,1,1-tris [4-(2-propynyloxy)phenyl]-ethane  (4) [243], succinic acid 

mono-anthracen-9-ylmethyl-ester (5) [244], 3-azidopropanol (6) [245], 
 

9- 

anthyrylmethyl 2-bromo-2-methyl propanoate (9) [246],  3-(trimethylsilyl)prop-2-
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ynyl 2-bromo-2-methylpropanoate (11) [247] and 2-azidoethanol (12) [245] were 

prepared according to literature procedures. 

3.3.1 Synthesis of 4,10-Dioxatricyclo[5.2.1.0
2,6

]dec-8-ene-3,5-dione (1)  

Maleic anhydride (30 g, 0.30 mol) was suspended in 150 mL of toluene and the 

mixture warmed to 80 °C. Furan (33.4 mL, 0.45 mol) was added via syringe and the 

turbid solution stirred for 6 h. The mixture was then cooled to ambient temperature 

white solids formed during standing were collected by filtration and washed with 2 × 

30 mL of petroleum ether and once with diethyl ether (50 mL) yielding 1 as white 

needless. (Yield= 44.4 g, 87%). Mp: 114-115 
o
C

 
(DSC). 

1
H NMR (CDCl3, δ) 6.57 (s, 

2H, CH=CH, bridge protons), 5.45 (s, 2H, -CHO, bridge-head protons), 3.17 (s, 2H, 

CH-CH, bridge protons). 
13

C NMR (CDCl3, δ) 170.18, 137.29, 82.46, 48.88. Mass 

spectrometry (+EI) m/z (%): 167 [MH+] (50), 144 (35), 130 (20).  

3.3.2 Synthesis of 4-(2-hydroxyethyl)-10-oxa-4-azatricyclo[5.2.1.0
2,6

]dec-8-ene-

3,5- dione (2) 

The adduct 1 (10 g, 60 mmol ) was suspended in methanol ( 150 mL ) and the 

mixture was cooled to 0 °C. A solution of ethanolamine (3.6 mL, 60 mmol) in 30 mL 

of methanol was added dropwise (10 min) to the reaction mixture, and the resulting 

solution was stirred for 5 min at 0 °C, then 30 min at ambient temperature, and 

finally refluxed for 8 h. After cooling the mixture to ambient temperature, solvent 

was removed under reduced pressure, and residue was dissolved in 150 mL of 

CH2Cl2 and washed with 3 × 100 mL of water. The organic layer was separated, 

dried over Na2SO4 and filtered. Removal of the solvent under reduced pressure gave 

white-off solid which was further purified by flash chromatography eluting with 

ethylacetate (EtOAc) to give the product as a white solid. (Yield= 4.9 g, 40%). Mp = 

138-139 C (DSC). 
1
H NMR (CDCl3, δ) 6.51 (s, 2H, CH=CH, bridge protons), 5.26 

(s, 2H, -CHO, bridge-head protons), 3.74-3.68 (m, 4H, NCH2CH2OH), 2.88 (s, 2H, 

CH-CH, bridge protons). 
13

C NMR (CDCl3, δ) 177.03, 136.60, 81.09, 60.53, 47.74, 

42.03. Mass spectrometry (+EI) m/z (%): 210 [MH+] (50), 145 (22), 142 (100), 124 

(17). 
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3.3.3 Synthesis of 2-bromo-2-methyl propionic acid 2-(3,5-dioxo-10-oxa-4- 

azatricyclo [5.2.1.0
2,6

] dec-8-en-4-yl) ethyl ester (3)  

In a 250 mL of round bottom flask were added 2 (2.0 g, 9.55 mmol) and Et3N (1.44 

mL, 10.54 mmol) in 100 mL of THF. The mixture was cooled to 0 °C, and a solution 

of 2-bromo isobutyryl bromide (2.34 g, 10.0 mmol) in 25 mL of THF was added 

dropwise (30 min) to the reaction mixture. The white suspension was stirred for 3 h 

at 0 °C and subsequently at ambient temperature for overnight. The ammonium salt 

was filtered off and the solvent was removed under reduced pressure to give a pale-

yellow residue that was further purified by column chromatography over silica gel 

eluting with EtOAc /hexane (1:4) to give 3 as a white solid. (Yield= 1.86 g, 55%). 

Mp = 81-82 C (DSC). 
1
H NMR (CDCl3, δ) 6.49 (s, 2H, CH=CH, bridge protons), 

5.24 (s, 2H, -CHO, bridge-head protons), 4.31 (t, J = 5.2 Hz, 2H, NCH2CH2OC=O), 

3.79 (t, J =5.2 Hz, 2H, NCH2CH2OC=O), 2.85 (s, 2H, CH-CH, bridge protons), 1.87 

(s, 6H, C(CH3)2-Br). 
13

C NMR (CDCl3, δ) 176.12, 171.55, 136.83, 81.09, 62.36, 

55.96, 47.74, 37.69, 30.83. Mass spectrometry (+EI) m/z (%): 360 [MH+] (100). 

3.3.4 General procedure for the preparation of furan protected maleimide 

end-functionalized PMMA (MI-PMMA) 

The MI-PMMA  was prepared by ATRP of MMA. In a 50 mL of Schlenk tube, 

MMA (5 mL, 46.7 mmol), toluene (5 mL), PMDETA (0.196 mL, 0.940 mmol), CuCl 

(0.093 g, 0.940 mmol), and 3 (0.336 g, 0.940 mmol) were added and the reaction 

mixture was degassed by three freeze-pump-thaw (FPT) cycles and left in argon. The 

tube was then placed in an oil bath thermostated at 40 
o
C for predetermined times. 

Tributyltinhydride (2.73 g, 9.40 mmol) was added to the reaction mixture and stirred 

further 30 min. The polymerization mixture was then diluted with THF, passed 

through a basic alumina column to remove the catalyst, and precipitated in hexane. 

The polymer was dried for 24 h in a vacuum oven at 30 ºC. 
1
H NMR (CDCl3, ) 6.5 

(s, 2H, CH=CH, bridge protons), 5.3 (s, 2H, -CHO, bridge-head protons), 4.1 (m, 

2H, NCH2CH2OC=O), 4.0-3.2 (br, OCH3 of PMMA and NCH2CH2OC=O), 2.9 (s, 

2H, CH-CH, bridge protons), 2.5-0.5 (br, aliphatic protons of PMMA). 
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3.3.5 Preparation of alkyne end-functionalized PEG (Alkyne-PEG) 

PEG-OH (Mn = 550) (3 g, 5.4 mmol) was dissolved in 25 mL of CH2Cl2. 4-Pentynoic 

acid (0.8 g, 8.2 mmol) and DMAP (0.67 g, 5.4 mmol) were successively added to the 

reaction mixture. After stirring 5 min at room temperature, a solution of DCC (1.69 

g, 8.2 mmol) in 15 mL of CH2Cl2 was added to the reaction mixture and stirred 

overnight at room temperature. After filtration off the salt, the solution was 

concentrated and viscous brown product was purified by column chromatography 

over silica gel eluting with CH2Cl2/ethyl acetate mixture (1:10) and then with 

CH2Cl2/methanol (10:1) to give Alkyne-PEG as a viscous yellow liquid. (Yield= 3 g, 

87%). 
1
H NMR (CDCl3, δ) 4.23 (t, 2H, PEG-OCH2CH2OC=O), 3.89 (t, 2H, PEG-

OCH2CH2OC=O), 3.67-3.62 (m, 4H, -OCH2CH2, repeating unit of PEG), 3.54 (t, 

2H, CH3O-CH2CH2-O), 3.34 (s, 3H, PEG-O-CH3), 2.58–2.48 (m, 4H, CHCCH2 

CH2C=O), 1.96 (t, 1H, CHCCH2CH2C=O). 

3.3.6 Preparation of copolymers of St and 4-chloromethylstyrene, P(S-co-

CMS) 

P(S-co-CMS) copolymers containing two different amounts of CMS (15 and 30 mol 

% in the feed ratios) were prepared via NMP of St and CMS at 125 ºC.  

3.3.6.1 Preparation of P(S-co-CMS)-1 copolymer 

P(S-co-CMS) was prepared via NMP of  styrene and CMS at 125 ºC. In a 25 mL of 

Schlenk tube, St (3.19 mL, 27.8 mmol), CMS (0.69 mL, 4.91 mmol), TEMPO (0.1 g, 

0.6 mmol) and AIBN (0.053 g, 0.321 mmol) were added and the reaction mixture 

was degassed by three FPT cycles. The tube was placed in a thermostated oil bath at 

125 ºC for 17 h. The polymerization mixture was precipitated in methanol and dried 

for 24 h in a vacuum oven at 30 ºC. (Yield= 1.3 g). 
1
H NMR (CDCl3, δ) 7.5-6.5 (ArH 

of PS), 4.5 (Ph-CH2Cl), 2.2-0.6 (aliphatic protons). 

3.3.6.2 Preparation of P(S-co-CMS)-2 copolymer 

P(S-co-CMS)  was prepared via NMP of  styrene and CMS at 125 ºC. In a 25 mL of 

Schlenk tube, St (2.63 mL, 22.93 mmol), CMS (1.39 mL, 9.83 mmol), TEMPO (0.1 

g, 0.6 mmol) and AIBN (0.053 g, 0.321 mmol) were added, the reaction mixture was 

degassed by three FPT cycles. The tube was then placed in a thermostated oil bath at 

125 ºC for 11.5 h. The polymerization mixture was precipitated in methanol and 
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dried for 24 h in a vacuum oven at 30 ºC. (Yield: 1.2 g). 
1
H NMR (CDCl3, δ) 7.5-6.5 

(ArH of PS), 4.5 (Ph-CH2Cl), 2.2-0.6 (aliphatic protons). 

3.3.7 Preparation of PS with anthracene and azide pendant groups PS-Anth-

Azide-1  

Sodium hydride (60 wt % dispersion in mineral oil) (0.125 g, 3.13 mmol, 20 equiv.) 

was added to a solution of 9-anthracene methanol (0.097 g, 0.470 mmol, 3 equiv.) in 

dry 20 mL of THF and the reaction mixture was stirred at room temperature under 

nitrogen for 30 min. A solution of random copolymer P(S-co-CMS)-1 (0.680 g, 

0.156 mmol, 1 equiv.) in dry THF was then added to the mixture. The solution was 

refluxed for 12 h in the dark, cooled to room temperature, evaporated to half of its 

volume and then precipitated in methanol. The light yellow product P(S-CMS-Anth)-

1 with anthryl pendant groups was dried for 24 h in a vacuum oven at 30 ºC.
 1

H 

NMR (CDCl3, δ) 8.5-7.4 (ArH of anthracene), 7.4-6.5 (ArH of PS), 5.4 (CH2-

anthracene), 4.6 (Ph-CH2O), 4.5 (Ph-CH2Cl), 2.2-0.6 (aliphatic protons).
 

Previously obtained P(S-CMS-Anth)-1 (0.45 g, 0.092 mmol) was dissolved in DMF 

(10 mL) and NaN3 (0.18 g, 2.75 mmol) was added to the reaction mixture. After 

stirring at room temperature overnight, the product was recovered by precipitation 

into excess amount of methanol. The polymer was dissolved in THF and precipitated 

in methanol. The light yellow product, PS-Anth-Azide-1 having both the anthryl and 

azide pendant groups was dried for 24 h in a vacuum oven at 30 ºC. 
1
H NMR 

(CDCl3, δ) 8.5-7.4 (ArH of anthracene), 7.4-6.5 (ArH of PS), 5.4 (CH2-anthracene), 

4.6 (Ph-CH2O), 4.2-3.9 (Ph-CH2N3), 2.2-0.6 (aliphatic protons). 

3.3.8 Preparation of PS with anthracene and azide pendant groups PS-Anth-

Azide-2  

Sodium hydride (60 wt % dispersion in mineral oil) (0.08 g, 2.05 mmol, 20 equiv.) 

was added to a solution of 9-anthracene methanol (0.1 g, 0.5 mmol, 5 equiv.) in dry 

20 mL of THF. The reaction mixture was stirred at room temperature under nitrogen 

for 30 min. A solution of random copolymer P(S-co-CMS)-2 (0.45 g, 0.102 mmol, 1 

equiv.) in dry THF was then added to this mixture, and the reaction mixture was 

refluxed for 12 h in the dark. It was then cooled to room temperature, evaporated to 

half of its volume and then precipitated in methanol. The light yellow product, P(S-

CMS-Anth)-2 with anthryl pendant groups was dried for 24 h in a vacuum oven at 30 
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ºC. 
1
H NMR (CDCl3, δ) 8.5-7.4 (ArH of anthracene), 7.4-6.5 (ArH of PS), 5.4 (CH2-

anthracene), 4.6 (Ph-CH2O), 4.5 (Ph-CH2Cl), 2.2-0.6 (aliphatic protons). 

Previously obtained P(S-CMS-Anth)-2 copolymer with anthryl pendant groups (0.47 

g, 0.092 mmol) was dissolved in DMF (20 mL) and NaN3 (0.18 g, 2.78 mmol) was 

added to the reaction mixture. After stirring at room temperature for overnight, the 

product was recovered by precipitation into excess amount of methanol. The polymer 

then dissolved in THF and precipitated in methanol. The light yellow product, PS-

Anth-Azide-2 with anthryl and azide pendants was dried for 24 h in a vacuum oven 

at 30 ºC. 
1
H NMR (CDCl3, δ) 8.5-7.4 (ArH of anthracene), 7.4-6.5 (ArH of PS), 5.4 

(CH2-anthracene), 4.6 (Ph-CH2O), 4.2-3.9 (Ph-CH2N3), 2.2-0.6  (aliphatic protons). 

3.3.9 One-pot preparation of PS-g-(PMMA-PEG) hetero graft copolymer from 

PS-Anth-Azide-1 

MI-PMMA (0.30 g, 0.097 mmol, Mn,NMR= 3100 g/mol), Alkyne-PEG (0.10 g, 0.15 

mmol, Mn,NMR= 685 g/mol) and PS-Anth-Azide-1 (0.15 g, 0.03 mmol, Mn,GPC= 5150 

g/mol) were dissolved in nitrogen purged DMF (5 mL) in a Schlenk tube. CuBr 

(0.021 g, 0.15 mmol), PMDETA (0.03 mL, 0.15 mmol), and a catalytic amount of 

butylated hydroxyl toluene (BHT) as a radical inhibitor were added to the reaction 

mixture. The solution was degassed by three FPT cycles and left in argon and stirred 

in the dark at 120 
o
C for 48 h. Polymer solution was passed through alumina column 

to remove copper salt and precipitated in methanol, repeatedly two times. Finally, the 

polymer was dried in a vacuum oven at 30 ºC (Yield = 0.32 g).
 1

H NMR (CDCl3, δ) 

7.65 (C=CH of triazole) 6.3-7.5 (ArH of PS), 5.2-4.9 (cycloadduct-CH2OC=O and 

Ph-CH2-triazole), 4.7 (CH, bridge-head proton), 4.2 (C=OOCH2CH2O, end group of 

PEG), 3.9 (C=OOCH2CH2N), 3.7-3.6 (OCH2CH2O, repeating unit of PEG), 3.6-3.5 

(OCH3 of PMMA), 3.4 (OCH3 end group of PEG), 3.3 (CH-CH, bridge protons of 

cycloadduct and CH2-N), 2.6 (triazole-CH2CH2C=O), 2.2-0.6 (aliphatic protons). 

3.3.10 One-pot preparation of PS-g-(PMMA-PEG) hetero graft copolymer from 

PS-Anth-Azide-2 

MI-PMMA (0.5 g, 0.16 mmol, Mn,NMR= 3100 g/mol), Alkyne-PEG (0.18 g, 0.27 

mmol, Mn,NMR= 685 g/mol), and PS-Anth-Azide-2 (0.15 g, 0.03 mmol, Mn,GPC= 5150 

g/mol) were dissolved in nitrogen purged DMF (5 mL) in a Schlenk tube. CuBr 

(0.038 g, 0.27 mmol) PMDETA (0.055 mL, 0.27 mmol), and a catalytic amount of 
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BHT as a radical inhibitor were added to the solution. The reaction mixture was 

degassed by three FPT cycles and left in argon and stirred in the dark at 120 
o
C for 

48 h. Polymer solution was passed through alumina column to remove copper salt, 

precipitated in methanol, repeatedly two times. Finally, the polymer dried in vacuum 

oven at 30 ºC (Yield = 0.46 g). 
1
H NMR (CDCl3, δ) 7.65 (C=CH of triazole) 6.3-7.5 

(ArH of PS), 5.2-4.9 (cycloadduct-CH2OC=O and Ph-CH2-triazole), 4.7 (CH, bridge-

head proton), 4.2 (C=OOCH2CH2O, end group of PEG), 3.9 (C=OOCH2CH2N), 3.7-

3.6 (OCH2CH2O, repeating unit of PEG), 3.6-3.5 (OCH3 of PMMA), 3.4 (OCH3 end 

group of PEG), 3.3 (CH-CH, bridge protons of cycloadduct and CH2-N), 2.6 

(triazole-CH2CH2C=O), 2.2-0.6 (aliphatic protons). 

3.3.11 Synthesis of 1,1,1-tris[4-(2-propynyloxy)phenyl]-ethane (4) 

1,1,1-Tris(4-hydroxyphenyl)ethane (0.75 g, 2.45 mmol) was dissolved in 

dimethylformamide (DMF; 10 mL), and propargyl bromide (80% in toluene; 1 mL, 9 

mmol) and K2CO3 (2.4 g, 17 mmol) were added to the mixture. The reaction mixture 

was stirred for 24 h at 110 ºC. After the reaction was completed, the mixture was 

filtered and evaporated in vacuo to remove DMF. CH2Cl2 (200 mL) was added, and 

the reaction mixture was washed three times with distilled water (100 mL x 3). The 

combined organic phase was dried over Na2SO4, filtered, and evaporated. The 

remaining product was further purified by column chromatography over silica gel 

eluting with ethyl acetate/hexane (1:9) to obtain pure 4 as a yellow-green liquid. 

Yield: 0.684 g, (67%). 
1
H NMR (CDCl3): 7.01–6.96 (m, 6H, ArH), 6.88–6.82 (m, 

6H, ArH), 4.66 (d, J = 2.4 Hz, 6H, HCC-CH2) 2.50 (t, J = 2.4 Hz, 3H, HCC-CH2), 

2.09 (s, 3H, CH3).
 
 

3.3.12 Synthesis of succinic acid mono-anthracen-9-ylmethyl-ester (5) 

9-Anthryl methanol (4.16 g, 20 mmol) was dissolved in 150 mL of CH2Cl2. To the 

reaction mixture were added Et3N (14 ml, 100 mmol) and DMAP (2.44 g, 20 mmol), 

and succinic anhydride (8 g, 80 mmol) in that order. The mixture was stirred for 

overnight at room temperature.  The reaction solution was poured into ice-cold water 

(150 ml) and stirred for 30 min. at room temperature. The organic phase was 

extracted with 1M HCl (150 ml). The aqueous phase extracted with CH2Cl2. 

Combined organic phase were dried over Na2SO4 and concentrated to give 5  as a 

green solid. Yield: 5.85 g (95%). Mp = 130-131 ºC (DSC). 
1
H NMR (CDCl3, δ) 8.51 
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(s, 1H, ArH of anthracene), 8.31 (d, J = 8.8 Hz, 2H, ArH of anthracene), 8.03 (d, J = 

8.3 Hz, 2H, ArH of anthracene), 7.60-7.45 (m, 4H, ArH of anthracene), 6.16 (s, 2H, 

CH2-anthracene), 2.69-2.62 (s, 4H, C=OCH2CH2C=OOH). 
13

C NMR (CDCl3, δ) 

177.72, 172.46, 131.57, 131.35, 129.29, 129.07, 127.01, 126.05, 125.41, 124.04, 

59.39, 29.01. Mass spectrometry (+EI) m/z (%): 308 [MH+] (65), 307 (92), 290 (30), 

277 (47), 207 (58), 191 (100), 179 (25). 

3.3.13 Synthesis of 3-azidopropanol (6)  

To a 100 mL of round bottom flask was added 3-bromo propanol (5 g,  0.036 mol) in 

50 mL of water/acetone (1:4, v/v). NaN3 (2.8 g, 0.043 mol) was added in one portion 

to the reaction and the mixture was sitirred at 70 ºC for overnight. After acetone was 

removed, remaining liquid dissolved in CH2Cl2 and extracted with water. The 

aqueous layer was extracted with CH2Cl2 (50 mL) and combined organic layers were 

dried over Na2SO4. Solvent was removed under vacuum and 3-azido propanol was 

obtained as a pale yellow oil. Yield: 3.4 g (94%). 
1
H NMR (CDCl3, δ) 3.74 (t, 2H, 

CH2-O), 3.44 (t, 2H, CH2-N3), 1.84-1.70 (m, 2H, CH2CH2CH2). 

3.3.14 Synthesis of anthracen-9-yl methyl 3-azidopropyl succinate (7) 

Succinic acid mono-athracen-9-yl methyl ester (5) (1.52 g, 4.93 mmol) was dissolved 

in 25 mL of dry CH2Cl2. 3-Azido propanol (6) (0.60 g, 5.92 mmol) and DMAP (0.60 

g, 4.9 mmol) were then added to the reaction mixture. After stirring for 5 min, a 

solution of DCC (1.22 g, 5.92 mmol) in 5 mL of CH2Cl2 was added to the reaction 

medium and stirred overnight at room temperature. After filtration, the solution was 

evaporated and the crude product was extracted with CH2Cl2 and water. The organic 

phase was separated and aqueous phase was again extracted with CH2Cl2 and 

combined organic phases were dried with Na2SO4. The crude product was finally 

purified by column chromatography over silica gel eluting with ethyl acetate/ hexane 

(1/4) gradually increased to ethyl acetate to give the product 7 as yellow oil. Yield = 

1.4 g, (73%). 
1
H NMR (δ, CDCl3) 8.51 (s, 1H, ArH), 8.32 (d, J = 8.6 Hz, 2H, ArH), 

8.02 (d, J = 8.1 Hz, 2H, ArH), 7.61–7.46 (m, 4H, ArH), 6.17 (s, 2H, ArCH2O), 4.07 

(t, 2H, J = 6.1 Hz, C= OOCH2CH2), 3.26 (t, 2H, J = 6.6 Hz, CH2N3), 2.67–2.59 (m, 

4H, C=OCH2CH2C=O), 1.76 (q, 2H, J = 6.3 Hz, C=OOCH2CH2). 
13

C NMR (δ, 

CDCl3) 172.3 (C=O), 171.9 (C=O), 131,4 (Ar-C), 131.1 (Ar-C), 129.2 (Ar-C), 129.1 
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(Ar-C), 126.7 (Ar-C), 126.1 (Ar-C), 125.1 (Ar-C), 123.9 (Ar-C), 61.5 (ArCH2O), 

59.1 (CH2O), 48.1 (CH2N3), 29.2 (CH2), 29.1 (CH2), 28.05 (CH2).  

3.3.15 Model reaction of 4-(2-hydroxyethyl)-10-oxa-4- azatricyclo[5.2.1.0
2,6

]dec-

8-ene-3,5-dione, 2, and 1,1,1-tris[4-(2-propynyloxy)phenyl]-ethane, 4, 

with anthracen-9-yl methyl 3-azidopropyl Succinate, 7 (8) 

Compounds 2 (0.295 g, 1.41 mmol) and 7 (0.18 g, 0.43 mmol) were added to a 

stirred solution of 4 (0.55 g, 1.11 mmol) in 5 mL of DMF in a Schlenk tube. The 

mixture was stirred for 10 min at room temperature, CuBr (0.018 g, 0.130 mmol) and 

PMDETA (0.045 mL, 0.21 mmol) were then added to the reaction mixture and 

immediately subjected to three FPT, left in argon and stirred at 120 ºC for 48 h. The 

mixture was diluted with THF, passed through a basic alumina column to remove the 

catalyst, and precipitated in diethyl ether. This procedure was repeated two times to 

obtain pure model compound 8 as a white solid Yield: 0.55 g, (64%). (Mn, theo = 2000; 

Mn, GPC =  1830). Mp = 119 ºC (DSC).  
1
H NMR (δ, CDCl3) 7.75 (s, 3H, CH of 

triazole ring), 7.38–7.18 (m, 24H, ArH), 6.96–6.83 (m, 12H, ArH), 5.49 (dd, 6H, J = 

11.8 Hz, CH2 linked to cycloadduct), 5.18 (s, 6H, OCH2-triazole), 4.77 (s, 6H, 

CHCH=CHCH, bridge-head protons), 4.45 (bs, 6H, CH2-triazole ring), 4.11 (bs, 6H, 

CH2OC=O), 3.74 (bs, 3H, OH), 3.30–3.26 (m, 12H, NCH2CH2OH), 3.07 and 3.05 

(bs, 6H, C=OCHCHC=O bridge protons), 2.77 and 2.70 (bs, 12H, 

OC=OCH2CH2C=OO), 2.24 (bs, 6H, triazole-CH2CH2CH2O), 2.06 (bs, 3H, CH3); 

13
C NMR (δ, CDCl3) 176.7, 175.8, 172.0, 156.4, 144.3, 142.3, 141.7, 140.9, 139.0, 

138.4, 129.7, 127.1, 126.9, 126.8, 125.4, 124.2, 123.1, 122.2, 114.0, 62.1, 61.3, 59.9, 

50.7, 47.7, 47.2, 46.2, 45.8, 41.3, 30.7, 29.2, 29.1, 25.6. 

3.3.16 Synthesis of 9-anthyrylmethyl 2-bromo-2-methyl propanoate (9) 

9-Anthryl methanol (1.50 g, 7.18 mmol) and DMAP (0.18 g, 1.44 mmol) were 

dissolved in 10 mL of THF, and Et3N (1.2 mL, 8.6 mmol) was added. The reaction 

mixture was then cooled to 0 ºC. 2-Bromo isobutryl bromide (1.82 g, 7.89 mmol) 

was added dropwise within 30 minutes. The reaction mixture was stirred for 15 min. 

at 0 ºC then over night at room tempeature. The reaction was filtered off, solvent 

evaporated then extracted with CH2Cl2, and saturated aqueous NaHCO3. The water 

phase again extracted with CH2Cl2, and combined organic phase dried with Na2SO4. 

The solution was concantrated, and the crude product was purified by column 
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chromatography over silica gel eluting with hexane/ethylacetate (10:1) to give the 9 

as a yellow solid. Yield: 1.78 g (70%). Mp = 83-84 ºC (DSC). 
1
H NMR (CDCl3, δ) 

8.51 (s, 1H, ArH of anthracene), 8.33 (d, J = 8.7 Hz, 2H, ArH of anthracene), 8.03 

(d, J = 8.2 Hz, 2H, ArH of anthracene), 7.60-7.45 (m, 4H, ArH of anthracene), 6.21 

(s, 2H, CH2-anthracene), 1.86 (s, 6H, C(CH3)2-Br). 
13

C NMR (CDCl3, δ) 172.01, 

131.57, 131.11, 129.29, 129.07, 127.01, 126.05, 125.41, 124.04, 60.99, 56.19, 30.83. 

Mass spectrometry (+EI) m/z (%): 358 [MH+] (20), 207 (27), 191 (100). 

3.3.17 Preparation of with α-anthracene and ω-azide end-functional PS (Anth-

PS-N3) 

α-Anthracene-ω-bromide terminated PS (Anth-PS-Br) was prepared by ATRP of St 

at 110 ºC. St (15.0 mL, 130 mmol), PMDETA (0.136 mL, 0.655 mmol), CuBr 

(0.0939 g, 0.655 mmol), and 9 (0.234 g, 0.655 mmol) were added in a 50 mL of 

Schlenk tube, and the reaction mixture was degassed by three FPT cycles and left in 

vacuum. The tube was then placed in a thermostated oil bath at 110 ºC for 40 min. 

The dark-green polymerization mixture was diluted with THF, passed through a 

basic alumina column to remove the catalyst, and precipitated in methanol. The 

polymer was dried for 24 h in a vacuum oven at 30 ºC. 
1
H NMR (CDCl3, δ) 8.45-

7.96 (br, 5H, ArH of anthracene), 7.5-6.2 (br, ArH of anthracene and ArH of PS), 5.8 

(br, 2H, CH2-anthracene), 4.4 (br, 1H, CH(Ph)-Br), 0.6-2.2 (br, aliphatic protons of 

PS). 

Previously obtained Anth-PS-Br (2.4 g, 0.46 mmol, Mn,GPC= 5200 g/mol) was 

dissolved in DMF (20 mL), and NaN3 (0.65 g, 10 mmol) was added to the reaction 

mixture. After stirring the reaction mixture for overnight at room temperature, the 

product was precipitated in an excess amount of methanol. Anth-PS-N3 was dried for 

24 h in a vacuum oven at 30 ºC (Yield= 2.35 g, 98%). 
1
H NMR (CDCl3, δ) 8.45-7.96 

(br, 5H, ArH of anthracene), 7.5-6.2 (br, ArH of anthracene and ArH of PS), 5.8 (br, 

2H, CH2-anthracene), 3.9 (br, 1H, CH(Ph)-N3), 0.6-2.2 (br, aliphatic protons of PS). 

3.3.18 Synthesis of 4-(2-[(3-acetyl-7-oxabicyclo[2.2.1]heptyl) carbonyl] amino 

ethoxy)-4-oxobutanoic acid  (10) 

2 (5 g, 24 mmol) was dissolved in 150 mL of 1,4-dioxane. To the reaction mixture 

were added Et3N (16.58 mL, 119.6 mmol), DMAP (4.38 g, 35.8 mmol), and succinic 

anhydride (9.56 g, 95.6 mmol) in that order. The reaction mixture was stirred 
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overnight at 50 ºC, then poured into ice-cold water and extracted with CH2Cl2. The 

organic phase was washed with 1 M HCl, dried over Na2SO4 and concentrated. The 

crude product was crystallized from ethanol to give 10 as white crystal. Yield: 5.9 g 

(80%). Mp = 122-123 ºC (DSC). 
1
H NMR (CDCl3, δ) 6.50 (s, 2H, CH=CH, bridge 

protons), 5.25 (s, 2H, -CHO, bridge-head protons), 4.25 (t, J = 5.2 Hz, 2H, 

NCH2CH2OC=O), 3.74 (t, J =5.2 Hz, 2H, NCH2CH2OC=O), 2.87 (s, 2H, CH-CH, 

bridge protons), 2.66-2.53 (m, 4H, C=OCH2CH2C=OOH). 
13

C NMR (CDCl3, δ) 

177.26, 176.35, 172.01, 136.83, 81.09, 61.22, 47.74, 37.92, 29.24. Mass 

spectrometry (+EI) m/z (%): 310 [MH+] (100), 242 (100), 142 (18), 124 (13). 

3.3.19 Preparation of furan-protected maleimide-end-functionalized PEG (MI-

PEG) 

PEG-OH (Mn  = 2000) (2.0 g, 1 mmol) was dissolved in 80 mL of CH2Cl2. To the 

reaction mixture were added DMAP (0.13 g, 1.0 mmol) and 10 (0.62 g, 2 mmol) in 

that order. After stirring 5 min at room temperature, a solution of DCC (0.41 g, 2.0 

mmol) in 10 mL of CH2Cl2 was added. Reaction mixture was stirred overnight at 

room temperature. After filtration off the urea byproduct, the mixture was 

precipitated into diethyl ether for three times to obtain pure MI-PEG as a pale white 

solid. Yield: 1.9 g (83%). 
1
H NMR (CDCl3, δ) 6.50 (s, 2H, CH=CH as bridge 

protons), 5.25 (s, 2H, -CHO, bridge-head protons), 4.23 (m, 4H, CH2OC=O), 3.75-

3.51 (m, OCH2CH2 repeating unit of PEG, C=ONCH2, and CH2-PEG repeating unit), 

3.36 (s, 3H, PEG-OCH3), 2.87 (s, 2H, CH-CH, bridge protons) 2.61-2.56 (m, 4H, 

C=OCH2CH2C=O).  

3.3.20 One-pot preparation of 3-arm star-block copolymer (PS-b-PMMA)3 via 

double-click reactions 

Anth-PS-N3 (0.3 g, 0.05 mmol, Mn,NMR= 6000 g/mol), MI-PMMA (0.156 g, 0.06 

mmol, Mn,NMR= 2600 g/mol), and trialkynefunctional linking agent 4 (0.007 g, 0.016 

mmol) were dissolved in nitrogen-purged DMF (5 mL) in a Schlenk tube. CuBr 

(0.012 g, 0.080 mmol) and PMDETA (0.017 mL, 0.080 mmol) were added, and the 

reaction mixture was degassed by three FPT cycles and left in argon then stirred at 

120 ºC for 48 h. Polymer solution was passed through neutral alumina column to 

remove copper salt, precipitated in methanol, and dried in a vacuum oven at 30 ºC 

(Yield= 0.35 g, 81%). 
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1
H NMR (CDCl3, δ) 7.5-6.3 (m, ArH of 4, ArH of PS and ArH of cyclo adduct), 5.2-

4.9 (br, 15H, PhOCH2-triazole, cycloadduct-CH2OC=O, and CH(Ph)-triazole ), 4.7 

(s, 3H, CH, bridge-head protons),  3.58 (br, OCH3 of PMMA and NCH2CH2OC=O), 

3.28 (br, 12H, NCH2CH2OC=O and CH-CH of bridge protons), 2.2-0.7 (m, aliphatic 

protons of PS and PMMA). 

3.3.21 One-pot preparation of 3-arm star-block copolymer (PS-b-PEG)3 via 

double-click reactions 

Anth-PS-N3 (0.3 g, 0.05 mmol, Mn,NMR= 6000), MI-PEG (0.17 g, 0.06 mmol, 

Mn,NMR= 2800 g/mol), and trialkyne-functional linking agent 4 (0.007 g, 0.016 mmol) 

were dissolved in nitrogen-purged DMF (5 mL) in a Schlenk tube. PMDETA (0.017 

mL, 0.080 mmol) and CuBr (0.012 g, 0.080 mmol) were added, and the reaction 

mixture was degassed by three FPT cycles and left in argon then stirred at 120 ºC for 

48 h. Polymer solution was passed through neutral alumina column to remove copper 

salt, precipitated into methanol, and dried in a vacuum oven at 30 ºC (Yield= 0.33 g, 

75%). 
1
H NMR (CDCl3, δ) 7.5-6.3 (ArH of 4, ArH of PS and ArH of cyclo adduct), 

5.2-4.9 (br, 15H, PhOCH2-triazole, cycloadduct-CH2OC=O, and CH(Ph)-triazole ), 

4.73 (s, 3H, CH, bridge-head protons),  4.2 (t, 6H, PEG-OCH2CH2OC=O), 4.0-3.5 

(br, -OCH2CH2, repeating unit of PEG, and NCH2CH2OC=O), 3.4 (s, 9H, PEG-

OCH3), 3.28 (br, 12H, NCH2CH2OC=O and CH-CH of bridge protons), 2.6-2.5 (m, 

12H, C=OCH2CH2C=O),  2.2-0.6 (aliphatic protons of PS). 

3.3.22 Sythesis of 3-(1,1,1-trimethylsilyl)-2-propynyl 2-bromo-2-

methylpropanoate (11) 

A solution of 2-bromo isobutyryl bromide (2.15 g, 9.37 mmol) in CH2Cl2 (20 mL) 

was added dropwise to a solution of 3-trimethylsilyl-2-propyn-1-ol (1 g, 7.8 mmol) 

and triethylamine (1.14 mL, 9.37 mmol) in CH2Cl2 (40 mL) at 0 
o
C. After complete 

addition, the reaction mixture was allowed to stir for 1 h at 0 
o
C and overnight at 

room temperature. The formed triethylammonium bromide was filtered off and the 

solvent was removed in vacuum. The crude product was dissolved in CH2Cl2 and 

washed two times with a saturated aqueous NaHCO3 and two times with distilled 

water (100 mL). The organic layer was dried with magnesium sulfate and solvent 

was removed in vacuum, afforded a yellow oil which was further purified by flash 

chromatography over silica gel eluting with hexane/EtOAc (9:1, v/v). The product 
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was isolated as colorless oil. Yield: 1.65 g, (76%). 
1
H NMR (CDCl3, δ) 4.75 (s, 2H, 

Si(CH3)3C≡−CH2-O), 1.96 (s, 6H, C(CH3)2-Br), 0.17 (s, 9H, Si(CH3)3C≡−CH2-O). 

13
C NMR (CDCl3, δ) 171.09, 98.45, 92.97, 56.15, 55.28, 30.83. Mass spectrometry 

(+EI) m/z (%): 279 [MH+] (45), 256 (15). 

3.3.23 Synthesis of α–silyl protected alkyne PS (α-silyl-alkyne-PS) 

St (40.0 mL, 349 mmol), PMDETA (0.36 mL, 1.74 mmol), CuBr (0.25 g, 1.74 

mmol), and 11 (0.485 g, 1.74 mmol) were added to a 50 mL of Schlenk tube and the 

reaction mixture was degassed by three FPT cycles and left in vacuum and placed in 

a thermostated oil bath at 110 
o
C for 45 min. After the specified time, the 

polymerization mixture was diluted with THF, passed through a column of neutral 

alumina to remove catalyst and precipitated into methanol. The polymer was dried in 

a vacuum oven at 40
 
°C 

1
H NMR 7.5-6.5 (ArH), 4.4 (CHBr), 4.1 (C≡CCH2O), 2.0-

0.9 (CH2 and CH), 0.19 ((CH3)3Si-).  

3.3.24 General procedure for the preparation of azide-end functionalized PtBA 

(PtBA-N3) 

PtBA-N3 was prepared in two steps. As a first step, bromo end-functionalized PtBA 

(PtBA-Br) was prepared by ATRP of tBA. To a 25 mL Schlenk tube, tBA (12 mL, 

82 mmol), PMDETA (0.17 mL, 0.82 mmol), CuBr (0.12 g, 0.82 mmol), ethylene 

carbonate (1.05 g, 0.102 mmol), and ethyl 2-bromoisobutyrate (EiBr) (0.16 g, 0.82 

mmol) were added, and the reaction mixture was degassed by three FPT cycles and 

left in vacuo. The tube was then placed in a thermostated oil bath at 80 
o
C for 

predetermined times. The polymerization mixture was diluted with THF, passed 

through a neutral alumina column to remove the catalyst, and precipitated into the 

solution of water and methanol (1:4 v/v). After decantation, the polymer was 

dissolved in CH2Cl2, extracted with water and the water phase was again extracted 

with CH2Cl2 and combined organic phase was dried over Na2SO4 and evaporated. 

The polymer was dried in a vacuum oven at 40 °C. 
1
H NMR (CDCl3, )  4.1 (m, 

C=OOCH2 and CHBr end group of PtBA),  2.2 (br, CH of PtBA), 2.0-1.0 (br, 

aliphatic protons of PtBA).  

Secondly, previously obtained PtBA-Br (1g, 0.22 mmol, Mn,NMR= 4500 g/mol) was 

dissolved in 10 mL of DMF and NaN3 (0.43 g, 6.67 mmol) was added. The reaction 

mixture was stirred at 50 ºC for overnight, after which time it was cooled to room 
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temperature and diluted with CH2Cl2, and extracted 2 times with water. The organics 

were dried over Na2SO4 and evaporated. The polymer was dried in a vacuum oven at 

40 °C. Yield = 0.8 g, (80 %).
 1

H NMR (CDCl3, ) 4.1 (m, C=OOCH2), 3.7 (bs, CHN3 

end group of PtBA),  2.2 (br, CH of PtBA), 2.0-1.0 (br, aliphatic protons of PtBA).  

3.3.25 Synthesis of 2-azidoethanol (12)  

To a 100 mL of round bottom flask was added 2-bromo ethanol (5 g,  0.04 mol) in 50 

mL of water/acetone (1:4, v/v). NaN3 (4 g, 0.06 mol) was added in one portion to the 

reaction and the mixture was sitirred at 60 
o
C for overnight. After acetone was 

removed, remaining liquid was dissolved in CH2Cl2 and extracted with water. The 

aqueous layer was extracted with CH2Cl2 (50 mL) and combined organic layers were 

dried over Na2SO4. Solvent was removed under vacuum and 2-azido ethanol was 

obtained as a pale yellow oil. Yield= 3.3 g  (95%). 
1
H NMR (CDCl3, δ) 3.75 (t, 2H, 

CH2-O), 3.44 (t, 2H, CH2-N3). 

3.3.26 Preparation of azide-end functionalized PEG (PEG-N3) 

PEG-OH (5 g, 8 mmol, Mn = 550) was dissolved in 150 mL of CH2Cl2. Succinic 

anhydride (3.13 g, 32.0 mmol), triethylamine (Et3N) (5.6 mL, 40 mmol) and DMAP 

(1.46 g, 12.0 mmol) were added to the reaction mixture. After stirring overnight at 

room temperature, solution was poured into ice-cold water (150 mL) and extracted 

with CH2Cl2. The organic layer was washed with 1 M HCl (150 mL) and then with 

distilled water. Finally, organic phase was dried with anhydrous Na2SO4 and the 

solvent was removed in vacuum to give mono carboxylic acid end-functionalized 

PEG (PEG-COOH) as colorless oil. Yield = 5 g (95%). 
1
H NMR (CDCl3, δ) 4.23 (d, 

4H, C=OOCH2), 3.52-3.65 (m, 4H, -OCH2CH2O-, PEG backbone), 3.35 (s, 3H, 

OCH3), 2.62 (s, 4H, C=OCH2CH2C=O). 

PEG-COOH (1.00 g, 1.53 mmol) was dissolved in 20 mL of dry CH2Cl2. 2-Azido 

ethanol (0.4 g, 4.61 mmol) and DMAP (0.19 g, 1.53 mmol) were added to the 

reaction mixture in that order. After stirring for 5 minutes at room temperature, DCC 

(0.95 g, 4.6 mmol) in 10 mL of CH2Cl2 was added to solution. The reaction was 

continued via stirring for 24 h at room temperature. Reaction solution was 

concentrated under reduced pressure. The crude product was purified by column over 

silica gel eluting first with CH2Cl2/ethyl acetate (1/1), then CH2Cl2/CH3OH (10/1) in 

order to give brown oil. Yield = 1 g (91%). 
1
H NMR (CDCl3, δ) 4.23 (t, 4H, 
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CH2OC=O and C=OOCH2CH2N3), 3.70-3.45 (br, 4H, OCH2CH2O backbone and 

C=OOCH2CH2N3), 3.36 (s, 3H, OCH3), 2.67 (s, 4H, C=OCH2CH2C=O). 

3.3.27 Preparation of (Alkyne-PS)n-polyDVB multiarm star polymer  

-Silyl-alkyne-PS macroinitiator (2.00 g, 0.294 mmol, Mn,GPC= 6800 g/mol), DVB 

(0.633 mL, 4.44 mmol), PMDETA (0.06 mL, 0.3 mmol), CuBr (0.04 g, 0.3 mmol) 

and anisole (12 mL) were charged to a Schlenk tube equipped with a magnetic stirrer 

bar under argon atmosphere. The first sample was quickly taken from the reaction 

mixture for GC measurement, before the reaction mixture was degassed by using 

three FPT cycles. The reaction flask was back-filled with argon and immersed in oil 

bath at 110 
o
C. At time intervals, the samples were taken from the reaction mixture 

with argon purged-syringe under positive argon atmosphere and then diluted with 

THF, purified by passing through short neutral alumina column to remove the copper 

salt and filtered through poly(tetrafluoroethylene) (PTFE) filter (0.2 μm pore size) 

prior to GC and GPC analyses. After 9 h at 95 % conversion, the reaction was 

stopped via exposure to air. The polymerization mixture was diluted with THF, 

filtered through a column filled with neutral alumina to remove the copper complex 

and the star polymer was precipitated in methanol. The crude product was dissolved 

in THF, precipitated into methanol/diethyl ether (1/2; v/v) and dried under vacuum at 

40 
o
C for 24 h. 

1
H NMR (CDCl3, δ) 7.5-6.5 (br, ArH of PS), 4.05 (br, (CH3)3Si-

C≡CCH2O), 2.0-0.9 (br, aliphatic protons of PS), 0.17 (br, (CH3)3Si-). 

The silyl group of (-silyl-alkyne-PS)n-polyDVB  multiarm star homopolymer (1 g, 

4 μmol, Mw,TD-GPC= 246100 g/mol) was deprotected by using TBAF (0.2 mL, 0.2 

mmol) in THF (20 mL). The reaction mixture was stirred for 2 h at room temperature 

and precipitated in methanol. The recovered polymer was dried under vacuum at 40 

o
C for 24 h.

 1
H NMR (CDCl3, δ) 7.5-6.5 (br, ArH of PS), 4.05 (br, HC≡CCH2O), 2.0-

0.9 (br, aliphatic protons of PS). 

3.3.28 Preparation of (PtBA)m-(PS)n-polyDVB multiarm star block copolymer 

via CuAAC click reaction 

PtBA-N3 (0.157 g, 0.035mmol, Mn,NMR= 4500 g/mol), (Alkyne-PS)n-polyDVB 

multiarm star polymer  (0.25 g, 1.0 mol, Mw,TD-GPC= 250750 g/mol), PMDETA (10 

L, 0.050 mmol), CuBr (0.007 g, 0.05 mmol) and DMF (5 mL) were added to a 10 
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mL of Schlenk tube. Reaction mixture was degassed by three FPT cycles, left in 

vacuum and stirred for 24 h at room temperature. After the specified time, solution 

was diluted with THF, filtered through a column filled with neutral alumina to 

remove copper complex and precipitated in methanol. The dissolution-precipitation 

procedure was repeated two times. The recovered multiarm star block copolymer 

was dried in a vacuum oven at 40 
o
C for 24 h.

 1
H NMR (CDCl3, δ) 7.3-6.5 (br, ArH 

of PS), 2.22 (br, CH of PtBA), 2.1-0.6 (br, aliphatic protons of PS and PtBA). 

3.3.29 Preparation of (PEG)k-(PS)n-polyDVB multiarm star block copolymer 

via CuAAC click reaction 

PEG-N3 (0.011 g, 0.018mmol, Mn,NMR= 620), PtBA-N3 (0.085 g, 0.019 mmol, 

Mn,NMR= 4500 g/mol), (Alkyne-PS)n-polyDVB (0.30 g 1.2 mol, Mw,TD-GPC= 250750 

g/mol) multiarm star polymer were dissolved  in DMF (5 mL) in 10 mL of Schlenk 

tube. The mixture was stirred at room temperature for 5 min and PMDETA (10 L, 

0.05 mmol), CuBr (0.007 g, 0.05 mmol) were added immediately. Reaction mixture 

was degassed by three FPT cycles, left in vacuum and stirred for 24 h at room 

temperature. The reaction mixture was diluted with THF, filtered through a column 

filled with neutral alumina to remove the copper complex and precipitated into 

methanol. The dissolution-precipitation cycle was repeated two times. Multiarm star 

mixed-block copolymer was dried in a vacuum oven at 40 
o
C for 24 h.

 1
H NMR 

(CDCl3, δ)
 
7.3-6.5 (br, ArH of PS), 3.62 (OCH2CH2 repeating unit of PEG), 2.5-0.5 

(br, aliphatic protons and PS). 

3.3.30 Preparation of (PEG)k-(PtBA)m-(PS)n-polyDVB multiarm star mixed-

block copolymer via CuAAC click reaction 

PEG-N3 (0.011 g, 0.019mmol, Mn,NMR= 620 g/mol), PtBA-N3 (0.085 g, 0.019 mmol, 

Mn,NMR= 4500 g/mol), (Alkyne-PS)n-polyDVB (0.30 g 1.2 mol, Mw,TD-GPC= 250750 

g/mol) multiarm star polymer and were dissolved  in DMF (5 mL) in 10 mL of 

Schlenk tube. The mixture was stirred at room temperature for 5 min and PMDETA 

(10 L, 0.05 mmol), CuBr (0.007 g, 0.05 mmol) were added immediately. Reaction 

mixture was degassed by three FPT cycles, left in vacuum and stirred for 24 h at 

room temperature. The reaction mixture was diluted with THF, filtered through a 

column filled with neutral alumina to remove the copper complex and precipitated 

into methanol. The dissolution-precipitation cycle was repeated two times. Multiarm 
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star mixed-block copolymer was dried in a vacuum oven at 40 
o
C for 24 h.

 1
H NMR 

(CDCl3, δ) 7.3-6.5 (br, ArH of PS), 3.62 (OCH2CH2 repeating unit of PEG), 2.22 (br, 

CH of PtBA), 2.0-0.6 (br, aliphatic protons of PS and PtBA). 

3.3.31 One-pot preparation of α-silyl protected alkyne- and α-anthracene-end-

functionalized PS mixture (α-silyl alkyne-PS + Anth-PS)  

St (20.0 mL, 175 mmol), PMDETA (0.182 mL, 0.872 mmol), CuBr (0.125 g, 0.871 

mmol), 9 (0.312 g, 0.873 mmol) and 11 (0.242 g, 0.873 mmol) were added in a 50 

mL of Schlenk tube and the reaction mixture was degassed by three FPT cycles and 

left in vacuum. After the tube was placed in a thermostated oil bath at 110 
o
C for 40 

min, the dark green polymerization mixture was diluted with THF, passed through a 

basic alumina column to remove the catalyst, precipitated in methanol and dried for 

24 h in a vacuum oven at 40 
o
C. 

1
H NMR (CDCl3, δ) 8.4 (bs, 1H, ArH of 

anthracene), 8.2 (bs, 2H, ArH of anthracene), 7.9 (bs, 2H, ArH of anthracene), 7.5 

(bs, 4H, ArH of anthracene), 7.2–6.5 (ArH of PS), 5.8 (CH2-anthracene), 4.4 (bs, 

CH(Ph)-Br), 4.1 (m, C≡CCH2O), 2.3-0.8 (CH2 and CH), 0.16 ((CH3)3Si-). 

3.3.32 Preparation of (Alkyne-PS)m-polyDVB-(PS-Anth)m multiarm star 

polymer bearing alkyne and anthracene functionalities at the periphery  

α-Silyl alkyne-PS + Anth-PS (2.1 g, 0.39 mmol, Mn,GPC= 5400 g/mol), anisole (13.0 

mL), PMDETA (0.081 mL, 0.39 mmol), DVB (0.815 mL, 5.72 mmol), and CuBr 

(0.056 g, 0.39 mmol) were charged to a Schlenk tube equipped with a magnetic 

stirrer bar under argon. The first sample was quickly taken from the reaction mixture 

for GC measurement, before it was degassed by using three FPT cycles. The reaction 

flask was back-filled with argon and immersed in a 110 ºC oil bath. At specified 

intervals, samples were taken from the reaction mixture with argon purged-syringe 

under positive argon atmosphere. The samples were diluted with THF and purified 

by passing through short neutral alumina column to remove the copper salt and then 

filtered through PTFE filter prior to GC and GPC analyses. The reaction was stopped 

after 12 h at 94 % conversion via exposure to air. The reaction mixture was diluted 

with THF, then filtered through a column filled with neutral alumina to remove the 

copper complex and the star polymer was precipitated in methanol. The crude 

product was easily purified via dissolution in THF and then precipitation in 
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methanol/ether (1/2; v/v) mixture to remove the linear chains. Finally, the polymer 

was dried under vacuum at 40 ºC for 24 h.  

Subsequently, silyl groups at the periphery of the multiarm star homopolymer (1.2 g, 

4.8 μmol, Mw,TD-GPC= 248000 g/mol) was deprotected by using TBAF (0.2 mL, 0.2 

mmol) in THF (20 mL). The reaction mixture was stirred for 2 h at room temperature 

and precipitated in methanol. The recovered polymer was dried under vacuum at 40 

ºC for 24 h. 
1
H NMR (CDCl3, δ) 8.4-7.9 (br, ArH of anthracene), 7.5-6.5 (br, ArH of 

PS), 5.77-5.71 (br, CH2-anthracene), 4.05 (br, HC≡CCH2O), 2.5-0.5 (br, aliphatic 

protons of PS)  

3.3.33 Preparation of (PtBA)n-(PS)m-polyDVB-(PS-Anth)m multi-miktoarm star 

block copolymer via CuAAC click reaction  

The (Alkyne-PS)m-polyDVB-(PS-Anth)m multiarm star polymer (0.3 g, 1.20 μmol, 

Mw,TD-GPC= 250000 g/mol) and PtBA-N3 (0.12 g, 0.024 mmol, Mn,NMR= 5100 g/mol) 

were dissolved in nitrogen purged DMF (8 mL) in a Schlenk tube. CuBr (8.5 mg, 

0.06 mmol) and PMDETA (12 μL, 0.06 mmol) were added in that order, and the 

reaction mixture was degassed by three FPT cycles, and stirred at room temperature 

for 24 h. The solution was passed through a column of neutral alumina to remove the 

copper salt and precipitated into methanol. The crude product was purified by 

dissolution in THF and then precipitation in methanol/diethyl ether mixture (1/1; 

v/v). Finally, polymer was dried in a vacuum oven at 40 ºC for 24 h. 
1
H NMR 

(CDCl3, δ) 8.4-7.9 (br, ArH of anthracene), 7.3-6.5 (br, ArH of PS), 5.77-5.71 (br, 

CH2-anthracene), 5.3 (br, triazole-CH2OC=O), 2.22 (br, CH of PtBA), 2.1-0.6 

(aliphatic protons of PS and PtBA).
 
 

3.3.34 Preparation of (PtBA)n-(PS)m-polyDVB-(PS)m-(PMMA)k multi-miktoarm 

star block copolymer via Diels-Alder click reaction  

A solution of MI-PMMA (0.025 g, 8.33 mmol, Mn,NMR= 3000 g/mol) in 10 mL of 

toluene was added to a 10 mL solution of (PtBA)n-(PS)m-polyDVB-(PS-Anth)m (0.15 

g, 0.42 μmol, Mw,TD-GPC= 355000 g/mol). The reaction mixture was bubbled with 

nitrogen for 30 min and refluxed for 48 h under nitrogen in the dark. After a 

specified time toluene was evaporated under vacuum and the residual polymer was 

dissolved in THF, subsequently precipitated in methanol. The dissolution-

precipitation was repeated two times and finally polymer was dried in a vacuum oven 



73 

 

at 40 ºC for 24 h.
 1

H NMR (CDCl3, δ) 7.3-6.5 (br, ArH of PS), 3.59 (br,OCH3 of 

PMMA), 2.22 (br, CH of PtBA), 2.0-0.6 (br, aliphatic protons of PtBA, PMMA and 

PS). 
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4. RESULTS AND DISCUSSION 

As a general perspective, this thesis describes the design and synthesis of various 

macromolecular structures such as graft, star and multiarm star polymers by 

combination of C/LRP methods with click reactions which involve CuAAC and 

Diels-Alder. 

In fact, it is often advantageous to employ a combination of click chemistry with 

C/LRP methods enabling macromolecular structures with varying composition and 

topology that are otherwise very difficult to prepare. 

4.1. Synthesis of Heterograft Copolymers via CuAAC and Diels-Alder Click 

Reactions 

The present study concerns with the synthesis of St copolymers bearing pendant 

chlorine moieties and their post modifications with suitable functional groups 

(anthryl and azide), including the application of double click reactions (CuAAC and 

Diels-Alder) in one-pot process. Thus, PS-Anth-Azide was used as a scaffold for the 

ligation of MI-PMMA and Alkyne-PEG to yield the corresponding heterograft 

copolymer. 

For this purpose, the initiator with proper functionality for Diels-Alder reaction was 

first prepared. The synthesis of 2-bromo-2-methyl-propionic acid 2-(3,5-dioxo-10-

oxa-4-azatricyclo[5.2.1.0
2,6

]dec-8-en-4-yl) ethyl ester, 3 consists mainly of three 

steps, as shown in Scheme 4.1. In the first step, furan and maleic anhydride were 

reacted in toluene at 80 ºC, and thus obtained adduct 1, was utilized for the synthesis 

of 2 by adding the solution 2-amino ethanol in methanol into dispersion of 1 in 

methanol. Finally, 3, was obtained via an esterification reaction between 2 and 2-

bromoisobutryl bromide in THF at room temperature (Scheme 4.1).  

 

 
 

 (4.1) 
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From overlay 
1
H NMR spectra Figure 4.1(c), it is clearly seen that the methyl 

protons next to Br were detected at 1.87 ppm and the methylene protons next to the 

ester unit at 4.31 ppm. Moreover, the characteristic protons of the adduct were also 

detected at 6.49 ppm (bridge vinyl protons), 5.24 ppm (bridge-head protons) and 

2.85 ppm (bridge protons) respectively. These results confirmed that the synthesis of 

3 was achived.  

 

Figure 4.1 : 1
H NMR spectra of: a) 3-acetyl-N-(2-hydroxyethyl)-7-

oxabicyclo[2.2.1]hept-5-ene-2-carboxylic acid (1); b) 3-acetyl-N-(2-

hydroxyethyl)-7-oxabicyclo[2.2.1]hept-5-ene-2 carboxamide (2); c) 2-

bromo-2- methyl-propionic acid 2-(3,5-dioxo-10-oxa-4-

azatricyclo[5.2.1.02,6]dec-8-en-4-yl) ethyl ester (3) in CDCl3. 

Then compound 3 was used as an initiator in ATRP of MMA in the presence of 

CuCl/PMDETA as a catalyst system at 40 ºC to obtain MI-PMMA as one of the graft 

chains (Scheme 4.2). The maleimide functional group of the 3 was protected with 

furan in order to prevent radical copolymerization of maleimide with MMA during 

polymerization. The polymerization temperature was deliberately kept low avoiding 

furan deprotection at elevated temperatures. Furthermore, the polymerization 

solution was in situ reacted with tributyltinhydride (Bu3SnH) in order to convert 

chloride end group to hydrogen avoiding the probability of the radical formation 

caused by CuBr/PMDETA in the one-pot preparation of heterograft copolymer. 
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 (4.2) 

The NMR number-average molecular weight (Mn,NMR = 3100 g/mol) was calculated 

from a ratio of the integrated values of OCH3 of PMMA and N-CH2 (δ 3.8 -3.4)  to 

that of a signal at 6.5 ppm assignable to  vinylic two protons, while being included 

the molecular weight of initiator (357 g/mol) (Figure 4.2). The number-average 

molecular weight obtained by GPC (Mn,GPC = 3350 g/mol, relative to linear PMMA 

standarts) is an excellent agreement with Mn,NMR, thus indicating that the quantitative 

maleimide end-group functionalization of the PMMA was successful. Moreover, 

Mw/Mn = 1.22 calculated from GPC displays narrow molecular weight distribution.   

  

Figure 4.2 : 1
H NMR spectra of MI-PMMA in CDCl3. 

Alkyne-PEG as a second graft chain was achieved via an esterification reaction of 

PEG (Mn= 550) with 4-pentynoic acid (Scheme 4.3). 
 

 

(4.3) 

1
H NMR revealed the structure of Alkyne-PEG displaying characteristic peaks such 

as a triplet (CHC-) at 1.96 ppm and a multiplet (CHCCH2CH2C=O) at 2.5 ppm 

(Figure 4.3).  Mn,NMR was calculated from a ratio of the peak areas of PEG (repeating 

unit and -OCH3 end group of PEG) at 3.9-3.3 and  -CCH at 1.96 ppm.  Mn,NMR= 685 

g/mol was almost consistent with those of Mn,theo= 630 g/mol and Mn,GPC= 550 g/mol 

(relative to linear PS standarts). 
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Figure 4.3 : 1
H NMR spectrum of Alkyne-PEG in CDCl3. 

To form the backbone polymers, St and CMS were polymerized via NMP at 125 ºC 

in order to give P(S-co-CMS) random copolymers using two different mol %s of 

CMS, 15 and 30, as the feed ratios (Scheme 4.4).  

 

 

(4.4) 

1
H NMR calculation from integrals of aromatic protons (δ 6.5-7.5) and CH2Cl (δ 4.5) 

displayed 18 and 34 mol % of CMS, respectively that the incorporations of CMS into 

the copolymer agree well with the feed ratios (Figure 4.4, (a)).  Again, exploiting the 

Mn,GPC values of copolymers, DPn of St and CMS in these copolymers (18 and 34 

mol % CMS) were calculated to have 32 and 7 and  24 and 12.4, respectively. 
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Figure 4.4 : Comparison of the 
1
H NMR spectra of a) P(S-co-CMS)-1, b) P(S-

CMS-Anth)-1, and c) PS-Anth-Azide-1 in CDCl3.  

Next, thus obtained two copolymers were reacted with 9-anthracene methanol in the 

presence of NaH at reflux temperature of THF for 12 h, affording PS with anthracene 

pendant units, P(S-CMS-Anth) (Scheme 4.5). 

 

(4.5) 

The structure was identified via 
1
H NMR displaying aromatic and OCH2 protons of 

anthracene at 8.5-7.4 and 5.4 ppm, respectively, along with those corresponding to St 

and CMS units (Figure 4.4, (b)).  Anthryl functionality incorporated into the PS 

backbone as pendant group was calculated taking account the integrated values ratio 

of anthryl-CH2O (5.4) and Ph-CH2O and CH2Cl (4.6 and 4.5) signals.  For the 

copolymer P(S-CMS-Anth)-1 derived from P(S-co-CMS)-1, anthracene moiety was 

calculated to have 7.2 mol %, taking the initial DPn of St and CMS of 32 and 7, 



80 

 

respectively. Similar calculation for the copolymer, PS-CMS-Anth-2 derived from 

P(S-co-CMS)-2 revealed 13 mol % of anthracene moiety in the copolymer, 

presuming that the initial DPn of St and CMS were 24 and 12.4, respectively.  

These two copolymers with anthryl pendant groups then were subjected to a reaction 

of NaN3 in DMF overnight at room temperature, affording the corresponding 

copolymers with both anthryl and azide groups, PS-Anth-Azide (Scheme 4.6). 

 

 

(4.6) 

1
H NMR spectrum of the obtained copolymers showed a complete disappearance of 

CH2Cl at 4.5 and an appearance of new signal related to CH2N3 at 4.2-3.9 ppm 

together with the characteristic signals of anthracene (Figure 4.4, (c)).  A complete 

disappearance of CH2Cl signal proved the quantitative azide functionalization of the 

remaining CMS units in the copolymer.  Molecular weights and functionalities of the 

backbone polymers at various stages were described in Table 4.1. 

Table 4.1 : Molecular weights and functionalities of the backbone polymers at 

various stages 

Entry Sample 

Feed 

ratio 

(S/CMS) 

Mn
a
 Mw/Mn

a
 

Functionality
b
 

(mol %) 

CMS Anthryl Azide 

1 P(S-co-CMS)-1 85/15 4350 1.14 18 - - 

2 P(S-CMS-Anth)-1 - 4900 1.23 10.8 7.2 - 

3 PS-Anth-Azide-1 - 5150 1.22 - 7.2 10.8 

4 P(S-co-CMS)-2 70/30 4400 1.17 34 - - 

5 P(S-CMS-Anth)-2 - 5100 1.25 21 13 - 

6 PS-Anth-Azide-2 - 5200 1.23 - 13 21 

    a
 Determined by GPC relative to linear PS standards. 

    b 
Determined by 

1
H NMR (see text).  
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Previously obtained PS-Anth-Azide backbone polymers were reacted with MI-

PMMA and Alkyne-PEG as grafts in one-pot process via double click reactions in 

the presence of CuBr/PMDETA in DMF at 120 
o
C for 48 h (Scheme 4.7). 

  

 

               

 

        (4.7) 

 

 

The 
1
H NMR spectra of the both hetero graft copolymers displayed characteristic 

signals of PMMA and PEG together with those of PS, thus proving successful double 

click reactions (Figure 4.5).  
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Figure 4.5 : 1
H NMR of PS-g-(PMMA-PEG) heterograft copolymer obtained from 

PS-Anth-Azide-1 in CDCl3.  

Overall click reaction efficiency (CReff) (grafting efficiency) for both heterograft 

copolymers was calculated by a following formula: 

CReff  =  Ialiphatic X (5 X NSt + 12 X NAnth + 4 X NAzide) / Iaromatic  X [(3 X DPn,PMMA X 

NAnth) + (4 X DPn,PEG X NAzide)]  

where Ialiphatic and Iaromatic are integrated values of the sum of OCH3 and OCH2CH2 

protons of PMMA and PEG and  the aromatic protons including phenyl and anthryl 

hydrogens, respectively and NSt, NAnth and NAzide  are number of St, anthracene and 

azide groups in the backbone polymer, respectively.  CReff  was found to be around 

94 and 90% for PS-Anth-Azide-1 and PS-Anth-Azide-2, respectively displaying the 

high efficiency. The Mn,NMR values for the both graft copolymers were calculated to 

be 16000 and  23000, respectively using a formula:   

Mn,NMR = Mn,GPC,PS-Anth-Azide + (NAnth X Mn,NMR,PMMA  + NAzide X Mn,NMR, PEG) X CReff.  

Table 4.2 summarizes the molecular weight datas of  heterograft copolymers. 

Table 4.2 : Characteristic molecular weight data of heterograft copolymers  

a
 Obtained from PS-Anth-Azide-1. 

b
 Obtained from PS-Anth-Azide-2. 

 

c
 Determined by conventional GPC (RI detection)  relative to linear PS standards.  

d 
Determined by 

1
H NMR (see text). 

Sample Mn,GPC
c
 Mw/Mn

c
 Mn,NMR

d
 

PS-g-(PMMA-PEG)-1
a
 13500 1.17 16000 

PS-g-(PMMA-PEG)-2
b
 16200 1.15 23000 
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GPC traces of PS-g-(PMMA-PEG) heterograft copolymers showed monomodal 

peak. Moreover, no additional peak was detected at lower retention time related to 

PS backbone polymer displaying the successful grafting of PMMA and PEG chains 

to the PS backbone (Figures 4.6 and 4.7). Heterograft copolymers were obtained with 

Mn of 13500 and 16200 respectively and low polydispersity indices of 1.17 and 1.15 

respectively relative to PS standards (Table 4.2).  

  

Figure 4.6 : Evolution of GPC traces of Alkyne-PEG, MI-PMMA and P(S-co- 

CMS)-1 precursors and target PS-g-(PMMA-PEG)-1 heterograft 

copolymer. 

 

  

Figure 4.7 : Evolution of GPC traces of Alkyne-PEG, MI-PMMA and P(S-co- 

CMS)-2 precursors and target PS-g-(PMMA-PEG)-2 heterograft 

copolymer. 
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4.2. Synthesis of 3-Arm Star Block Copolymers via CuAAC and Diels-Alder 

Click Reactions 

In this work, 3-arm star block copolymers; (PS-b-PMMA)3 and (PS-b-PEG)3 were 

successfully prepared by a coupling procedure using double “click” reactions 

(CuAAC and Diels-Alder) in one-pot process. 

For this purpose, linear PS, PMMA and PEG polymers with well-defined chain 

length and end group functionalities were synthesized by ATRP of related 

monomers, except commercially available PEG. Thereafter, these polymers were 

quantitatively coupled together as pairs of PS/PMMA and PS/PEG with a 

trifunctional linking agent (core)  using double “click” reactions (CuAAC and Diels-

Alder) to construct 3-arm star block copolymers in one-pot process. 

To confirm the efficiency of double click reactions in a one pot prosess, a model 

reaction had been studied prior to the syntheses of 3-arm star block copolymers. In 

this respect, first trisalkynyl-functional linking agent 4 (core) also used in the 

synthesis of 3-arm star block copolymers was prepared via an etherification reaction 

between 1,1,1-tris(4-hydroxyphenyl)ethane and propargyl bromide (Scheme 4.8). 

 

 

 

(4.8) 

In the 
1
H NMR spectrum of 4, it was evident that CH2 protons of propargyl bromide 

at 3.86 shifted to 4.66 ppm as a doublet signal of CH2O indicating a successful 

etherification reaction. Alternatively, integrals of remaining protons were consistent 

with each other affording a successful etherification (Figure 4.8). 
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Figure 4.8 : 1
H NMR spectrum of 4 in CDCl3. 

Additionly, the second component of the model reaction was prepared in three steps. 

In this case, 9-anthracene methanol was used as a starting meterial. The hydoxyl 

functionality was converted to carboxylic acid via a reaction with succinic anhydride 

in the presence of Et3N/DMAP catalyst system and CH2Cl2 as solvent to give 5 

(Scheme 4.9).  

 

 

 

(4.9) 

The structure was confirmed by 
1
H NMR spectrum (Figure 4.9, (b)). A shift from 5.6 

ppm to 6.18 ppm of methylene protons linked to anthracene ring due to esterification 

reaction and multiplet peaks around 2.69-2.62 ppm asigned to C=OCH2CH2C=O 

clearly indicated that 5 was achieved. 

On the other hand, 3-azido propanol (6) was obtained quantitatively via simple 

substitution reaction using bromo propanol and NaN3 in the presence of 

acetone/water mixture (Scheme 4.10).  

 

(4.10) 

It was observed from 
1
H NMR spectrum of 6, a signal related to methylene protons 

next to -Br at 4.52 ppm completely disappeared and a new signal linked to -N3 was 

observed at 3.44 ppm (Figure 4.9, (a)). 
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The second component (7) of the model compound comprising both azide and 

anthracene unit was carried out through an esterification reaction between 5 and 6 

(Scheme 4.11).  

 

 

(4.11) 

1
H NMR spectrum of 7 indicated the successful reaction (Figure 4.9, (c)). The 

methylene protons adjacent to the anthracene and ester were detected as singlet at 6.2 

ppm and triplet at 4.1 ppm confirmed that the reaction was successfully carried out. 

 

Figure 4.9 : Comparison of the 
1
H NMR spectra of a) azido prapanol (6), b) 

succinic acid mono-anthracen-9-ylmethyl-ester (5), and c) anthracen-

9-yl methyl 3-azidopropyl succinate (7) in CDCl3. 

Thereafter, the model reaction of 4 and 7 with 2 was carried out in the presence of 

CuBr/PMDETA in DMF at 120 ºC for 48 h using CuAAC and Diels-Alder click 

reactions in  one-pot process (Scheme 4.12).   
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(4.12) 

 

 

The model compound 8 was simply purified by precipitation in diethyl ether and its 

structure was identified by 
1
H and 

13
C NMR spectroscopy. The characteristic signals 

related with triazole and anthracene-maleimide cycloadducts can be detected at 7.75 

(CH of triazole), 5.49 (CH2-anthracene-maleimide cycloadduct), 4.77 (CH, bridge-

head proton) and 4.45 (CH2-triazole) (Figure 4.10). The confirmed structure of 8 

proves double click reactions to have a potential in the preparation of star-block 

copolymers.  

 

Figure 4.10 : 1
H NMR of the model compound (8) obtained from double click 

reactions in CDCl3. 
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The one-pot double “click” reaction was further confirmed by FT-IR spectroscopy. 

From Figure 4.11, we can observe the complete disappearance of characteristic azide 

absorbance peak at 2100 cm
-1

 for 8, as compared to that of 7. Moreover, the relative 

intensity of the absorbance peak at 3310 cm
-1

 characteristic of terminal alkyne 

groups of 4 also disappeared. This further confirmed that the  “click” reactions were 

complete.  

 

Figure 4.11 : FT-IR spectra of 2 (a),  4 (b), 7 (c) and model compound 8 (d). 

After succesful preparation of this model compound via CuACC and Diels-Alder 

click reactions in one-pot process, the precursors of 3-arm star block copolymers 

were prepared. 

For this purpose, 9-anthrylmethyl 2-bromo-2-methyl propanoate (9) was first 

synthesized as an ATRP initiator via an esterification reaction between 9-anthracene 

methanol and 2-bromoisobutryl bromide in THF at room temperature (Scheme 4.13). 
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(4.13) 

This compound, 9 was characterized by 
1
H NMR. Along with anthracene protons 

between 8.51 and 7.45 ppm, from 
1
H NMR spectrum (Figure 4.12), methylene 

protons adjacent to the anthracene and methyl protons next to Br were detected at 

6.21 and 1.86 ppm, respectively. These results confirmed the structure of 9. 

 

Figure 4.12 : 1
H NMR spectrum of 9-anthyrylmethyl 2-bromo-2-methyl propanoate 

(9) in CDCl3. 

After that, α-anthracene-ω-bromo-terminated polystyrene (Anth-PS-Br) as an inner 

precursor of star block copolymers was prepared by ATRP of St using 9 as initiator 

and CuBr/ PMDETA as catalyst at 110 °C (Scheme 4.14). The molecular weight and 

conditions employed for the preparation of Anth-PS-Br as well as the other linear 

precursors of 3-arm star block copolymers are presented in Table 4.3.  

 

 

 

(4.14) 

The Mn,theo (4900 g/mol) value is in excellent agreement with that obtained by GPC 

(Mn,GPC = 5200 g/mol relative to PS standards), and the PDI is low (Mw/Mn =1.12). 

Moreover, The NMR number–average molecular weight (Mn,NMR = 6000 g/mol) of 

this polymer was calculated by comparing the integrations of the signals 
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corresponding to the aromatic protons of styrene present on each repeating unit at 

6.5–7.5 ppm and that of five protons of anthracene end-group in the range of 8.4–7.9 

ppm and end-group proton of PS (4.4), while being included MW of 9 (357 g/mol).  

 

Figure 4.13 : 1
H NMR spectra of PS-α-anthracene-ω-bromide (Anth-PS-Br) (a) and 

PS-α-anthracene-ω-azide (Anth-PS-N3) (b) in CDCl3.  

Furthermore, the molecular weight of Anth-PS-Br homopolymer (Mn,UV = 5400) was 

calculated by employing UV-spectroscopy assuming that the molar extinction 

coefficient (ε=9451 L mol
-1 

cm
-1

 at 368 nm in CH2Cl2) of anthryl end group in the 

obtained polymer was the same as that of 9-anthrylmethyl 2-bromo-2-methyl 

propanoate, 9, and showed good agreement with those aforementioned results. 

This precursor was subsequently reacted with NaN3 in DMF to yield the desired α- 

anthracene-ω-azide functional PS (Anth-PS-N3). Qantitative transformation of ω-

bromo moieties into azido moieties was detected by 
1
H NMR in terms of observing a 

clear shift from 4.4 (CH-Br) to 3.9 ppm (CH-N3) (Figure 4.13). Moreover from FT-

IR spectrum the appearance of a strong absorbance at 2094 cm
-1 

was observed as a 

characteristic of azide streching band. Moreover, there is no change in the Mn,GPC and 

polydispersity values during this transformation process (Table 4.3). 

One of the outer precursors of star block copolymers, MI-PMMA, was prepared in a 

similar way as described in the synthesis of hetero graft copolymer (Scheme 4.2).  At 

the end of the polymerization, chloride end-functionality of MI-PMMA was removed 

by similarly reacting with Bu3SnH in order to avoid the probability of the radical 
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formation caused by CuBr/PMDETA in a one-pot preparation of star block 

copolymer.   The experimental conditions and results are given in Table 4.3. Mn,NMR 

was consistent with that obtained from GPC and  however,  higher than that from the 

Mn,theo. It is due to low initiation efficiency of 3 under this polymerization condition.  

In order to obtain the other outer precursors of star block copolymers, MI-PEG  was 

synthesized in two steps. 

In this case, 2 was used as a starting meterial (Scheme 4.15). The hydoxyl 

functionality of 2 was converted to the carboxylic acid via a reaction with succinic 

anhydride in the presence of Et3N/DMAP catalyst system and 1,4-dioxane as solvent 

in order to give 10 (Scheme 4.15).  

 

 

(4.15) 

From 
1
H NMR spectrum (Figure 4.14) of 10, methylene protons next to the ester 

(NCH2CH2OC=O) and methylene protons adjacent to nitrogen (NCH2CH2OC=O)  

appeared at 4.25 ppm and 3.74 ppm respectively. Moreover, the multiplet signals 

around 2.66-2.53 ppm confirmed a successful conversion of the hydroxyl group to 

the carboxylic acid.   

 

Figure 4.14 : 1
H NMR spectrum of 4-(2-[(3-acetyl-7-oxabicyclo[2.2.1]hept-

yl)carbonyl]amino ethoxy)-4-oxobutanoic acid  (10) in CDCl3. 

Then, the commercially available PEG-OH (Mn = 2000 g/mol) was reacted with 10 

affording MI-PEG (Scheme 4.16). 
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(4.16) 

 

 

The structure of the desired MI-PEG could be fully identified by 
1
H NMR (Figure 

4.15). The characteristic protons of MI-PEG, such as vinyl (CH=CH), bridge-head 

(CHCH=CHCH), repeating unit of PEG (OCH2CH2) and bridge CH2N(C=O)CH-

CH) were assigned at 6.5, 5.2, 3.5-3.9 and 2.8 ppm, respectively. The Mn,NMR was 

determined by comparing the integral of vinyl end group signal (δ 6.5) to those of 

repeating unit of PEG and N-CH2 (δ 3.9-3.5), while including the MW of 10. Mn,NMR 

fit well with the Mn,theo indicating a quantitative maleimide end-group 

functionalization (Table 4. 3).   

 
Figure 4.15 : 1

H NMR spectrum of the MI-PEG in CDCl3. 

Table 4. 3 summarizes the experimental conditions and results of the linear polymers 

used for the synthesis of 3-arm star block copolymers.  
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Table 4.3 : The conditions and results of linear polymers used in the synthesis of 3- 

arm star block copolymers. 

Polymer 
Time 

(min) 

Conv.
d
 

(%) 

Mn,GPC
e
 

(g/mol) 

 

Mw/Mn
e
 

 

Mn,theo 

(g/mol) 

Mn,NMR  

(g/mol)
 

Anth-PS-N3
a
 40 22 5300 1.11 4900

f
 6000 

MI-PMMA
b
 210 19 2500 1.19 1350

f
 2600 

MI-PEG
c
 - - 3200 1.03 2300

g
 2800 

a 
[M]0:[I]0:[CuBr]:[PMDETA] = 200:1:1:1; polymerization was carried out at 110 

o
C. 

Then NaN3 in DMF stirred at room temperature for overnight. 
b 

[M]0:[I]0:[CuCl]:[PMDETA] = 50:1:1:1; polymerization was carried out at 40 
o
C. 

MMA/toluene = 1/1 (v/v).  
c 
Obtained by an esterification reaction between compound PEG-OH (2000) and 10.

  

d 
Determined by gravimetrically. 

e
 Determined by using conventional GPC (RI detection)  in THF at 30 ºC relative to 

PS standards except MI-PMMA relative to PMMA standards.  
 

f 
Mn,theo = ([M]0/[I]0) X conversion % X MW of monomer  + MW of initiator. 

g 
Mn,theo = Mn of PEG-OH (2000) + MW of 10. 

In the following, Anth-PS-N3 and MI-PMMA or MI-PEG were reacted with a 

trialkyne-functional linking agent 4 (core) using a one-pot technique to yield two 

samples of 3-arm star block copolymers in the presence of CuBr/PMDETA in DMF 

at 120 ºC for 48 h as illustrated in Scheme 4.17.  

 

 

(4.17) 
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A molar excess of PS and PMMA or PEG was used with respect to the linking agent 

4 (core). Moreover, a molar ratio of PMMA or PEG block (outer) to the PS (inner) 

was intentionally taken to be 1.2 due to solubility of the former in precipitation 

solvent methanol.    

(PS-b-PMMA)3 as a first example of star-block copolymers is  simply prepared by a 

one-pot reaction of Anth-PS-N3, MI-PMMA with a linking agent 4 exploiting the 

double click reactions: CuAAC and Diels-Alder.  

1
H NMR spectrum of the obtained (PS-b-PMMA)3 star-block copolymer clearly 

indicated the  successful double click reactions that anthracene signals (δ 8.5-7.5) 

disappeared and  new signals for the corresponding anthracene-maleimide 

cycloadduct appeared (δ 4.7 and 3.2 for a bridge-head proton and bridge protons, 

respectively) (Figure 4.16). 

 

Figure 4.16 : 1
H NMR spectrum of the observed (PS-b-PMMA)3 star-block 

copolymer in CDCl3. 

Figure 4.17 (a)  shows the evolution of GPC traces of (PS-b-PMMA)3 star-block 

copolymer, Anth-PS-N3, and MI-PMMA. A shift for star block copolymer is clearly 

observed with respect to those of precursors.  

However, since the GPC trace contains various shoulders to the higher retention time 

region, it is possible to deconvolute the GPC trace via peak splitting. The peak 

splitting technique allows the obtained GPC trace of the various reaction products to 
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be split into its constituent traces. For example, the obtained GPC trace for the (PS-b-

PMMA)3 represents the sum of the GPC traces of the target  3-arm star block (PS-b-

PMMA)3 and (PS-b-PMMA)2 copolymers and linear PS-b-PMMA copolymer. The 

result of the peak splitting using a Gaussian deconvolution of the obtained GPC trace 

of (PS-b-PMMA)3 displays that the area percentage ratios of 3-arm star-block (PS-b-

PMMA)3, (PS-b-PMMA)2  and linear PS-b-PMMA copolymer were 88%, 8% and 

4% (Figure 4.17, (b)).  

 

Figure 4.17 : a) Evolution of GPC traces of the obtained 3-arm star block 

copolymer (PS-b-PMMA)3, Anth-PS-N3 and MI-PMMA using RI 

detection in THF at 30 ºC; b) Deconvolution of GPC trace of the 

observed (PS-b-PMMA)3 star-block copolymer via peak splitting. 

(PS-b-PEG)3 as a second sample of star-block copolymer was also characterized by 

conventional and triple detection 
1
H NMR spectroscopy and GPC measurements.  

Figure 4. 18 shows the 
1
H NMR spectrum of the (PS-b-PEG)3 star block copolymer. 

The disappearance of anthracene aromatic protons in the range of 8.5 to 7.5 and the 

appearance of bridge-head proton of anthracene-maleimide cycloadduct at 4.7 ppm 

are detected confirming the occurrence of double click reactions. 
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Figure 4.18 : 1
H NMR spectrum of the obtained (PS-b-PEG)3 star-block copolymer 

in CDCl3. 

Figure 4.19 (a) displays the GPC traces of the obtained 3-arm star block and its 

precursors (Anth-PS-N3 and MI-PEG). It is clear to detect a shift in the GPC trace of 

the observed 3-arm star block copolymer to lower retention times.  Additionally, any 

GPC traces are not observed fitting the retention times of precursors.   

The GPC trace of the obtained 3-arm star block copolymer is comprised of (PS-b-

PEG)3 3-arm star-block copolymer, (PS-b-PEG)2 copolymer and PS-b-PEG 

copolymer. Similar peak splitting analyses were performed on that GPC trace (Figure 

4.19, (b)). The area percentage ratios of 3-arm star block polymer, (PS-b-PEG)2 and 

PS-b-PEG were 82%, 9% and 9%, respectively, according to the multipeak splitting 

using a Gaussian function indicating that double click reactions have occurred 

efficiently resulting in the star-block copolymer formation.  



97 

 

 

Figure 4.19 : a) Evolution of GPC traces of the obtained 3-arm star block 

copolymer (PS-b-PEG)3, Anth-PS-N3 and MI-PEG using RI detection 

in THF at 30 ºC; b) Deconvolution of GPC trace of the observed (PS-

b-PEG)3 star-block copolymer via peak splitting. 

It is noteworthy that star polymer have more compact structure than linear polymer 

of equivalent molecular weight and composition resulting in smaller hydrodynamic 

volume, for this reason, the absolute molecular weight of the polymer was also 

analyzed by a second GPC (Viscotek TDA 302 triple detector) system. Essentially, 

refractive index (RI), light scattering (LS) and differential viscometer detectors in 

TD-GPC instrument provides more advanced and accurate technique to measure the 

absolute molecular weight of star polymer, if refractive index increment (dn/dc) 

value of the analyzed polymer is known. 

In order to determine the absolute molecular weight of the 3-arm star block 

copolymers, firstly the dn/dc value of the linear precursors of PS, PMMA and PEG 

were measured by TD-GPC instrument and found to be 0.185 mL/g, 0.076 mL/g and 

0.078 mL/g, respectively. Meanwhile,  it was shown that dn/dc value correlates 

linearly with composition of block copolymer in Eq. 4.1, given in literature [215]. 
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(dn/dc)block copolymer
 
= x (dn/dc)PS + y (dn/dc)PMMA /or PEG                                             (Eq. 4.1) 

Where x and y are the weight fractions (w) of PS and PMMA /or PEG blocks from 

1
H NMR according to the backbone protons. The weight fractions of the PS and 

PMMA/or PEG blocks in the (PS-b-PMMA)3 and (PS-b-PEG)3 star block 

copolymers were determined to be 0.78 and 0.22, respectively. Using Eq. 4.1, dn/dc 

values are derived to have 0.160 and 0.161 mL/g for (PS-b-PMMA)3 and (PS-b-

PEG)3 star block copolymers respectively. Then, the absolute molecular weights of 

the 3-arm star block copolymers are obtained from TD-GPC instrument introducing 

the above dn/dc values into Omnisec software. Table 4.4 summarizes data obtained 

from both conventional GPC and TD-GPC. 

Table 4.4 : GPC characterization of 3-arm star block copolymers 

3-arm star block 

copolymer 
Mn,theo

a
 Mn,GPC

b
 Mw/Mn

b
 Mn,TD-GPC

c
 

 

Mw/Mn
c
 

 

(PS-b-PMMA)3 26200 16500 1.11 23200 1.06 

(PS-b-PEG)3 26800 14000 1.09 24300 1.06 

a
Mn,theo = (sum of Mn,NMR of precursors) x 3 + MW of 4. 

b
Calculated from conventional GPC (RI detection) using linear PS standarts in 

THF at 30 °C. 
c
Calculated from TD-GPC in THF at 35 °C. 

A similar remark can also be given here for a comparison of Mn,theo, Mn,TD-GPC and 

Mn,GPC. Mn,theo value is close to the Mn from TD-GPC (Mn,TD-GPC), rather than that 

from conventional GPC (Mn,GPC), which is calculated using linear PS standards 

because of the differences in the hydrodynamic volume between star polymers and 

linear standards. 

4.3. Synthesis of Multiarm Star Block and Multiarm Star Mixed-Block 

Copolymers via CuAAC Click Reaction 

In this study, (PtBA)m-(PS)n-polyDVB, (PEG)k-(PS)n-polyDVB multiarm star block 

and (PEG)k-(PtBA)m-(PS)n-polyDVB mixed-block copolymers were synthesized via 

a combination of ATRP and CuAAC reaction using the “arm first” methodology 

(Scheme 4.18).   

In this respect, α-silyl protected alkyne PS (α-silyl-alkyne-PS) was prepared by 

ATRP of St and used as macroinitiator in a cross-linking reaction with DVB to yield 
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multiarm star homopolymer with alkyne periphery. Linear azide end-functionalized 

polymers including PEG-N3 and PtBA-N3 were simply clicked with the multiarm star 

polymer to form star block or mixed-block copolymers in DMF at room temperature 

for 24 h.  

 

(4.18) 

 

 

First, linear α-silyl protected alkyne functional initiator (11) was synthesized through 

an esterification reaction via a similar method as described before (Scheme 4.19).  

 

 

(4.19) 

The 
1
H NMR spectrum of 11 showed three singlets, methylene protons next to ester 

unit at 4.75 ppm, methyl protons next to Br at 1.96 ppm and methyl protons next to 

Si at 0.17 ppm (Figure 4.20).  
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Figure 4.20 : 1
H NMR spectrum of 3-(1,1,1-trimethylsilyl)-2-propynyl 2-bromo-2-

methylpropanoate (11) in CDCl3. 

Then, α-silyl protected alkyne terminated PS (α-silyl-alkyne-PS) was prepared from 

ATRP of St using 11 as an initiator. The silyl protection of prop-2-ynyl 2-bromo-2-

methylpropanoate was carried out to prevent the radical polymerization of alkyne 

during ATRP of St at 110 
o
C (Scheme 4.20).  

 

 

(4.20) 

All polymerization conditions and results of the linear precursors used in the 

synthesis of multiarm star polymer, multiarm star block and multiarm star mixed-

block copolymers were tabulated in Table 4.5. 

DPn of -silyl-alkyne-PS was calculated to be 61.5 by comparing integration areas of 

signal at 7.5-6.5 (ArH of PS) to that of (CH3)3Si- (-end group of PS) at 0.17 ppm 

(Figure 4.21).  Consequently, Mn,NMR of -silyl-alkyne-PS was calculated to be 

Mn,NMR= 61.5 X 104.1 + 278 (MW of 11) = 6680 g/mol.  
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Figure 4.21 : 1

H NMR spectrum of α-silyl-alkyne-PS in CDCl3. 

On the other hand, the outer precursor of multiarm star block and multiarm star 

mixed-block copolymers, PtBA-N3 was prepared in two steps (Scheme 4.21). First 

PtBA-Br was efficiently synthesized by ATRP of tBA using ethyl 2-

bromoisobutyrate as initiator. DPn and Mn,NMR was calculated to be 33.5 and 4500 

g/mol, respectively via an integration area ratio of CH2OC=O and CHBr end groups 

at 4.1 ppm to that of CH on the PtBA backbone at 2.2 ppm. The results from NMR 

and GPC displayed that a successful living polymerization reaction occurred (Table 

4.5).  As a second step, the terminal Br functionality of linear PtBA-Br was then 

facilely converted to the azide moiety by reacting with NaN3 in DMF at 50 
o
C in 

order to give PtBA-N3.  

 

(4.21) 

Azidation was clearly evidenced from 
1
H NMR spectrum of PtBA-N3 that a new 

signal corresponding to -CHN3 at 3.7-3.6 ppm emerged (Figure 4.22). Moreover, it 

should be noted that azidation reaction did not resulted in a discrepancy in both 

Mn,NMR  and Mn,GPC of PtBA.   
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Figure 4.22 : 1

H NMR spectrum of PtBA-N3 in CDCl3. 

Starting from PEG-OH, two esterification reaction steps are needed to produce PEG-

N3.  First, PEG-COOH was achieved with a reaction of PEG-OH and succinic 

anhydride catalyzed by Et3N/DMAP in CH2Cl2 (Scheme 4.22).  

 

 

(4.22) 

Meanwhile, a similar procedure as described before was applied to the synthesis of 

2-azidoethanol (12). 2-azidoethanol (12) was obtained quantitatively via simple 

substitution reaction using bromo ethanol and NaN3 in the presence of acetone/water 

mixture (Scheme 4.23).  

 

 

(4.23) 

It was observed from 
1
H NMR spectrum of 12, a signal related to methylene protons 

next to Br atom at 4.52 ppm completely disappeared and a new peak linked to -N3 

was observed at 3.44 ppm. Additionaly, FT-IR spectrum of 12 revealed the presence 

of absorbance peak at 2100 cm
-1

, which is characteristic of the terminal azide group. 

Second, esterification reaction between PEG-COOH and 2-azido ethanol afforded 

the synthesis of PEG-N3 (Scheme 4.24).  
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(4.24) 

1
H NMR analysis confirmed the azido group introduction to the structure, displaying 

new signals corresponding to -CH2N3 appeared at 3.55-3.45 ppm (Figure 4.23). DPn 

was calculated to be 10 from a ratio of terminal protons of PEG backbone 

(C=OCH2CH2C=O) (δ 2.67) to that of OCH2CH2O backbone (δ 3.70-3.55). Mn,NMR 

was consequently determined to be 620 using an equation Mn,NMR = 10 X 44 + MW 

of 2-azidoethanol and succinic anhydride.  

  
Figure 4.23 : 1

H NMR spectrum of PEG-N3 in CDCl3. 

Table 4.5 : The conditions and results of linear polymers used in the synthesis of 

multiarm star polymer, multiarm star block and multiarm star mixed-

block copolymers. 

Polymer 
Time 

(min) 

Conv.
d
 

(%) 

Mn,GPC
e
 

(g/mol) 

 

Mw/Mn
e
 

 

Mn,theo 

(g/mol) 

Mn,NMR  

(g/mol)
 

α-silyl-alkyne-PS
a
 45 30 6800 1.07 6530

f
 6680 

PtBA-N3
b
 30 30 4050 1.10 4000

f
 4500 

PEG-N3
c
 - - 480

 
 1.05 720

g
 620 

a 
[M]0:[I]0:[CuBr]:[PMDETA] = 200:1:1:1; polymerization was carried out at 110 

o
C.  

b 
[M]0:[I]0:[CuBr]:[PMDETA] = 100:1:1:1; polymerization was carried out at 80 

o
C. 

tBA / EC = 10 (w/w). Then NaN3 in DMF stirred at room temperature for overnight. 
c 
Obtained by an esterification reaction between compound PEG-OH (550) and 12.

  

d 
Determined by gravimetrically. 

e
 Determined by using GPC in THF at 30 ºC relative to PS standards.  

 

f 
Mn,theo = ([M]0/[I]0) X conversion % X MW of monomer  + MW of initiator. 

g 
Mn,theo = Mn of PEG-OH (550) + MW of 12. 
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Thereafter,-silyl-alkyne-PS was used as a macroinitiator DVB as cross-linker in 

ATRP condition at 110 ºC to give (-silyl-alkyne-PS)n-polyDVB  multiarm star 

homopolymer (Scheme 4.25).  

 

 

(4.25) 

The progress of polymerization was followed by GC and GPC while taking samples 

at time intervals. We observed a peak originating from the -silyl-alkyne-PS arms 

during the course of reaction process, where the peak gradually shifts toward higher 

molecular weight region and becomes monomodal as the polymerization proceeds, 

indicating that the molecular weight distribution becomes narrower. After 9 h, the 

reaction was stopped at 85% conversion and the reaction mixture was easily purified 

by two dissolution-precipitation cycles (THF-methanol/diethyl ether) to remove 

unreacted linear -silyl-alkyne-PS.  The relevant chromatograms and the purified 

multiarm star polymer are overlaid in Figure 4.24. 

 

  

Figure 4.24 : Evolution of GPC traces of (α-silyl-alkyne-PS)n-polyDVB multiarm 

star polymer using RI detector in THF at 30 
o
C ([DVB]0/15 = [α-silyl-

alkyne-PS]0 = [CuBr]0 = [PMDETA]0 = 0.023 M in anisole at 110 ºC). 

A monomodal GPC trace and narrow molecular weight distribution for (-silyl-

alkyne-PS)n-polyDVB multiarm star polymer were detected. Later on, (-silyl-
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alkyne-PS)n-polyDVB multiarm star polymer was then efficiently deprotected using 

TBAF in order to give corresponding (Alkyne-PS)n-polyDVB.  Figure 4.25 compares 

the 
1
H NMR spectra recorded before and after deprotection. The disappearance of the 

signal at δ 0.17 corresponding to (CH3)3Si- confirmed the structure of (alkyne-PS)n-

polyDVB multiarm star polymer. 

 

Figure 4.25 : Comparison of the 
1
H NMR spectra of   a) (α-silyl-alkyne-PS)n-

polyDVB multiarm star polymer  and b) (alkyne-PS)n-polyDVB 

multiarm star polymer  in CDCl3. 

Additionally, TD-GPC measurement of (-silyl-alkyne-PS)n-polyDVB and (Alkyne-

PS)n-polyDVB multiarm star polymers were carried out. The molecular weight 

values (Mw, and Mp) of (Alkyne-PS)n-polyDVB star polymer were obtained using 

TD-GPC instrument given in Table 4.6.   As mentioned above, TD-GPC instrument 

provides more advanced and accurate technique to measure the absolute molecular 

weight of star polymers. Although, dn/dc value of linear PS is available, an attempt 

has been made to clarify the effect of cross-linked DVB core on the dn/dc value of 

multi arm PS star polymer.  Therefore, the dn/dc of (Alkyne-PS)n-polyDVB was 

measured by TD-GPC instrument and found to be 0.185 mL/g in THF at 35 
o
C, 

which is equal to that of  linear PS. The weight average arm number (f ) of multiarm 

(Alkyne-PS)n-polyDVB star polymer was calculated using the following equation 

based on the absolute molecular weights (Mw) of multiarm star polymer.  
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(Eq. 4.2) 

Where WFarm is the weight fraction of PS arm in the star polymer, Mw,star and Mw,arm 

are the absolute molecular weights of the (Alkyne-PS)n-polyDVB star and the -

silyl-alkyne-PS arm, respectively obtained from TD-GPC instrument introducing  the 

predetermined dn/dc value of PS to OmniSEC software, MDVB is the molecular 

weight of DVB, [DVB]/[-silyl-alkyne-PS] is a feed molar ratio of the DVB to -

silyl-alkyne-PS before cross-linking polymerization. The conversion of DVB 

(convDVB) was determined by GC. Thus, the f of multiarm (Alkyne-PS)n-polyDVB 

star polymer was calculated to be 27 and listed in Table 4.6. It is generally accepted 

that the intrinsic viscosity comparison of star polymer and its linear counterpart 

provides the most convenient method to elucidate the structure of star polymers, 

where g’ is the contraction factor as given in Eq. 4.3.
 
 

g’ = []star / []linear  (M = constant)                                                                  (Eq. 4.3) 

Where []star and []linear are the intrinsic viscosities of star polymer and the linear 

polymer with the same molecular weight and the composition, respectively [248]. It 

is also shown that in regular (equal arm length) star polymers, g’ is related with the 

number of arms, f as follows:  

log g’ = 0.36 – 0.8 log f                                                                                    (Eq. 4.4) 

Mark-Houwink-Sakurada (MHS) parameters K and a for linear PS were determined 

to be 1.44x10
-4

 dL/g and 0.707, respectively in THF at 35 
o
C using a series of linear 

narrow PS standards by TD-GPC. Then, using these parameters []linear was 

calculated to be 0.955 dL/g for a specified molecular weight (Mw = 250750) of linear 

PS. Moreover, the []star of (Alkyne-PS)n-polyDVB star polymer was measured to be 

0.162 dL/g by the viscometer detector in TD-GPC.  The number of arms, f was 

calculated to be 26 using Eqs. 4.3-4 and in close agreement with that obtained from 

Eq. 4.2. Absolute molecular weight (Mw), Mp, Mw/Mn and  hydrodynamic radius (Rh) 

for (Alkyne-PS)n-polyDVB multiarm star polymer are given in Table 4.6. 
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Table 4.6 : GPC characterization of multiarm star polymer, multiarm star block and multiarm star mixed-block copolymers. 

 Polymers 

GPC  TD-GPC 

Mn 

(g/mol) 

Mw 

(g/mol) 

Mp
b

 

(g/mol) 

 

Mw/

Mn
 

 

 
Mw 

(g/mol) 

Mp
b

 

(g/mol) 

 

Mw/

Mn
 

 

[η] 

(dL/g) 

Rh 

(nm) 

dn/dc
 

(mL/g) 
f
d
 

(Alkyne-PS)n-polyDVB
a
 73700 87500 84500 1.18  250750 223400 1.18 0.162 8.45 0.185 27(26)

e
 

(PtBA)m-(PS)n-polyDVB 45000 48100 50800 1.07  383700 325700 1.18 0.159 9.69 0.135
c
 - 

(PEG)k-(PS)n-polyDVB 86700 110500 102900 1.27  269100 222300 1.04 0.151 8.59 0.179
c
 - 

(PEG)k-(PtBA)m-(PS)n-polyDVB 64000 70800 71400 1.11  359400 318400 1.07 0.208 10.21 0.143
c
 - 

 a
[DVB]0/15 = [α-silyl-alkyne-PS]0 = [CuBr]0 = [PMDETA]0= 0.023 M in anisole at 110 °C. Then deprotection with TBAF at room temperature. 

 
b
Molecular weight at peak apex. 

 c
Calculated according to eq. 4.1.  

 
d
Calculated according to eq. 4.2.  

 e
Calculated according to eqs. 4.3 and 4.4. 
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Next, (PtBA)m-(PS)n-polyDVB multiarm star block copolymer was achieved via a 

click reaction of linear PtBA-N3 precursor with (Alkyne-PS)n-polyDVB multiarm 

star polymer  in the presence of CuBr/PMDETA in DMF at room temperature for 24 

h (Scheme 4.26). In this case, an excess of linear precursors (1.3 equiv.) was 

employed with respect to that of multiarm star polymer. The unreacted linear 

precursors were easily removed from the reaction medium due to their solubility in 

methanol. After purification, the obtained multiarm star block copolymers were 

characterized by 
1
H NMR, TD-GPC and GPC.  

 

 

(4.26) 

From 
1
H NMR spectrum of (PtBA)m-(PS)n-polyDVB multiarm star block copolymer, 

characteristic signals at 2.2 and 1.4 ppm related with CH and C(CH3)3 of PtBA, 

respectively along with signals of PS block confirmed a successful azide-alkyne click 

reaction (Figure 4. 26).  
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Figure 4.26 : 1
H NMR spectrum of (PtBA)m-(PS)n-polyDVB multiarm star block 

copolymer in CDCl3. 

Using weight fractions of PS (0.64) and PtBA (0.36) blocks derived from 
1
H NMR, 

dn/dc of corresponding star block copolymer is calculated to be 0.135 mL/g by using 

an equation 4.1 assuming that the dn/dc of linear PS and PtBA precursors is 0.185 

and 0.049 mL/g, respectively. Thus, the obtained dn/dc is then introduced into the 

Omni-Sec software of TD-GPC for the calculation of Mw and Rh of the multiarm star 

block copolymer (Table 4.6).  

A GPC trace of   (PtBA)m-(PS)n-polyDVB multiarm star block copolymer displayed 

a shift to lower retention time region compared to that of the precursor (PS)n-

polyDVB, indicating that the former had higher hydrodynamic volume than that of 

the precursor (Figure 4.27).  Remarkably, it is noted that a trace for PtBA-N3 was not 

detected. 
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Figure 4.27 : GPC traces of (Alkyne-PS)n-polyDVB multiarm star, (PtBA)m-(PS)n-

polyDVB multiarm star block copolymer and linear PtBA-N3 

precursor using RI detector in THF at 30 
o
C.   

As a second example, (PEG)k-(PS)n-polyDVB multiarm star block copolymer was 

achieved in a similar way via the CuAAC reaction of linear PEG-N3 precursor with 

(alkyne-PS)n-polyDVB multiarm star polymer in the presence of CuBr/PMDETA in 

DMF at room temperature for 24 h (Scheme 4.27). 

  

 

(4.27) 
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(PEG)k-(PS)n-polyDVB multiarm star block copolymer was analyzed by 
1
H NMR 

and GPC measurements. 
1
H NMR spectrum showed characteristic resonances of ArH 

at 7.5-6.5 and CH2CH2O at 3.6 ppm for PS and PEG, respectively (Fgure 4.28). 

Again, weight fractions for the PS and PEG blocks were determined to be 0.95 and 

0.05, respectively from NMR.  

 

Figure 4.28 : 1
H NMR spectrum of (PEG)k-(PS)n-polyDVB multiarm star block 

copolymer in CDCl3. 

Using these weight fractions, dn/dc = 0.179 mL/g of star block copolymer was 

subsequently calculated depending on an assumption that the dn/dc of PS and PEG 

was 0.185 and 0.078 mL/g, respectively. Similarly, Mw, Mp, Mw/Mn and Rh were 

obtained from TD-GPC along with [] introducing the above dn/dc into the Omni-

Sec software (Table 4.6).  

GPC analysis of (PEG)k-(PS)n-polyDVB multiarm star block copolymer  showed a 

monomodal trace, however, which shifted to higher retention time with respect to 

that of  (Alkyne-PS)n-polyDVB multiarm star polymer (Figure. 4.29). This may be 

due to that adsorption of the PEG segment with stationary phase caused a shift to 

lower molecular weight region. Moreover, from Table 4.6, it is deduced that Rh of 

multiarm star block copolymer is slightly higher than that of (Alkyne-PS)n-polyDVB 

multiarm star polymer, indicating that GPC trace shift is not the result of a decrease 

in the hydrodynamic volume.  
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Figure 4.29 : GPC traces of (Alkyne-PS)n-polyDVB multiarm star, (PEG)k-(PS)n-

polyDVB multiarm star block copolymer and linear PEG-N3 precursor 

using RI detector in THF at 30 
o
C.   

As a third sample, (PEG)k-(PtBA)m-(PS)n-polyDVB multiarm star mixed-block 

copolymer was simply prepared from a azide-alkyne click reaction of  (Alkyne-PS)n-

polyDVB multiarm star polymer with linear precursors, PtBA-N3 and PEG-N3, 

concurrently in the CuBr/PMDETA in DMF at room temperature for 24 h. A 1.2 

equiv. of linear precursors to that of (Alkyne-PS)n-polyDVB multiarm star polymer 

was used in the reaction. Similarly, unreacted linear precursors were easily removed 

from the reaction medium. The resulting multiarm star mixed-block copolymer is 

characterized by 
1
H NMR, GPC and TD-GPC. Characteristic signals for PS, PEG 

and PtBA segments are detected at 7.5-6.5 (ArH), 3.6 (CH2CH2O-) and 2.2 ppm 

(CH), respectively from 
1
H NMR spectrum (Figure 4.30).  
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Figure 4.30 : 1

H NMR spectrum of (PEG)k-(PtBA)m-(PS)n-polyDVB multiarm star 

mixed-block copolymer in CDCl3. 

Additionally, dn/dc = 0.143 mL/g of the target multiarm star mixed-block copolymer 

is calculated by using the weight fractions and dn/dc values of individual segments. 

The weight fractions for PS, PtBA and PEG segments from 
1
H NMR were found to 

be 0.70, 0.27 and 0.03, respectively. After introduction of this dn/dc to the software, 

molecular weight data and Rh were obtained together with [] for (PEG)k-(PtBA)m-

(PS)n-polyDVB multiarm star mixed-block copolymer (Table 4.6).  

GPC trace of multiarm star mixed-block copolymer displayed a shift to higher 

retention time with respect to that of (PS)n-polyDVB multiarm star polymer (Figure 

4.31).  Once more, an aforementioned explanation for the GPC analysis of  (PEG)k-

(PS)n-polyDVB may be given for that of (PEG)k-(PtBA)m-(PS)n-polyDVB multiarm 

star mixed- block copolymer.  
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Figure 4.31 : GPC traces of (Alkyne-PS)n-polyDVB multiarm star, (PEG)k-

(PtBA)m-(PS)n-polyDVB multiarm star mixed-block copolymer and 

linear PtBA-N3 and PEG-N3 precursors using RI detector in THF at 30 
o
C. 

In general from Table 4.6, it can be inferred that the absolute molecular weights and 

Rh values of multiarm star polymers ascend from multiarm star to multiarm star 

mixed-block copolymer and all polymers have narrow molecular weight distribution. 

The size and the morphology of multiarm star polymers were further characterized 

by DLS and AFM, respectively. The AFM investigations of the spin coated dilute 

solutions (c ~ 10
-3

 mg/mL) on silicon wafers showed the individual multiarm star 

molecules. The AFM height image Figure 4.32a and the corresponding phase image 

Figure 4.32b show the general view of (PS)n-polyDVB multi arm polymer in a 2 µm 

x 2 µm area on the silicon substrate. The objects seen can be separated into three 

groups depending on their height: (i) aggregates larger than 20 nm in height (Figure 

4.32b lower inset), (ii) circular objects having height ~ 6-10 nm (Fig. 4.32b upper 

inset), and (iii) circular ring objects having height ~ 1-2 nm (Fig. 4.32c-4.32d).  
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Figure 4.32 : AFM height image (a) and the phase image (b) showing the general 

view of the spin coated dilute solutions of (PS)n-polyDVB multi arm 

polymer in a 2 µm x 2 µm area on the silicon substrate. The areas 

inside the drawn squares in (b) were magnified as insets. The height 

(c) and the phase images (d) of the individual molecules are seen in 

detail in 0.7 µm x 0.7 µm scans.  

We attribute the observed circular rings (Fig. 4.32c-4.32d) to the individual multiarm 

star molecules. The observed lateral dimensions of these molecules were between 

23-27 nm which corresponds to a real size of 14-17 nm after deconvolution of the 

finite size of the AFM tip (assumed to be 10 nm). The hydrodynamic diameter of the 

(PS)n-polyDVB multi arm polymers in toluene was measured to be 16.0 ± 3.1 nm by 

DLS (Figure 4.33a) which compares quite well to the sizes determined by AFM. The 

ring shape in height images (Fig. 4.32c) is due to flattening of the molecules by the 

substrate which results in a slight 0.5-1.0 nm decrease in height on top of the central 

core of the molecules exposing the polyDVB region. These polyDVB rich regions 

showed a clear bright contrast in the phase image indicating the relative hardness of 

the central core compared to the PS arms surrounding it. In the case of larger 

aggregates (group (i)) and circular objects of height ~ 6-10 nm (group (ii)), these 

polyDVB rich regions were not all noticeable in the height images, but  a clear bright 

phase could be seen in the phase images (insets of Fig 4.32b). The lateral dimensions 

of ~ 6-10 nm high circular objects were ~ 70 nm, much larger than twice the 

expected length of PS arms and the measured hydrodynamic diameter of 16 nm. We 

attribute these circular objects (group (ii), Fig. 4.32b upper inset) and the larger 
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objects (group (i), Fig. 4.32b lower inset) to the aggregates containing more than one 

multiarm star molecule. Aggregates of several 18-arm polybutadiene (PB) star 

molecules have previously been observed on mica surfaces and the number of 

associated star molecules within the aggregates was reported to increase with the 

amount of molecules on the surface [249]. For star polymers having less than ~32 

arms [249]
 
the interaction and the interpenetration of the arms of different molecules 

lead to such aggregation. In the case of (Alkyne-PS)n-polyDVB, the interaction of 

the alkyne end groups may be an additional source for aggregation.      

The hydrodynamic sizes of the four multiarm star polymers were determined by 

DLS. Figure 4.33 shows the DLS size histograms.  

 

Figure 4.33 : DLS size histograms. The solid lines are the Gaussian fits to the data. 

(a) (Alkyne-PS)n-polyDVB in toluene. (b) (PtBA)m-(PS)n-polyDVB in 

CH2Cl2. (c) (PEG)k-(PS)n-polyDVB in CH2Cl2. (d) (PEG)k-(PtBA)m-

(PS)n-polyDVB in CH2Cl2.  

The average hydrodynamic diameter of (Alkyne-PS)n-polyDVB multiarm star 

polymer was measured to be 16.0 ± 3.1 nm in toluene. The hydrodynamic diameter 

of other three polymers; (PtBA)m-(PS)n-polyDVB, (PEG)k-(PS)n-polyDVB and 

(PEG)k-(PtBA)m-(PS)n-polyDVB,  were all measured in CH2Cl2 and found to be 18.1 

± 4.9 nm, 18.9 ± 3.7 nm and 18.0 ± 2.5 nm, respectively. These sizes compares well 

to those determined by TD-GPC (Table 4.6) which ranges between 17-20 nm. The 

average hydrodynamic diameter was ~2-3 nm larger for (PtBA)m-(PS)n-polyDVB, 

(PEG)k-(PS)n-polyDVB and (PEG)k-(PtBA)m-(PS)n-polyDVB confirming the 
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successful addition of (PtBA-N3) and (PEG-N3) to (alkyne-PS)n-polyDVB via click 

reaction. 

The individual molecules of (PtBA)m-(PS)n-polyDVB, (PEG)k-(PS)n-polyDVB and 

(PEG)k-(PtBA)m-(PS)n-polyDVB multi arm polymers were also clearly observed in 

the AFM images of spin coated dilute solutions on silicon substrates (Figure 4.34).  

 

Figure 4.34 : 0.6 µm x 0.3 µm AFM height (a,c,e) and phase (b,d,f) images of multi 

blockcopolymer arm star polymers on silicon substrates: (a-b) 

(PtBA)m-(PS)n-polyDVB. (c-d) (PEG)k-(PS)n-polyDVB. (e-f) (PEG)k-

(PtBA)m-(PS)n-polyDVB.  

The molecules showed circular ring shapes having a height of ~1-2 nm, and lateral 

size of ~25 nm similar to (Alkyne-PS)n-polyDVB molecules (Fig.4.33-4.33d). It was 

not possible to detect differences of 2-3 nm in lateral size compared to that of 

(Alkyne-PS)n-polyDVB as determined by DLS. Similar to (Alkyne-PS)n-polyDVB, 

aggregates containing more than one molecule were also observed in larger area 

scans.  
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4.4 Synthesis of Multi-miktoarm Star Block Copolymers via Sequential 

CuAAC and Diels-Alder Click Reactions 

As a new synthetic route, sequential double click reactions involving CuAAC and 

Diels–Alder for the preparation of multi-miktoarm star block copolymers were 

employed by using the arm-first approach. Multiarm star PS with both alkyne and 

anthracene moieties at the periphery, (Alkyne-PS)m–polyDVB–(PS-Anth)m, was 

simply obtained via ATRP of DVB concurrently initiated with linear α-silyl alkyne- 

PS and Anth-PS macroinitiators. It is followed by sequential CuAAC and Diels–

Alder click reactions with PtBA–N3 and MI-PMMA, respectively, resulting in the 

formation of target multi-miktoarm star block copolymer (PtBA)m–(PS)n–polyDVB–

(PS)n–(PMMA)k (Scheme 4.28). 

 

 

(4.28) 

For the preparation of (Alkyne-PS)m–polyDVB–(PS-Anth)m multiarm star polymer 

bearing alkyne and anthracene functionalities at the periphery, initially a mixture of 

linear α-silyl-alkyne-PS and Anth-PS was obtained via one-pot ATRP of St 

concurrently initiated by using 9 and 11. From the 
1
H NMR spectrum, the α-

anthracene and α-silyl protected alkyne moieties of linear PS were found to be 47 

and 53 mol%, respectively according to a ratio of integrated areas of anthracene ArH 

(δ 8.5–7.4) and –Si(CH3)3 (δ 0.16) (Figure 4.35). Moreover this ratio was consistent 

with an equimolar feed ratio of 9 to 11 in the ATRP of St.  
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Figure 4.35 : 1
H NMR spectrum of mixture of linear α-silyl alkyne-PS and Anth-PS 

in CDCl3. 

Mn,GPC and Mw/Mn were determined by conventional GPC and fit well with those of 

NMR and theoretical number-average molecular weight (Table 4.7). On the other 

hand, the outer precursors of multi-miktoarm star block copolymers, PtBA-N3 and
 

MI-PMMA were synthesized similiar procedures as described above. All 

polymerization conditions and results of the linear precursors used in the synthesis of 

multi-miktoarm star block copolymers were presented in Table 4.7. 

Table 4.7 : The conditions and results of linear polymers used in the synthesis of 

multi-miktoarm star block copolymers 

Polymer Ini 
Time 

(min) 

Conv.
d
 

(%) 

Mn,GPC
e
 

(g/mol) 

 

Mw/

Mn
e
 

 

Mn,theo
f
 

(g/mol) 

Mn,NMR  

(g/mol)
 

α-silyl-alkyne-

PS + Anth-PS
a
 

9+11 40 23 5400 1.10 5100 6050 

PtBA-N3
b
 EiBr 30 25 3800 1.10 3350 5100 

MI-PMMA
c
 3 210 56 3900 1.17 2800 3000 

a
[M]0:[I]0:[CuBr]:[PMDETA] = 200:1:1:1; polymerization was carried out at 110 

o
C.  

b
[M]0:[I]0:[CuBr]:[PMDETA] = 100:1:1:1; polymerization was carried out at 80 

o
C. 

tBA / EC = 10 (w/w). Then NaN3 in DMF stirred at 50 
o
C for overnight. 

c
[M]0:[I]0:[CuCl]:[PMDETA] = 50:1:1:1; polymerization was carried out at 40 

o
C. 

MMA/toluene = 1/1 (v/v).
 

d
Determined by gravimetrically. 

e
Determined by using GPC in THF at 30 ºC relative to PS standards.  

 

f
Mn,theo = ([M]0/[I]0) X conversion % X MW of monomer  + MW of initiator. 
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In the following, a mixture of Anth-PS and α-silyl-alkyne PS was subsequently used 

as macroinitiator in ATRP of DVB catalyzed by PMDETA/CuBr at 110 ºC for the 

preparation of (α-silyl alkyne-PS)m–polyDVB–(PS-Anth)m multiarm star polymer 

bearing both alkyne and anthracene at the periphery.  

The star formation was monitored by GC and GPC via taking samples at specified 

time intervals and stopped after 12 h at 94% of DVB conversion. The (α-silyl alkyne-

PS)m–polyDVB–(PS-Anth)m multiarm star polymer was purified by 

dissolution/precipitation in THF/MeOH–ether, respectively.  

The absolute molecular weight (Mw) of the multiarm star polymer (α-silyl-alkyne-

PS)m–polyDVB–(PS-Anth)m was measured using TD-GPC and the number of arms 

(f) per molecule of the multiarm star polymer was calculated to be 31 using the 

equation 4.2.  

Again, the 
1
H NMR analysis of the multiarm star polymer revealed that star polymer 

contains 46 and 54 mol% of anthracene and silyl-alkyne moieties at the periphery, 

respectively, using similar NMR assignments to those given above for a mixture of 

linear α-silyl-alkyne-PS and Anth-PS (Figure 4.36 (a)). It should be noted that the 

number of arms per star molecule containing silyl-alkyne and anthracene moieties is 

determined to be 17 and 14, respectively. 

 

Figure 4.36 : 1
H NMR spectra of (α-silyl-alkyne-PS)m–polyDVB–(PS-Anth)m 

multiarm star polymer (a) and (Alkyne-PS)m–polyDVB–(PS-Anth)m 

multiarm star polymer (b) in CDCl3. 
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Next, silyl groups at the periphery were deprotected by reacting with TBAF at room 

temperature for 2 h. The complete disappearance of the signal at δ 0.16 

corresponding to (CH3)3Si- confirmed the structure of (Alkyne-PS)m–polyDVB–(PS-

Anth)m multiarm star polymer (Figure 4.36 (b)). 

After deprotection, (Alkyne-PS)m–polyDVB–(PS-Anth)m multiarm star polymer was 

reacted with well-defined linear PtBA–N3 CuBr/PMDETA in DMF at room 

temperature to obtain (PtBA)n–(PS)m–polyDVB–(PS-Anth)m multi-miktoarm star 

block copolymer. A molar ratio of PtBA–N3 to the star molecule was adjusted to be 

20 slightly exceeding the number of arms bearing alkyne at the periphery. Unreacted 

linear PtBA–N3 was simply removed from the reaction mixture by precipitation in 

methanol/diethyl ether.  

NMR analysis showed that PtBA (δ 2.2) precursor had successfully been 

incorporated into the multiarm star polymer. (Figure 4.37)  

 

Figure 4.37 : 1
H NMR spectrum of (PtBA)n–(PS)m–polyDVB–(PS-Anth)m multi-

miktoarm star block copolymer in CDCl3. 

The dn/dc value for the (PtBA)n–(PS)m–polyDVB–(PS-Anth)m multi-miktoarm star 

block copolymer was determined to be 0.146 mL g
-1

 using an equation 4.1, which 

correlates linearly with weight fractions of PS and PtBA segments (wPS = 0.715 and 

wPtBA = 0.285) and dn/dc of the linear precursors. For this calculation, DPn of the PS 

segment in the (PtBA)n–(PS)m–polyDVB–(PS-Anth)m star polymer and the dn/dc 
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value for the linear PtBA were assumed to be 55 and 0.049 mL g
-1

, respectively. 

After introducing dn/dc = 0.146 to the software of TD-GPC, molecular weight data 

and Rh were obtained together with [] for (PtBA)n–(PS)m–polyDVB–(PS-Anth)m 

star polymer were obtained. (Table 4.8).  

Monomodal GPC trace and clear shift with respect to the precursors were observed 

indicating the successful CuAAC click reaction, and thus the formation of the multi-

miktoarm star block copolymer (Figure 4. 38). 

 

 

Figure 4.38 : GPC traces of (PtBA)n-(PS)m-polyDVB-(PS-Anth)m, (Alkyne-PS)m-

polyDVB-(PS-Anth)m multiarm star polymer and linear PtBA-N3 

precursors using RI detector in THF at 30 
o
C. 

After that, Diels–Alder click reaction strategy was applied to the preparation of 

(PtBA)n–(PS)m–polyDVB–(PS)m–(PMMA)k by simply reacting anthracene groups at 

the periphery of (PtBA)n–(PS)m–polyDVB–(PS-Anth)m with linear MI-PMMA 

precursor. The Diels–Alder click reaction was performed in the presence of 1.4-fold 

molar excess of MI-PMMA per arm of the star molecule bearing anthracene at the 

periphery. The formation of target multi-miktoarm star block copolymer is followed 

over time by UV spectroscopy upon the disappearance of the signal of the anthryl 

group at 366 nm (Figure 4.39). By using UV data, Diels–Alder click reaction 

efficiency was found to be over 95%. 
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Figure 4.39 : UV spectra of  multiarm anthracene end-functionalized (PtBA)n-

(PS)m-polyDVB-(PS-Anth)m star polymer during the synthesis of 

multiarm (PtBA)n-(PS)m-polyDVB-(PS)m-(PMMA)k star block 

copolymer (C0= 3.32 X 10
-6

 mol/L in CH2Cl2). 

The reaction was stopped after 48 h and the remaining solid was purified by a two 

times dissolution–precipitation cycle in THF–MeOH. NMR analysis showed that 

PMMA block (δ 3.58) was incorporated into the star polymer (Figure 4.40). The 

dn/dc value for (PtBA)n-(PS)m-polyDVB-(PS)m-(PMMA)k is calculated to be 0.137 

mL/g using the equation 4.1, which correlates linearly with weight fractions of PS, 

PtBA and PMMA segments in the star (wPS = 0.63, wPtBA = 0.25, and wPMMA = 0.12), 

and dn/dc values of linear precursors.  
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Figure 4.40 : 1
H NMR spectrum of (PtBA)n–(PS)m–poly-DVB–(PS)m–(PMMA)k in 

CDCl3. 

For this calculation it is assumed that the DPns of PS and PtBA were 55 and 18, 

respectively, and the dn/dc value for the linear PMMA was 0.076 mL g
-1

. Next, after 

introducing the dn/dc = 0.137 into the OmniSec, Mw,TD-GPC, Rh and [] for (PtBA)n–

(PS)m–poly-DVB–(PS)m–(PMMA)k were calculated and are listed in Table 4.8. 

As can be deduced from Table 4.8, all star polymers have a narrow polydispersity 

index and a gradual increase in Rh and Mw,TD-GPC values of star polymers confirmed a 

successful sequential incorporation of blocks into the star. It is also noted that Mw,theo 

= 385000 of (PtBA)n–(PS)m–poly-DVB–(PS)m–(PMMA)k is fairly consistent with 

that of Mw,TD-GPC = 407000.  

From Figure 4.41, it can be seen that a monomodal GPC trace of (PtBA)n–(PS)m–

poly-DVB–(PS)m–(PMMA)k displayed a slight shift to a lower retention time with 

respect to that of (PtBA)n–(PS)m–polyDVB–(PS-Anth)m indicating an incorporation 

of PMMA segment into the star.  
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Figure 4.41 : GPC traces of (PtBA)n-(PS)m-polyDVB-(PS)m-(PMMA)k, (PtBA)n-

(PS)m-polyDVB-(PS-Anth)m, multiarm star polymer and linear MI-

PMMA precursors using RI detector in THF at 30 
o
C. 

Additionally, dn/dc values for all multi-miktoarm star block copolymers were 

calculated experimentally from a slope of RI area-concentration (g/mL) linear plot 

containing at least four different polymer concentrations. The calculation is based on 

an assumption that truly size-exclusion mechanism is operative in the columns of 

GPC. This experimental dn/dc values were subsequently introduced to the TD-GPC 

to give their corresponding Mw,TD-GPC , [η] and Rh of the analyzed multi-miktoarm star 

block copolymers (Table 4.8). 
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Table 4.8 :   TD-GPC characterization of multiarm star and multi-miktoarm star block copolymers 

Polymers 

 TD-GPC
a
 

 
Mw/Mn 

 

Mw 

(g/mol) 

Mw,theo
 

(g/mol) 

[η] 

(dL/g) 

Rh 

(nm) 

dn/dc 

(mL/g)
 

f
 f
 

 

(Alkyne-PS)m-polyDVB-(PS-Anth)m
b
 

 
(1.26) (250000) 250000 (0.155) 8.28 (0.185) 31 (27)

g
 

 

(PtBA)n-(PS)m-polyDVB-(PS-Anth)m 
 1.25 

(1.26) 

355000 

(350000) 
321000

c
 

0.142 

(0.150) 

9.03 

(9.13) 

0.146
e
 

(0.151) 

- 

-  

(PtBA)n-(PS)m-polyDVB-(PS)m-(PMMA)k 
 1.30 

(1.31) 

407000 

(414000) 
385000

d
 

0.177 

(0.171) 

10.1 

(10.0) 

0.137
e
 

(0.133) 

- 

-  
a
Data in parentheses are obtained from TD-GPC by using experimental dn/dc values. 

b
[DVB]0/15 = [PS-Br]0 = [CuBr]0 = [PMDETA]0= 0.023 M in anisole at 110 °C. Then deprotection with TBAF at room temperature. 

c
Mw,theo =  Mw of (Alkyne-PS)m-polyDVB-(PS-Anth)m +  17 X Mw,GPC  of linear PtBA-N3.  

d
Mw,theo= Mw,theo of (PtBA)n-(PS)m-polyDVB-(PS-Anth)m + 14 X Mw,GPC of linear MI-PMMA). 

e
Calculated according to eq. 4.1. 

f 
Calculated according to eq. 4.2.  

g 
Calculated according to eqs. 4.3 and 4.4. 
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5.  CONCLUSIONS 

The objective of this thesis is to design and the synthesis of different macromolecular 

arhitectures with highly efficient click reactions, which have been recently shown to 

be modular tools for polymer synthesis. In particular two versatile click reactions, 

namely the CuAAC and Diels-Alder reaction, which have been intensively studied in 

our groups were employed to obtain graft and star copolymers via a variety of 

controlled polymerization methods.  

In first study, the PS backbone was prepared successfully containing various 

amounts of antryl and azide pendant groups. Using the CuAAC and Diels-Alder click 

reactions in one-pot, two samples of PS-g-(PMMA-PEG) hetero graft copolymers 

were achieved with low polydispersity indices (1.15–1.17). A high click reaction 

efficiency of 94 and 90% for both hetero-graft copolymers was obtained from 
1
H 

NMR measurement. Thus, it proved that double click reactions using a one-pot 

technique were versatile and simple strategy for the preparation of well-defined 

hetero-graft copolymer. 

The second strategy consists of the synthesis of 3-arm star block copolymers, (PS-b-

PMMA)3 and (PS-b-PEG)3 by using double click reactions (CuAAC and Diels-

Alder) in a one-pot process. The deconvoluted GPC traces of the observed 3-arm star 

block copolymers displayed highly efficient double click reactions over 82% of 

yield. Moreover, the molecular weights of the observed 3-arm starblock copolymers 

measured by TD-GPC were found to have Mn,TD-GPC = 23200 and 24300 g/mol and 

Mw/Mn = 1.06. Hence, it was demonstrated that the preparation of 3-arm star block 

copolymers via a combination of two click reactions in one-pot technique was 

successful. 

The synthesis of multiarm star block and mixed-block copolymers by combination of 

CuAAC reaction with arm-first approach was the third strategy of this thesis. After 

cross-linking reaction, the average number of arms of multiarm (Alkyne-PS)n-

polyDVB star polymer was found to be ca 27 using two different calculation 

methods. This result enabled a proof for the well-defined structure and low degree of 
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heterogeneity of the multiarm star polymer. All star polymers were characterized by 

NMR, GPC, TD-GPC, AFM, and DLS. From TD-GPC, Rh values of all star 

polymers were calculated to be in the range of 8.4–10.2 nm. Moreover, star 

molecules were imaged on silicon substrates by AFM and had a diameter of ~16–18 

nm in consistent with DLS measurements. 

Following this study, a new efficient approach to prepare well-defined multi-

miktoarm star block copolymers through a combination of „arm-first‟ method with 

sequential double click reactions involving CuACC and Diels–Alder was presented. 

A mixture of anthracene and alkyne functional PS macroinitiators was first prepared 

by employing double ATRP initiators concurrently bearing proper functionalities. 

Then multiarm star PS with both alkyne and anthracene moieties at the periphery, 

(Alkyne-PS)m–polyDVB–(PS-Anth)m, was obtained by ATRP of DVB with the α-

silyl-alkyne-PS-Br and Anth-PS-Br as macroinitiators. Equimolar concentrations of 

the ATRP initiators resulted in 17 and 14 arms out of a 31-arm star polymer bearing 

alkyne and anthracene, respectively. Next, linear PtBA and PMMA blocks were 

easily introduced into that 31-arm star polymer, (Alkyne-PS)m-polyDVB-(PS-

Anth)m, via sequential double click reactions in order to give well-defined multi-

miktoarm star block copolymers, (PtBA)n-(PS)m-polyDVB-(PS-Anth)m and (PtBA)n-

(PS)m-polyDVB-(PS)m-(PMMA)k, with narrow molecular weight distribution and 

higher molecular weights up to 400000 g/mol. Absolute molecular weight (Mw,TD-

GPC), polydispersity index, Rh and [η] for all multiarm star polymers were measured 

by TD-GPC based on both calculated and experimental dn/dc values and Mw,TD-GPC 

values were found to be reliable with Mw,theo calculated from a sum of molecular 

weights of the core and the individual arms. 

It is noteworthy to say that click chemistry is a versatile and efficient route for the 

preparation of well-defined macromolecules. Ultimately, their widespread 

acceptance and exploitation in polymer synthesis is justified by their seemingly 

unlimited potential to create a wide range of macromolecules with various 

architectures.  
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