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 SYNTHESIS OF VARIOUS POLYMERIC STRUCTURES USING THE  
QUADRUPLE CLICK REACTIONS 

SUMMARY 

Living/Controlled radical polymerization (L/CRP) is among the most rapidly 
developing areas of chemistry and polymer science. It has always been desirable to 
prepare, by a free radical mechanism, well-defined block and graft copolymers, 
gradient and periodic copolymers, stars, combs, networks, end-functional polymers 
and many other materials under mild conditions from a larger range of monomers 
than available for ionic living polymerizations. This emergent ability to prepare long 
desired materials is the main reason for the explosion of academic and industrial 
research on L/CRP. Controlled/living radical polymerization techniques such as 
nitroxide mediated polymerization (NMP), atom transfer radical polymerization 
(ATRP) or reversible addition-fragmentation transfer polymerization (RAFT) are 
powerful methods for macromolecular engineering. However, challenges in 
employing these polymerization techniques alone manifest themselves when 
topologically as well as compositionally intricate macromolecular constructs are 
targeted. 

In 2001, Sharpless et al. described a new concept for conducting organic reactions, 
which was based upon the premise that organic synthesis should take advantage of 
the long history of development and progress during the 20th century and focus 
attention on highly selective, simple orthogonal reactions that do not yield side 
products and that give heteroatom-linked molecular systems with high efficiency 
under a variety of mild conditions. Several efficient reactions, which are capable of 
producing a wide catalogue of functional synthetic molecules and organic materials 
have been grouped accordingly under the term click reactions. Characteristics of 
modular click reactions include a) high yields with by-products (if any) that are 
removable by nonchromatographic processes, b) regiospecificity and 
stereospecificity, c) insensitivity to oxygen or water, d) mild, solventless (or 
aqueous) reaction conditions, e) orthogonality with other common organic synthesis 
reactions, and f) amenability to a wide variety of readily available starting 
compounds. The most popular click reactions are the copper catalyzed azide–alkyne 
cycloaddition (CuAAC), Diels–Alder cycloaddition, thiol-ene, thiol-yne, and 
nitroxide radical coupling (NRC) reactions. 

The demands for the construction of complex macromolecular structures by robust, 
efficient, and orthogonal click chemistries prompted polymer chemists to search for 
alternative routes, such as a combination of click reactions with different natures. 

The goals of this thesis are extending the triple click reaction strategy (CuAAC-
Diels-Alder-NRC) toward the thiol-ene click reaction for the preparation of linear 
multiblock polymers, heterograft brush copolymers, miktoarm star polymers via 
quadruple click reaction combinations, using quadruple click reaction strategy for the 
preparation of a variety of different well-defined macromolecular constructs and  
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well-defined more complex macromolecular architectures efficiently in a modular 
fashion, construction of complex macromolecular structures via the combination of 
click reactions and living polymerization techniques  and  conjugation of 
biomolecules with various polymer structures in an easy mode in consequence of the 
raising necessity of bio- and nanotechnologies. 

For these purposes, the ATRP, ROP and ROMP generated well-defined polymer 
precursors employed in quadruple click reactions because of their compatibility 
toward clickable functional groups, azide, alkyne, anthracene, maleimide, TEMPO, 
and bromide etc. In the first study, linear cysteine-terminated multiblock copolymers; 
cysteine-PS-b-PCL-b-PMMA-b-PEG and cysteine-PS-b-PCL-b-PtBA-b-PEG 
quaterpolymers were prepared through sequential quadruple click reaction strategy. 

In the second work graft copolymers: mercaptoethanol-phenyl functionalized poly 
(oxanorborneneimide) and phenyl functionalized polycarbonate copolymers were 
successfully prepared by using quadruple click reactions; Diels-Alder, CuAAC, NRC 
and thiol-ene (through radical or nucleophilic mechanism) click reactions. 

Thirdly, as a new synthetic route, sequential/one-pot quadruple click reactions 
involving Diels–Alder, CuAAC, NRC and thiol-ene coupling for the preparation of 
heterograft brush copolymers; 1-propanethiol functionalized and N-acetyl-L-cysteine 
methyl-ester functionalized poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10 
were employed by using the grafting onto approach. 

Finally, N-acetyl-L-cysteine methyl-ester functionalized 3-miktoarm star terpolymer 
was synthesized via quadruple click reactions; Diels-Alder, CuAAC, NRC and thiol-
ene click reactions. 

The structures of all monomers, initiators, polymer precursors and final polymers 
were confirmed exactly using GPC, 1H NMR, UV and FT-IR analyses. 
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 DÖRTLÜ CLICK REAKS � YONLARI � LE ÇE�� TL �  POL� MERLER � N 
SENTEZ�  

ÖZET 

Ya� ayan/kontrollü radikal polimerle� me (L/CRP) yöntemleri kimya ve polimer 
biliminin h�zla geli� en alanlar�ndan birisidir. Serbest radikal mekanizmas� ile iyi-
tan�ml� blok ve a� � kopolimerleri, gradyan ve periyodik kopolimerler, y�ld�z, f�rça ve 
a�  polimerler, uç fonksiyonlu polimerler gibi çok çe� itli materyallerin, iyonik 
ya� ayan polimerle� meye göre daha geni�  monomer çe� itlili � iyle ve daha �l�ml� 
reaksiyon ko� ullar�nda sentezlenmesi her zaman gereksinim duyulan bir özellik 
olmu� tur. Böylece bu gereksinim, ya� ayan/kontrollü radikal polimerizasyonunun 
(L/CRP) akademik ve endüstriyel alanlarda ara� t�r�lmas�na neden olmu� tur. Atom 
transfer radikal polimerle� mesi (ATRP), nitroksit ortaml� radikal polimerle� mesi 
(NMP), tersinir eklenme-ayr�lma zincir transfer polimerle� mesi (RAFT) gibi 
ya� ayan/kontrollü radikal polimerle� me (L/CRP) yöntemleri makromoleküler 
mühendislik alan�nda çok güçlü metodlar olmu� tur.  

L/CRP metotlar� içinde, monomer seçimi ve fonksiyonel grup tolerans�, çe� itli deney 
ko� ullar� alt�nda polimerle� ebilme gibi özellikleri ile iyi-tan�ml� polimer 
malzemelerinin eldesine izin veren RAFT s�kça tercih edilmi� tir.  

Monomerden kolayl�kla polimer elde etmeyi mümkün k�lan bir di� er L/CRP türü ise 
ATRP olmu� tur. ATRP’nin temeli, radikal olu� umu ve polimerizasyonun olu� an 
radikal üzerinden yürümesidir. Radikal polimerizasyonu birkaç monomerden 
yüzlerce monomere kadar polimerle� meyi gerçekle� tirebildi� i gibi, su ortam�nda 
emülsiyon ya da süspansiyon polimerizasyonunu da mümkün k�lar. ATRP’de 
kullan�lan geçi�  metallerinin halojenli bile� ikleri, redoks reaksiyonu ile indirgenip-
yükseltgenerek, tersinir bir mekanizmay� meydana getirir. �� te bu tersinir mekanizma 
ile polimer zincirleri neredeyse ayn� anda meydana gelerek, dü� ük polidispersiteli 
polimerlerin eldesini sa� lar. Di� er bir sentez türü ROP ise, makromoleküler 
malzemelerin sentezinde geni�  ölçüde uygulanarak, halkal� monomerlerin 
aç�lmas�yla lineer polimerlere dönü� mesini sa� layan e� siz bir polimerle� me türüdür. 

Bu özelliklerine ra� men L/CRP yöntemleri, tek ba� lar�na kullan�ld�� �nda, karma� �k 
topoloji ve kompozisyona sahip makromoleküler yap�lar�n sentezinde yetersiz 
kalm�� t�r.  

2001 y�l�nda Sharpless ve çal�� ma arkada� lar� organik reaksiyonlar� yürütmek için 
yeni bir kavram ortaya atm�� lard�r. Bu yeni kavram�n temelinde, organik sentezlerin, 
20. yüzy�l boyunca olan bütün geli� melerden yararlanmas� ve yüksek seçicilikte, 
basit ortogonal reaksiyonlara odaklanmas� yer almaktad�r. Bu reaksiyonlar �l�ml� 
reaksiyon ko� ullar�nda, yan ürünler olmaks�z�n, yüksek verimle heteroatoma ba� l� 
moleküler sistemler olu� turabilmelidir. Geni�  yelpazede, fonksiyonel sentetik 
molekülleri ve organik maddeleri üretebilen birkaç etkili reaksiyon “Click” 
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reaksiyonlar kavram� alt�nda grupland�r�lm�� t�r. Modüler click reaksiyonlar� � u 
özelliklere sahip olmal�d�r: 

·  Yüksek verimli olmas�; e� er yan ürünler var ise, bu ürünlerin kromatografik 
olmayan yöntemlerle uzakla� t�r�labilir olmas�. 

·  Regioseçici ve stereoseçici olmas�. 
·  Oksijen ve suya kar� � hassas olmamas�. 
·  Il�ml�, çözücüsüz (veya sulu) reaksiyon ko� ullar�nda gerçekle� ebiliyor olmas�. 
·  Di� er bilinen organik sentez reaksiyonlar� ile uyumlu olabilmesi. 
·  Çok çe� itli ve kolay elde edilebilen ç�k��  bile� iklerine kar� � yatk�n olabilmesi. 

En yayg�n kullan�lan click reaksiyonlar�, bak�r katalizli azid-alkin siklokat�lma 
(CuAAC) reaksiyonu, Diels-Alder siklokat�lma reaksiyonu, tiyol-en ve tiyol-in 
reaksiyonlar� ve nitroksit radikal kenetlenme reaksiyonlar�d�r. 

Sa� lam, etkin ve ortogonal click kimyas� ile karma� �k makromoleküler yap�lar�n 
eldesine yönelik talepler, polimer kimyac�lar�n� farkl� yap�lardaki click 
reaksiyonlar�n�n kombinasyonu gibi alternatif aray�� �na yöneltmi� tir. Bu aray�� lardan 
yola ç�karak bu tez çal�� mas�n�n amac� a� a� �daki gibi özetlenebilir: 

·  Üçlü click reaksiyon stratejisini (CuAAC-Diels-Alder-NRC) tiyol-en click 
reaksiyonunu da dahil ederek dörtlü click reaksiyon kombinasyonuna do� ru 
geni� letmek ve bu kombinasyonu lineer çoklu blok polimerleri, hetero-a� � 
f�rça kopolimerleri ve farkl� kollu y�ld�z polimerlerinin sentezinde kullanmak. 

·  Dörtlü click reaksiyon yöntemini kullanarak çe� itli farkl�l�kta iyi-tan�ml� 
makromoleküler yap�lar� modüler ve etkin bir biçimde sentezlemek. 

·  Dörtlü click reaksiyon yöntemini kullanarak iyi-tan�ml�, daha karma� �k 
makromoleküler yap�lar� sentezlemek. 

·  Click reaksiyonlar� ve ya� ayan polimerle� me tekniklerini birlikte kullanarak 
karma� �k makromoleküler yap�lar�, sa� lam, etkin ve ortogonal click kimyas� 
ile elde etmek. 

·  Biyo- ve nanoteknolojilerin artan gereksinimleri do� rultusunda, çe� itli 
polimerlerin biyomoleküller ile kolay biçimde ba� lanmalar�n� sa� lamak. 

Yukar�da bahsedilen amaçlarla, dörtlü click reaksiyonlar�nda kullan�lmak üzere, 
ATRP, ROP ve ROMP reaksiyonlar� gerçekle� tirilerek, iyi-tan�ml�, öncü polimerler 
sentezlenmi� tir. Bu polimelerin en önemli özellikleri, azid, alkin, antrasen, maleimid, 
TEMPO ve brom gibi click reaksiyonu verebilen fonksiyonel gruplara kar� � uyumlu 
olmalar�d�r. 

�lk çal�� ma, sistein uç gruplu, lineer çoklu blok kopolimerleri olan sistein-PS-b-PCL-
b-PMMA-b-PEG ve sistein-PS-b-PCL-b-PtBA-b-PEG dörtlü blok kopolimerlerinin, 
dörtlü click reaksiyon yöntemleriyle sentezlenmesidir. Bu yöntemlerde click 
reksiyonlar� ard� s�ra gerçekle� tirilmi � tir 

�kinci çal�� mada, model a� � kopolimerleri olan merkaptoetanol-fenil fonksiyonlu 
poli(oksanorbornenimid) ve fenil fonksiyonlu polikarbonat kopolimerleri dörtlü click 
reaksiyon yöntemi (Diels-Alder, CuAAC, NRC ve tiyol-en) kullan�larak ba� ar�l� bir 
biçimde sentezlenmi� lerdir. Bu yöntemde tiyol-en reaksiyonu, hem radikal hem de 
nükleofilik mekanizma üzerinden gerçekle� tirilmi � tir. 
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Üçüncü olarak, dörtlü click reaksiyonlar� (Diels-Alder, CuAAC, NRC ve tiyol-en) 
kullan�larak iki farkl� hetero-a� � f�rça kopolimerleri sentezlenmi� tir. Bu reaksiyonlar 
bazen ard� s�ra bazen ise tek ad�mda gerçekle� tirilmi � tir. Sonuçta 1-propantiyol 
fonksiyonlu ve N-asetil-L-sistein metil esteri fonksiyonlu poli(ONB-g-PMMA-co-
ONB-g-PEG-co-ONB-g-PCL)10 kopolimerleri “üzerine a� �lama” yakla� �m�yla 
sentezlenmi� tir. 

Son olarak, N-asetil-L-sistein metil esteri fonksiyonlu üç farkl� kollu y�ld�z 
terpolimeri dörtlü click reaksiyonlar� (Diels-Alder, CuAAC, NRC ve tiyol-en) 
kullan�larak sentezlenmi� tir. Öncelikle, bir dizi organik reaksiyon gerçekle� tirilerek, 
dört farkl� fonksiyonel gruba sahip çok fonsiyonlu çekirdek bile� ik elde edilmi� tir. 
Bu çekirdek bile� ik ilk olarak s�ras�yla Diels-Alder, tiyol-en ve son olarak tek ad�mda 
CuAAC-NRC reaksiyonlar�na tabi tutulmu� tur.   

Elde edilen monomerler, öncü bile� ikler, ba� lang�ç polimerleri ve sonuç polimerler 
1H NMR, UV, FT-IR ve GPC kullan�larak analiz edilmi� tir. 
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1.  INTRODUCTION 

Emerging technologies, such as bio- and nanotechnologies, have increasingly 

demanded novel well-defined polymers, which raise the necessity to be able to 

conjugate polymers and/or biomolecules (or small molecules) with various polymer 

blocks in an easy mode [1]. One of the major aims of contemporary synthetic 

polymer chemistry is to achieve well-defined macromolecular architectures (linear 

and nonlinear topologies), such as precise control of composition, molecular weight, 

polydispersity, and endfunctionality to fulfill the requirements of emerging 

technologies [2-7]. Living polymerization techniques, e.g., ionic polymerizations, 

living/ controlled radical polymerizations (L/CRPs), ring opening polymerization 

(ROP), and ring opening metathesis polymerization (ROMP) may provide polymers 

with the above mentioned well-defined properties to a certain extent [8-25]. 

Challenges in employing these polymerization techniques alone manifest themselves 

when topologically as well as compositionally intricate macromolecular constructs 

are targeted [25]. A combination of the living polymerization techniques with highly 

efficient click chemistry-based conjugation methodologies expands the vast toolbox 

of polymer chemists to obtain a wide range of well-defined polymer structures [1].  

The click reaction defined by Sharpless and co-workers in 2001 should display high 

stereo- and regioselectivity, high yield under mild reaction conditions, simple 

recovery of the main product, a capability of working in a wide range of solvents, 

and tolerance of a wide range of functional groups [26]. The most popular click 

reactions are the copper catalyzed azide–alkyne cycloaddition (CuAAC), Diels-Alder 

cycloaddition, thiol-ene, thiol-yne, and nitroxide radical coupling (NRC) reactions 

[1]. 

Hence, the click chemistry concept has been adapted to a wide variety of applications 

[27-34] particularly in materials science and has possibly led to a “paradigm shift” 

[35], toward a modular construction approach in the preparative polymer chemistry 

introduced by Barner–Kowollik and Inglis. This is because the application of the 

click chemistry concept has afforded the preparation of a related macromolecular 
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structure that would have otherwise not been achievable, and opened up a 

particularly rapid, efficient, and mild reaction route to a related polymer, and inspired 

or invoked the preparation of a specific functional material [35]. Notably, Barner-

Kowollik et al. recently reported the basic requirements for click reactions directly 

related to synthetic polymer chemistry in addition to the original definitions by 

Sharpless [36]. These additional requirements include equimolar amounts of building 

blocks, a simple large-scale purifi cation process, high yields, reasonable time scale, 

and simple reaction conditions [36]. Nevertheless, of these requirements, 

equimolarity results as a key criterion for a polymer click reaction. Without it, one of 

the most challenging reactions in polymer synthesis, e.g., polymer–polymer 

conjugation, is simply impossible and at this point the largest distinction between 

efficient and click reactions may be made [36]. However, there is a general 

agreement regarding some exceptions, e.g., if a simple large-scale purification (e.g., 

selective precipitation) is reasonable, an excess of one building block may be 

preferred in a polymer click reaction. Moreover, when selective precipitation can be 

easily applied to remove one compound from the product mixture, it is reasonable 

that one may use an excess of one compound to shorten the reaction time. It is 

obvious that a high yield means a lower amount of the unreacted building block [1]. 

The most prominent modular ligation reactions widely adaptable to polymer 

chemistry include the CuAAC, Diels–Alder, NRC, and thiol-ene reactions [1, 27-34] 

In the studies of Hizal and Tunca et al., a combination of click reactions for efficient 

synthesis of a various variety of polymer structures, has been reported such as linear 

block copolymer, star block copolymer, miktoarm star polymer, multiarm star block 

copolymer, graft copolymer, and cyclic block copolymer [25, 30, 37-49]. The 

orthogonality of the CuAAC-Diels-Alder [37] and CuAAC-Diels-Alder-NRC [47-49] 

reaction combinations have been proven by coupling of the living polymerization 

generated polymer blocks with different functionalities. More recently, CuAAC-

Diels-Alder-NRC reaction combination has been extended to the synthesis of a 

ROMP-based heterograft brush copolymer [50]. Furthermore, they demonstrated the 

successful postfunctionalization of poly(oxanorbornene imide) (PONB) with two 

types of double bonds using sequential orthogonal reactions, nucleophilic thiol-ene 

coupling via Michael addition and radical thiol-ene click reactions [51].  

The objectives of the thesis are summarized as the following points: 
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·  Extending the triple click reaction strategy (CuAAC-Diels-Alder-NRC) 

towards the thiol-ene click reaction for the preparation of linear multiblock 

polymers, heterograft brush copolymers, miktoarm star polymers via 

quadruple click reaction combinations. 

·  Using quadruple click reaction strategy for the preparation of a variety of 

different well-defined macromolecular constructs efficiently in a modular 

fashion. 

·  Using quadruple click reaction strategy for the preparation of well-defined 

more complex macromolecular architectures. 

·  Construction of complex macromolecular structures by robust, efficient, and 

orthogonal click chemistries via the combination of click reactions and living 

polymerization techniques. 

·  Conjugation of biomolecules with various polymeric structures in an easy 

mode in consequence of the raising necessity of bio- and nanotechnologies. 

For these purposes, the ATRP, ROP and ROMP generated well-defined polymer 

precursors employed in quadruple click reactions because of their compatibility 

toward clickable functional groups, azide, alkyne, anthracene, maleimide, TEMPO, 

and bromide etc. In the first study, linear cysteine-terminated multiblock copolymers; 

cysteine-PS-b-PCL-b-PMMA-b-PEG and cysteine-PS-b-PCL-b-PtBA-b-PEG 

quaterpolymers were prepared through sequential quadruple click reaction strategy as 

outlined in Figure 1.1. 
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Figure 1.1 : Synthetic pathway for the preparation of linear cysteine-terminated 
multiblock polymers using quadruple click reactions: thiol-ene, 
CuAAC, Diels–Alder, and NRC. 

In the second work graft copolymers: mercaptoethanol-phenyl functionalized poly 

(oxanorborneneimide) and phenyl functionalized polycarbonate copolymers were 

successfully prepared by using quadruple click reactions; Diels-Alder, CuAAC, NRC 

and thiol-ene (through radical or nucleophilic mechanism) click reactions (Figure 

1.2). 
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Figure 1.2 : Synthetic pathway for the preparation of functionalized 
poly(oxanorbornene imide) and functionalized polycarbonate via 
quadruple click reactions: thiol-ene, CuAAC, Diels–Alder, and NRC. 

Thirdly, as a new synthetic route, sequential/one-pot quadruple click reactions 

involving Diels–Alder, CuAAC, NRC and thiol-ene coupling for the preparation of 

heterograft brush copolymers; 1-propanethiol functionalized and N-acetyl-L-cysteine 

methyl-ester functionalized poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10 

were employed by using the grafting onto approach as outlined in Figure 1.3. 

 

(a) (b) 
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Figure 1.3 : Synthetic pathway for the preparation of 1-propanethiol functionalized 
and N-acetyl-L-cysteine methyl-ester functionalized poly(ONB-g-
PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10 heterograft brush 
copolymers via quadruple click reactions: thiol-ene, CuAAC, Diels–
Alder, and NRC. 

Finally, N-acetyl-L-cysteine methyl-ester functionalized 3-miktoarm star terpolymer 

was synthesized via quadruple click reactions; Diels-Alder, CuAAC, NRC and thiol-

ene click reactions. Synthetic pathway is summarized as the Figure 1.4. 
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Figure 1.4 : Synthetic pathway for the preparation of N-acetyl-L-cysteine methyl-
ester functionalized 3-miktoarm star terpolymer via quadruple click 
reactions: thiol-ene, CuAAC, Diels–Alder, and NRC. 
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2.  THEORETICAL PART 

2.1 Living/Controlled Radical Polymerization (L/CRP) 

Living polymerization was first defined by Szwarc as a chain growth process without 

chain breaking reactions (transfer and termination) [52]. Such a polymerization 

provides end-group control and enables the synthesis of block copolymers by 

sequential monomer addition. However, it does not necessarily provide polymers 

with molecular weight control and narrow molecular weight distribution. Additional 

preconditions to achieve these goals include that the initiator should be consumed at 

early stages of polymerization and that the exchange between species of various 

reactivities should be at least as fast as propagation [53-57]. 

Living/Controlled radical polymerization (L/CRP) is among the most rapidly 

developing areas of chemistry and polymer science [58-62]. It has always been 

desirable to prepare, by a free radical mechanism, well-defined block and graft 

copolymers, gradient and periodic copolymers, stars, combs, networks, end-

functional polymers and many other materials under mild conditions from a larger 

range of monomers than available for ionic living polymerizations. This emergent 

ability to prepare long desired materials is the main reason for the explosion of 

academic and industrial research on L/CRP [60].  

Controlled/living radical polymerization techniques [58-60, 63] such as nitroxide 

mediated polymerization (NMP) [15], atom transfer radical polymerization (ATRP) 

[22, 64, 65] or reversible addition-fragmentation transfer polymerization (RAFT) [66] 

are powerful methods for macromolecular engineering. Figure 2.1, below, illustrates 

some of the main possible structures which can be prepared by copolymerization 

(also including macromonomers). 
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Figure 2.1 : Examples of controlled topology and composition in L/CRP 
copolymerization. 

Metal-catalyzed L/CRP, mediated by Cu, Ru, Ni, and Fe metal complexes, is one of 

the most efficient methods to produce polymers in the field of L/CRP. Among 

aforementioned systems, copper-catalyzed LRP in conjunction with organic halide 

initiator and amine ligand, often called atom transfer radical polymerization (ATRP), 

received more interest. (2.1) represents the general mechanism of ATRP. 

 

(2.1) 

The name atom transfer radical polymerization comes from the atom transfer step, 

which is the key elementary reaction responsible for the uniform growth of the 

polymeric chains. ATRP, which is the most versatile method of the controlled radical 

polymerization system, uses a wide variety of monomers, catalysts, solvents, and 

reaction temperature. ATRP was developed by designing a proper catalyst (transition 

metal compound and ligands), using an initiator with an appropriate structure, and 

adjusting the polymerization conditions, such that the molecular weights increased 

linearly with conversion and the polydispersities were typical of a living process. 

This allowed for an unprecedented control over the chain topology (star, graft, 

branched), the composition (block, gradient, alternating, statistical), and the end 

functionality for a large range of radically polymerizable monomers. 
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2.2 Ring-Opening Polymerization (ROP) 

Ring-opening polymerization (ROP) is an important polymerization technique, along 

with other step and chain polymerization techniques, for production of polymers. 

Studies of ROP have been active areas of industrial and academic research [67-69]. 

This polymerization technique has provided a number of commercially important 

materials.��Cyclic monomers that have been polymerized via ring-opening encompass 

a variety of structures, such as alkanes, alkenes, compounds containing heteroatoms 

in the ring: oxygen [ethers, acetals, esters (lactones, lactides, and carbonates), and 

anhydrides], sulfur (polysulfur, sulfi des and polysulfi des), nitrogen [amines, amides 

(lactames), imides, N-carboxyanhydrides and 1,3-oxaza derivatives], phosphorus 

(phosphates, phosphonates, phosphites, phosphines and phosphazenes), or silicon 

(siloxanes, silaethers, carbosilanes and silanes) [70]. 

Polylactones are important biodegradable and biocompatible environmentally 

friendly polyesters widely used for many applications and more particularly for 

biomedical applications . Currently, tin(II) bis-(2-ethylhexanoate), also referred as tin 

octoate, is the most widely used catalyst for the ROP of lactones. This popularity 

stems from its acceptance by the American Food and Drug Administration (FDA) for 

the formulation of polymer coatings in contact with food. Moreover, tin(II) bis-(2-

ethylhexanoate) is less sensitivity towards water and other protic impurities than 

aluminum alkoxides, which facilitates its use in the laboratory and in industry [71]. 

The mechanism of the tin(II) bis-(2-ethylhexanoate)-mediated ROP of lactones 

remained a matter of controversy for many years, and many different mechanisms 

were proposed. Indeed, tin(II) bis-(2-ethylhexanoate) is not made up of alkoxides but 

of carboxylates, known as poor initiators for the ROP of lactones. In 1998, Penczek 

and coworkers made a major contribution in this field. They reported that, if the 

polymerization is carried out in THF at 80 °C, then tin(II) bis-(2-ethylhexanoate) is 

converted in situ into a new tin alkoxide by the reaction with either an alcohol, 

purposely added in the reaction medium, or with any other protic impurity present in 

the polymerization medium [72]. Tin alkoxides formed in situ are the real initiators 

of the polymerization, which takes place according the usual insertion–coordination 

mechanism shown in (2.2). 
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(2.2) 

Moreover, Pratt and coworkers reported the first use of a thiourea-containing 

bifunctional organocatalyst, 1-(3,5-bis(trifluoromethyl)phenyl)-3-(2-(dimethylamino) 

cyclohexyl)thiourea (1), for ROP of lactide (2.3) [73]. 

 

(2.3) 

They also showed that both the hydrogen-bond donating thiourea and hydrogen-bond 

accepting amine are necessary for high activity in lactide ROP, but that the thiourea 

and amine need not be incorporated into a single-molecule catalyst [74]. 

2.3 Ring-Opening Metathesis Polymerization (ROMP) 

Ring-opening metathesis polymerization (ROMP) is a chain growth polymerization 

process where a mixture of cyclic olefins is converted to a polymeric material. The 

word metathesis comes from the Greek meta (change) and tithemi (place). In olefin 

chemistry, it refers to the pair-wise exchange of substituents on a carbon-carbon 

double bond [75]. The mechanism of the polymerization is based on olefin 

metathesis, a unique metal-mediated carbon–carbon double bond exchange process. 

As a result, any unsaturation associated with the monomer is conserved as it is 
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converted to polymer. This is an important feature that distinguishes ROMP from 

typical olefin addition polymerizations (e.g. ethylene 	  polyethylene). 

Chauvin proposed a general mechanism for ROMP in 1971 [76]. Initiation begins 

with coordination of a transition metal alkylidene complex to a cyclic olefin (2.4). 

 

(2.4) 

The investigations of Grubbs and Schrock led to the development of well-defined 

transition metal alkylidenes for ROMP that rapidly outrivaled any other initiator or 

initiation system, particularly those consisting of an often serendipitous mixture of 

transition metal salts, alcohols and tin alkyls [77]. 

Most common ROMP polymers are derived from norbornene-type monomers. The 

norbornene structure has recently been used extensively to introduce a variety of 

functional groups into polymers [78].   

2.4 Click Chemistry 

Contemporary synthetic polymer chemistry aims to enable the design and synthesis 

of macromolecules with not only precise molecular weight and narrow molecular 

weight distributions but also well-defined topology and chemical composition. 

Furthermore, emerging technologies, such as bio- and nanotechnologies, have 

increasingly demanded novel well-defined polymers, which raise the necessity to be 

able to conjugate polymers and/or biomolecules (or small molecules) with various 

polymer blocks in an easy mode. Living polymerization techniques such as anionic, 

cationic polymerizations, living/controlled radical polymerizations (L/CRPs), ring 

opening polymerization (ROP) and ring opening metathesis polymerization (ROMP) 

may provide polymers with the above mentioned well-defined properties to a certain 
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extent [8-24]. Moreover, challenges in employing these polymerization techniques 

alone manifest themselves when topologically as well as compositionally intricate 

macromolecular constructs are targeted. A combination of the living polymerization 

techniques with highly efficient click chemistry-based conjugation methodologies 

expands the vast toolbox of polymer chemists to obtain a wide range of well-defined 

polymer structures. [1, 25]. 

The click reaction defined by Sharpless and co-workers in 2001 should display high 

stereo- and regioselectivity, high yield under mild reaction conditions, simple 

recovery of the main product, a capability of working in a wide range of solvents, 

and tolerance of a wide range of functional groups [26]. The reaction must be 

modular, wide in scope, give very high yields, generate only inoffensive by-products 

that can be removed by non-chromatographic methods, and be stereospecific. The 

required process characteristics include simple reaction conditions, readily available 

starting materials and reagents, the use of no solvent or a solvent that is benign or 

easily removed, and simple product isolation [79]. The most popular click reactions 

are the copper catalyzed azide–alkyne cycloaddition (CuAAC), Diels–Alder 

cycloaddition, thiol-ene, thiol-yne, and nitroxide radical coupling (NRC) reactions. 

2.5 Copper(I) Catalyzed Azide-Alkyne Cycloaddition (CuAAC)  

The CuAAC process has emerged as the premier example of click chemistry, a term 

coined in 2001 by Sharpless to describe a set of ‘near-perfect’ bond-forming 

reactions useful for rapid assembly of molecules with desired function [26]. Click 

transformations are easy to perform, give rise to their intended products in very high 

yields with little or no byproducts, work well under many conditions, and are 

unaffected by the nature of the groups being connected to each other. The potential 

of organic azides as highly energetic, yet very selective functional groups in organic 

synthesis was highlighted in the originalpublication, and their dipolar cycloadditions 

with olefins and alkynes were placed among the reactions fulfilling the click criteria. 

However, the inherently low reaction rate of the azide–alkyne cycloaddition did not 

make it very useful in the click context, and its potential was not revealed until the 

discovery of the reliable and broadly useful catalysis by copper (I) [80]. 

The kinetic stability of alkynes and azides is directly responsible for their slow 

cycloaddition, which generally requires elevated temperatures and long reaction 
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times [81-88]. Good regioselectivity in the uncatalyzed Huisgen-type cycloaddition is 

observed for coupling reactions involving highly electron-deficient terminal alkynes 

[88-92] but reactions with other alkynes usually afford mixtures of the 1,4- and 1,5-

regioisomers (2.5) [81, 82, 88]. 
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(2.5) 

The CuAAC reaction is a modified Huisgen 1,3-dipolar (3+2) cycloaddition of an 

azide and alkyne catalyzed by copper (I) to yield a 1,4-triazole product under benign 

reaction conditions [93, 94]. Here, (3 + 2) notation describes the number of atoms in 

the two components involved in the 1,3-dipolar cycloaddition [1]. Only following the 

recent discovery of the advantages of Cu(I)-catalyzed alkyne–azide coupling, 

reported independently by the Sharpless [93] and Meldal [94] groups, did the main 

benefits of this cycloaddition become clear. Cu(I) catalysis dramatically improves 

regioselectivity to afford the 1,4-regioisomer exclusively and increases the reaction 

rate up to 107 times [95] eliminating the need for elevated temperatures (2.6). This 

high-yielding reaction tolerates a variety of functional groups and affords the 1,2,3-

triazole product with minimal work-up and purification an ideal click reaction [88, 

93, 94].  

 

(2.6) 

Among the CRP systems, ATRP shares a number of important features with CuAAC 

including robustness, versatility and excellent tolerance towards many functional 

groups. Most importantly, polymers obtained via ATRP incorporate halogen end-

group at chain terminus, which can be converted efficiently to an azide group using 

classic organic reactions [25, 27-31, 33, 34, 96-98]. Here, it should also be mentioned 

that CuAAC and ATRP use the similar catalytic conditions without detriment to one 

another and thus can be proceeded to construct various polymeric architectures in a 
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one-pot fashion [25, 99-102]. Furthermore, a wide variety of functional groups 

including various ‘clickable’ moieties can also be incorporated into the polymer 

chain ends by utilization of appropriately functionalized initiators [25]. 

2.5.1 Catalysts and ligands 

To date, copper stands out as the only metal for the reliable, facile, and regiospecific 

catalysis of the azide–alkyne cycloaddition. Indeed, with the exception of ruthenium 

[103], other metals known to catalyze various transformations of alkynes have not so 

far yielded effective catalysts for the conversion of azides and terminal alkynes to 

1,4-triazoles [104]. Different copper(I) sources can be utilized in the reaction, as 

recently summarized in necessarily partial fashion by Meldal and Tornøe [105]. 

Copper(I) salts (iodide, bromide, chloride, acetate) and coordination complexes such 

as [Cu(MeCN)4]PF6 and [Cu(MeCN)4]OTf have commonly been employed.��

Copper(II) salts and coordination complexes are not competent catalysts, and reports 

describing Cu(II)-catalyzed cycloadditions [106-108] are not accurate [104]. 

When the cycloaddition is performed in organic solvents using copper(I) halides as 

catalysts, the reaction is plagued by the formation of oxidative coupling byproducts 

2-5 unless the alkyne is bound to a solid support (6) (2.7) [94, 104]. When the alkyne 

is dissolved and the azide is immobilized on the resin, only traces of the desired 

triazole product are formed. Therefore, when copper(I) catalyst is used directly, 

whether by itself or in conjunction with amine ligands, exclusion of oxygen may be 

required. In contrast, performing the reaction in the presence of mild oxidants allows 

the capture of the triazolyl copper intermediates and isolation of the products 

derivatized at the 5-position in synthetically useful yields [104, 109, 110]. 

 

(2.7) 
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Ascorbate, a mild reductant, was introduced by Fokin and co-workers [93] as a 

convenient and practical alternative to oxygen-free conditions. Its combination with a 

copper(II) salt, such as the readily available and stable copper(II) sulfate 

pentahydrate or copper(II) acetate, has been quickly accepted as the method of 

choice for preparative synthesis of 1,2,3-triazoles. 

Many other copper complexes involving ligands have been reported as catalysts or 

mediators of the CuAAC reaction (2.8). It would be accurate to say that finding a 

copper(I) catalyst that is not active is more difficult than improving those that 

catalyze the reaction. Many reported reactions are performed under widely differing 

conditions, making quantitative comparisons of ligand performance difficult. 

Nevertheless, it may be useful to organize them into ‘‘soft’’ and ‘‘hard’’ classes by 

virtue of the properties of their donor centers [104, 111]. Cu(I) is a ‘‘borderline soft’’ 

Lewis acid [112], and therefore can partner a wide variety of potentially effective 

ligands [104].  

 

(2.8) 

2.5.2 Biological applications 

The CuAAC process performs well in most common laboratory solvents and usually 

does not require protection from oxygen and water. Indeed, as noted above, aqueous 

solvents are commonly used and, in many cases, result in cleaner isolated products. 

The reaction is therefore an ideal tool for the synthesis of libraries for initial 

screening and also focused sets of compounds for structure–activity profiling. The 

lack of byproducts and high conversions often permit testing of CuAAC reaction 

mixtures without further purification. When necessary, traces of copper can be 

removed by solid-phase extraction utilizing a metal-scavenging resin or by simple 

filtration through a plug of silica gel [104]. 
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The heterocycles function of 1,2,3-triazoles as rigid linking units that can mimic the 

atom placement and electronic properties of a peptide bond without the same 

susceptibility to hydrolytic cleavage (2.9) [88, 113-115]. 

 

(2.9) 

Perhaps due in part to their ability to mimic certain aspects of a peptide bond, many 

known 1,2,3-triazoles possess varied biological activity, including anti-HIV activity 

[116, 117], selective 
 3 adrenergic receptor inhibition [118], anti-bacterial activity 

[119], potent anti-histamine activity [120-122], and more [88, 123-126]�� (2.10) shows 

an example, in which a novel family of potent HIV-1 protease inhibitors was 

discovered using the CuAAC reaction [104, 127]. 

 

(2.10) 

Nevertheless, recently the strain promoted azide–alkyne cycloaddition (SPAAC) has 

gained increasing importance mainly due to its metal free nature [1]. The SPAAC, as 

a less frequently used click reaction, proceeds through the cycloaddition of an azide 

with an alkyne at ambient temperature without using a copper catalyst [1, 128, 129]. 

The ring strain of the cyclooctyne derivative is the driving force of this click 

reaction. The SPAAC has increasingly caught the attention of polymer chemists in 

terms of polymer–polymer conjugation and post-functionalization of the polymers [1, 

130-133]. Furthermore, it is noticed that the SPAAC and Diels–Alder reactions are 

important bioorthogonal click reactions due to their metal free nature and have been 

proven to be effective reactions for biological applications [1]. 

2.6 Diels-Alder Reaction 

Diels-Alder reaction is named for Otto Diels and Kurt Alder, who received the 1950 

Nobel Prize for discovering this useful transformation [134-136]. The discovery of 
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this reaction, has had a significant impact on mechanistic and synthetic organic 

chemistry. This reaction is one of the most powerful tools used in the synthesis of 

important organic molecules. The DA reaction, shown in its general form in (2.11), 

involves a straightforward [4+2] cycloaddition reaction between an electron-rich 

diene (furan and its derivatives, 1,3-cyclopentadiene and its derivatives etc.) and an 

electron-poor dienophile (maleic acid and its derivatives, vinyl ketone etc.) to form a 

stable cyclohexene adduct [137, 138].  

 

(2.11) 

In addition to the potential of forming carbon-carbon bond, when diene and/or 

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

reaction and this reaction is widely used synthetically to prepare six-membered rings 

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

carried out under a variety of experimental conditions. Moreover, an interesting 

feature of DA reactions is thermally reversibility (retro-Diels-Alder). The 

decomposition reaction of the cyclic system can be controlled by an appropriate 

temperature [140], thus regenerating the starting reactants. 

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

simple and complex molecules. The two double bonds of conjugated dienes must 

have a cisoid geometry. A transoid diene would give an energitically unfavorable 

six-membered ring having a trans double bond (2.12). Cyclic dienes are generally 

more reactive than the open chain dienes. The electronic effects of the substituents in 

the diene influence the rate of cycloaddition. Electron-donating groups (like -OR, -

NR2, etc.) in the dienes accelerate the reaction with electron-withdrawing substituted 

dienophiles (normal electron-demand Diels-Alder reaction), whereas electron 

withdrawing groups (like  -CN, -CO, -COOR, -NO2, etc.) in the diene accelerate the 

cycloaddition with dienophiles having electron-donating groups (inverse electron-

demand Diels-Alder reaction). Diels-Alder reactions which are insensitive to the 

substituent effects in the diene and/or dienophile are classified as neutral [141-144]. 
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2.6.1 Stereochemistry of Diels-Alder reaction 

There are stereochemical and electronic requirements for the DA reaction to occur 

smoothly. First, the diene must be in an s-cis conformation instead of an s-trans 

conformation to allow maximum overlap of the orbitals participating in the reaction 

(2.12) [145]. 

 

 
(2.12) 

The “s” in s-cis and s-trans refers to “sigma”, and these labels describe the 

arrangement of the double bonds around the central sigma bond of a diene. Dienes 

often exist primarily in the lower energy s-trans conformation, but the two 

conformations are in equilibrium with each other. The s-cis conformation is able to 

react in the DA reaction and the equilibrium position shifts towards the s-cis 

conformer to replenish it. Over time, all the s-trans conformer is converted to the scis 

conformer as the reaction proceeds. Dienes such as cyclopentadiene that are 

permanently “locked” in the s-cis conformation are more reactive than those that are 

not [145]. 

Since the reaction proceeds in a concerted fashion (i.e., bonds are being formed and 

broken at the same time), substituents that are cis on the dienophile will also be cis in 

the product, and substituents that are trans in the dienophile will be trans in the 

product (2.13) [141, 145-149] 

 

 
(2.13) 

A unique type of stereoselectivity is observed in DA reactions when the diene is 

cyclic. In the reaction of maleic anhydride with cyclopentadiene, for example, the 
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endo isomer is formed (the substituents from the dienophile point to the larger 

bridge) rather than the exo isomer (the substituents from the dienophile point away 

from the larger bridge) (2.14) [145]. 

 

 
(2.14) 

The preference for endo–stereochemistry is “observed” in most DA reactions. The 

fact that the more hindered endo product is formed puzzled scientists until 

Woodward, Hoffmann, and Fukui used molecular orbital theory to explain that 

overlap of the p orbitals on the substituents on the dienophile with p orbitals on the 

diene is favorable, helping to bring the two molecules together [145, 147, 148]. 

Hoffmann and Fukui shared the 1981 Nobel Prize in chemistry for their molecular 

orbital explanation of this and other organic reactions. In the illustration below, 

notice the favorable overlap (matching light or dark lobes) of the diene and the 

substituent on the dienophile in the formation of the endo product (2.15) [145]: 
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(2.15) 

Oftentimes, even though the endo product is formed initially, an exo isomer will be 

isolated from a DA reaction. This occurs because the exo isomer, having less steric 

strain than the endo, is more stable, and because the DA reaction is often reversible 

under the reaction conditions. In a reversible reaction, the product is formed, reverts 

to starting material, and forms again many times before being isolated. The more 

stable the product, the less likely it will be to revert to the starting material. The 

isolation of an exo product from a DA reaction is an example of an important 

concept: thermodynamic vs kinetic control of product composition. The first formed 

product in a reaction is called the kinetic product. If the reaction is not reversible 

under the conditions used, the kinetic product will be isolated. However, if the first 

formed product is not the most stable product and the reaction is reversible under the 

conditions used, then the most stable product, called the thermodynamic product, 

will often be isolated [145]. 

2.6.2 Catalysis of Diels-Alder reactions by Lewis acids 

A classical method to enhance regioselectivity is based on the use of Lewis acid 

catalysts (SnCl4, ZnCl2, AlCl3, and derivatives of AlCl3 such as (CH3)2AlCl and 

(C2H5)2AlCl) [138, 150]. Upon complexation of such species to the dienophile, the 

normal demand Diels-Alder reaction is promoted since the energy gap between the 

lowest unoccupied molecular orbital (LUMO) of the dienophile and the highest 

occupied molecular orbital (HOMO) of the diene is reduced, thus decreasing the 

activation energy required to achieve the cycloaddition. Moreover, as this 

stabilization is greater for the endo transition state, as a result of beneficial 
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enhancement of secondary orbital overlap that is unobtainable in an exo mode of 

reaction, the use of Lewis acids favors an increased ratio of endo:exo products. More 

valuable synthetically, however, is the fact that Lewis acids can often reverse the 

regiochemical course of a Diels-Alder addition and generate products that would not 

otherwise be observed in a simple, thermally induced reaction.[138, 145, 151-153] 

An early and elegant example of this concept is provided by the total synthesis of 

tetrodotoxin (2.16 ) by Kishi et al.[138, 154, 155]  

 

 
(2.16) 

The solvent also has an important effect on the rate of DA reactions. The traditional 

solvents were nonpolar organic solvents such as aromatic hydrocarbons. However, 

water and other polar solvents, such as ethylene glycol and formamide, accelerate a 

number of DA reactions [156-159]. The accelerating effect of water is attributed to 

“enforced hydrophobic interactions” [157]. That is, the strong hydrogenbonding 

network in water tends to exclude nonpolar solutes and forces them together, 

resulting in higher effective concentrations [145]. 

2.6.3 Diels-Alder cycloaddition in click chemistry 

To date, a number of complex macromolecular architectures with different 

topologies such as block, graft, star, and cyclic copolymers have been synthesized 

using the DA click reaction. Apart from the benign reagent-free reaction conditions, 

additional advantage of the DA cycloaddition in polymer chemistry that has been 

long realized is its thermoreversible nature. Stimuli responsive polymeric materials 

can be designed by utilization of the forward reaction in combination with the 

cycloreversion reaction. The cycloaddition reaction can be affected at various 
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temperatures depending on the choice of the diene–dienophile combination. 

Electron-rich dienes and electron-deficient dienophiles allow cycloadduct formation 

at lower temperatures. Dienes commonly used for the fabrication of reactive 

polymeric building blocks are furan, cyclopentadiene, butadiene, isoprene, and 

anthracene. Unlike the assortment of available dienes, the choice of dienophile has 

been mostly limited to maleimide. This is due to its high reactivity, stability, and ease 

of incorporation in polymeric materials [160]. 

One of the earliest demonstrations of the power of the DA click reaction in 

macromolecular chemistry was illustrated by the facile and near quantitative 

synthesis of diblock copolymers by Tunca and coworkers in 2006 [160, 161]. A 

variety of polymers such as polystyrene (PS), poly(ethylene glycol) (PEG), and 

poly(tert-butyl acrylate) (PtBA) terminated with furan-protected maleimide groups 

were treated with anthracene end-group containing polymers such as poly( methyl 

methacrylate) (PMMA) and PEG in equal stoichiometry under reflux in toluene and 

well-defined pure diblock copolymers were obtained. The approach was further 

extended to obtain ABC type triblock copolymers via in situ use of two orthogonal 

click reactions: the DA [4+2] cycloaddition with the copper catalyzed Huisgen type 

[3+2] cycloaddition reaction [37, 160]. Heterotelechelic PS polymer containing � -

anthracene and � -azide moieties was reacted with furan-protected maleimide end-

functionalized PMMA and alkyne containing PEG or poly(� -caprolactone) (PCL) 

polymers to afford the triblock copolymer in a modular manner. 

The graft-to strategy for the synthesis of graft copolymers was accomplished to 

obtain heterograft copolymers via utilization of the orthogonal click reactions (2.17) 

[38, 160]. 

 

(2.17) 
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The remarkable success in the conjugation of two macromolecules to obtain diblock 

copolymers was extended thereafter by Tunca and coworkers in to obtain star 

polymers. Cycloaddition of furan-protected maleimide end-functionalized polymers 

such as PEG, PMMA, and PtBA with a tri-anthracene containing core molecule 

furnished corresponding 3-arm star (A3) polymers (2.18a) [160, 162]. Tunca and 

coworkers also demonstrated that synthesis of miktoarm star polymers can be 

accomplished by using a combination of the DA cycloaddition reaction and 

orthogonal controlled/living radical polymerization techniques as atom transfer 

radical polymerization (ATRP) and NMP [160, 163]. Along similar lines, the 

combination of DA cycloaddition and ATRP and subsequent NMP was used to 

obtain heteroarm H-shaped terpolymers [160, 164]. As an extension of this work, 

synthesis of a miktoarm star ABCD quarterpolymer was reported by Tunca and 

coworkers, where each arm was synthesized by a different polymerization technique, 

namely, ATRP, NMP, ring opening polymerization (ROP), and free radical photo-

polymerization (FRP). The DA reaction was used to combine two of the polymeric 

blocks, an anthracene terminated PCL block obtained via ROP and a furan-protected 

maleimide terminated PtBA block obtained via ATRP (2.18b) [160, 165]. 

  

(2.18) 

In 2010, the first example of DA cycloaddition-based macromolecular cyclization 

was reported by Tunca and coworkers [43, 160]. And also, linear and dendritic 

polymers containing the electron deficient maleimide group at their chain end or the 

(a) (b) 
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focal point, respectively, were attached to the anthracene functionalized star 

copolymer with excellent efficiency to obtain multiarm block copolymers in a 

modular fashion (2.19) [160, 166, 167]. Furthermore, multiarm star copolymers 

consisting of alkyne units along with the anthracene units at their surface were 

designed to obtain multimiktoarm star block copolymers via sequential copper 

catalyzed Huisgen and DA click reaction.[42, 160]  

 

(2.19) 

In addition to this work, multiarm star polymers containing thiol-reactive maleimide 

groups at their core were synthesized by the use of a furan-protected maleimide 

containing dendritic initiator. Polymerization of various methacrylates using ATRP 

provided two-, four-, and eight-arm star polymers using first, second, and third 

generation dendron based initiators. Unmasking of the maleimide group after the 

polymerization provided the thiol reactive maleimide core. Functionalization of the 

maleimide group with a thiol containing tripeptide was used to demonstrate facile 

reactivity of the core of these multiarm polymers under reagent-free conditions [160, 

168]. 

2.7 Nitroxide Radical Coupling (NRC) Reaction  

In view of the fact that the azide compound used in the Cu(I) catalyzed azide–alkyne 

cycloaddition (CuAAC) reaction is inconvenient to be used and stored, due to its 

poor photo, thermal and shock stability [169], it is highly desirable to develop other 
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types of ‘click’ reactions and evaluate their potential applications. Recently, thiol-ene 

[170] and thiol-alkene reactions [171, 172], (hetero)Diels-Alder reaction [27, 160, 

173] nitroxide radical coupling (NRC) reactions, including the atom transfer 

nitroxide radical coupling (ATNRC) reaction and the single electron transfer 

nitroxide radical coupling (SETNRC) reaction [174-177], the nitrone mediated 

radical coupling reaction [178], and the cobalt mediated radical coupling reaction 

(CMRC) [179-181], which display the essential characteristics of a ‘click’ reaction, 

have attracted increasing attention [182]. (2.20) shows the main classes of 

interpolymer radical coupling methods [183]. 

 

(2.20) 

A significant development in the field of radical coupling was the (atom transfer) 

nitroxide radical coupling (ATNRC or just NRC). For such reactions, the activation 

of the bromine-terminated species is carried out in presence of a stable nitroxide 

species, which acts as a spin trap ((2.20), Class B). In this manner, a cross coupling 

between the activated radical chain and the nitroxide is enforced whereas 

bimolecular termination of activated species like in conventional ATRC does not 

occur [183]. 

ATRC clearly belongs to the techniques based on the direct coupling of the activated 

chains ((2.20), Class A). In contrast to ATRP, extensive recombination of 

macroradicals is desired in ATRC (2.21). In order to achieve this aim, the 

equilibrium between dormant and active species must thus be strongly shifted toward 

the radical chains at once [183]. 
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(2.21) 

The nitroxide thus enables a guided termination reaction and therewith opens the 

possibility for cross-coupling reactions. ATNRC is hence not only an extension of 

ATRC, it serves as a versatile conjugation tool for the assembly of different building 

blocks. It is thus sometimes referred to as a click-type reaction. Indeed, most of the 

criteria of a click reaction for polymer ligation are fulfilled [26, 36]. Generally, 

ATNRC can be seen as a simple exchange reaction, in which an ATRP-derived 

bromine group is replaced by a free nitroxide. The ATNRC reaction is shown in 

(2.22a) [183]. 

 

(2.22) 

The activation step of the bromine function is identical to ATRC. In the second 

reaction step, the two residues R (stemming from the ATRC reaction) and R’ (linked 
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to the nitroxyl radical) are then coupled via the alkoxyamine formation. In (2.22a) 

the nitroxide drawn is a derivative of TEMPO, a standard commercially available 

nitroxide. Indeed, most studies on ATNRC have been carried out with nitroxides of 

this type. In principle, however, only few restrictions exist and also other nitroxides 

can potentially be employed for the same purpose [183]. 

The unique aspect of this reaction is its reversibility, in which the product 

alkoxyamine can readily be converted to the starting incipient radical and parent 

nitroxide at elevated temperatures [184-186]. This methodology has been used to 

synthesize degradable and reversibly coupled linear multiblock copolymers, block 

and graft copolymers [187]. The rate determining step in the coupling reaction is the 

speed (kact) at which the halide end groups on the polymer chains convert (or are 

activated) to the carbon-centered radical via atom transfer reactions with Cu(I) 

species [176]. 

In 1998 Matyjaszewski et al. synthesized a series of alkoxyamines with a high 

efficiency (up to 95%) and selectivity through a radical–radical coupling reaction, 

where radicals generated via an ATRA process from bromine containing compounds 

were trapped by nitroxide radicals [188]. In this reaction, macroradicals, generated 

from polymers with a halogen terminal group in the presence of CuBr/PMDETA as 

an activating agent, was immediately captured by a polymer with a stable nitroxide 

radical terminal group. This new coupling reaction was termed an atom transfer 

nitroxide radical coupling (ATNRC) reaction [182]. 

In 2008, this reaction was developed to synthesize polymers by Huang and co-

workers [174, 182]. The click reaction of a terminal alkyne with an azide group and 

the ATNRC reaction of the TEMPO group with halide end group were successfully 

conducted in one pot with high efficiencies.in the presence of CuBr/PMDETA in 

DMF at 90 °C (2.23). 
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(2.23) 

It is noteworthy that the activation of the halogen-terminated chains in the coupling 

reaction can also take place following a single electron transfer (SET) mechanism 

(2.22b). In this case, the coupling process is termed SETNRC. Such an activation 

mode has been initially described by Percec and co-workers [21, 189] in the context 

of controlled radical polymerization. In the single electron transfer-living radical 

polymerization (SET-LRP) [21], Cu(I)Br disproportionate rapidly to Cu0 and 

Cu(II)Br2 in the presence of Me6TREN and polar solvent (e.g. DMSO or MeOH) and 

it is postulated that Cu0 is the activating copper species. Such system notably allows 

for the ultrafast and controlled polymerization of acrylates at ambient temperature. 

The significant rate enhanced activation of the halogen-terminated chains by SET 

was used to carry out the NRC reactions at low temperature in very short time [176, 

190-192]. The kinetics improvement offered by the SET mechanism has been 

discussed by Kulis et al [183, 192]. 

In 2011, Tunca-H�zal et al. reported the first examples of the brush copolymers and 

terpolymers generated from a combination of ROMP and NRC reaction. The 

efficiencies for the NRC click reactions were as high as 97% (2.24) [193]. 
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(2.24) 

The click chemistry characteristics of CuAAC and Diels-Alder cycloaddition 

reactions combined with the NRC reaction have been exploited for the first time for 

the synthesis of linear tetrablock copolymers, poly(ethylene glycol) (PEG)-block-

polystyrene (PS)-block-poly(tert-butyl acrylate) (PtBA)-block-poly(� -caprolactone) 

(PCL) and PEG-b-PS-b -poly(n-butyl acrylate) (PnBA)-b-PCL in a one-pot 

technique (2.25) [1, 47]. 

 

(2.25) 

Soon after the preparation of the abovementioned linear tetrapolymer, the group of 

Tunca and Hizal applied a similar strategy to the synthesis of an ABC miktoarm star 

(2.26) [48]. The linear precursors with orthogonal terminal groups are simply linked 

to a multifunctional core using coupling-onto methodology [1]. 
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(2.26) 

Furthermore, the triple click reaction strategy also allowed to prepare more complex 

structures such as a tadpole polymer, where a linear polymer precursor was attached 

to a cyclic structure by a CuAAC-Diels-Alder reaction combination, followed by an 

esterification and a subsequent introduction of a linear polymer segment by NRC 

reaction (2.27) [1, 49]. 

 

(2.27) 

Recently, the group of Tunca and Hizal employed a combination of sequential Diels–

Alder, NRC, and CuAAC reactions for the preparation of a heterograft brush 

copolymer (2.28) [1, 50]. 
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(2.28) 

2.7.1 Influencing factors of NRC reaction 

A NRC reaction relies on the generation of a carbon-centered radical by a 

mechanism of atom transfer or single electron transfer, because then the catalyst, 

Cu(I), could be transferred into highly active Cu(0), this process is highly dependent 

on the solvent, catalyst and ligand [182, 194-196]. Monteiro et al. have reported a 

kinetic study on a NRC reaction between linear polystyrene (PS) with a bromine 

terminal group prepared by ATRP and trinitroxide (tris(4-hydroxy-2,2,6,6-

tetramethylpiperidin-1-yloxyl)-benzene-1,3,5-tricarboxylate), using CuBr/PMDETA 

or CuBr/ tris(2-(dimethylamino)ethyl)-amine (Me6TREN) as a catalyst, in a series of 

solvents with different volume ratios of dimethyl sulfoxide (DMSO) to toluene and a 

temperature range from 25 °C to 75 °C [177, 182]. While using Cu(I)/PMDETA as 

the catalyst and reacting at 70 °C for 10 min, the yields were 67%, 82% and 95% in 

solvents of toluene, toluene-DMSO (50:50, v/v) and toluene–DMSO (20:80, v/v), 

respectively. Decreasing the reaction temperature to 50 °C only resulted in a slight 

decrease of the yields. However, as the temperature was decreased further to 25 °C, 

the reactions became much slower. These results indicated that both the solvent 

(composition) and the reaction temperature influenced the reaction rate while using 

Cu(I)/PMDETA as the catalyst, where the activation proceeded via an atom transfer 

radical mechanism [177, 182]. 

Besides the solvent, temperature and catalyst, the structure of the starting polymer is 

also an important inG‰uencing factor to the coupling efficiency of an NRC reaction. 

Huang et al. examined the NRC reaction between 2,2,6,6-tetramethylpiperidinyl-1-
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oxy-containing poly(� -caprolactone) (PCL-TEMPO) and linear polymers (PS, PtBA, 

and poly(methyl methacrylate) (PMMA) with a bromine terminal group), using 

CuBr/Cu(0)/PMDETA as the catalytic system. It was found that the reaction 

temperature had a slight inG‰uence on the coupling efficiency of the NRC reaction 

between PS-Br and PCL-TEMPO, and a high efficiency (>90%) was observed in the 

temperature range from 90 °C to 25 °C. For the reaction between PtBA-Br and PCL-

TEMPO, a high efficiency (>85%) was also found in the temperature range from 75 

°C to 25 °C. However, when the reaction was conducted at 90 °C, the coupling 

efficiency decreased to 76% [182, 187, 197-200]. 

2.8 Thiol-ene Reaction 

Descriptions of the use of thiols in chemical reactions extend well over 100 years, 

encompassing a number of fields ranging from biochemistry to polymer science. 

Early work on thiol-ene free-radical chemistry dates from the late 1930s to the early 

1950s [201-222]. An excellent review of thiol chemistry was published in 1974 

covering all of the work on thiols to the mid 1970s [204]. A review of thiol-ene free-

radical photoinitiated polymerization was published in 1993 [205, 223]. 

Many of the basics of thiol-ene chemistry were well defined by the early 2000s, and 

their use for relatively simple materials applications, such as protective coatings and 

films, were amply touted [224]. 

The characterization of various thiol (often called mercaptans as well) reactions as 

click reactions was first proposed by Schlaad and coworkers [225] in 2007 for the 

radical-mediated thiol-ene reaction, and has now been broadly applied to various 

thiol reactions including those with enes, ynes, epoxies, alkyl halides, and 

isocyanates [226]. Chemically, considering the electron structure and density of the 

sulfur atom as well as the thiol functional group, when compared with alcohols and 

amines, thiols are generally thought of as soft nucleophiles. The nucleophilic thiolate 

anion and the electrophilic thiyl radical that form during these various reactions are 

highly reactive species that give rise to the breadth of thiol reactions considered to be 

in the ” thiol-X click” reaction family [227]. 
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Figure 2.2 provides a summary of the thiol-X reaction family where it is clear that 

the thiol is capable of reacting with a large range of substrates, nearly all of which 

under the right catalyst and reactant conditions are click reactions [227]. 

 

Figure 2.2 : The thiol-X reaction family encompassing the thiol functional group’s 
capability of reacting broadly with a range of chemical substrates. 

The two most common thiol click reactions are the radical-mediated thiol-ene 

reaction and the base/nucleophile-catalyzed Michael addition reaction with their 

mechanisms briefly summarized in Figure 2.3. Here, the radical-mediated process 

has commonly been initiated by light exposure in combination with a radical 

photoinitiator, although redox and thermal radical initiating systems have also been 

used. This reaction was used to form crosslinked polymer films for optical adhesives 

and coatings, for microfluidic devices and for hydrogel-based biomaterials because 

of its unique ability to overcome oxygen inhibition and to form nearly stress-free 

films. It has also been used to functionalize peptides [228], sugars, and surfaces using 

free thiols that are readily attached to silicon or gold surfaces or through the amino 

acid cysteine in proteins and peptides. The Michael addition reaction, which can be 

base or nucleophile-catalyzed [229], has also been used to form biomaterials, 

including degradable hydrogels that incorporate functionalized peptides [230-232] as 

well as in the formation of crosslinked polymer films.[227, 233]. 
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Figure 2.3 : Mechanisms of the two most common thiol-X reactions: (a) the base-
catalyzed Michael addition of a thiol and an electron deficient vinyl 
group, which can also be nucleophile-catalyzed, and (b) the radical-
mediated thiol-ene reaction where the radicals are generated by 
conventional free-radical processes including through redox, thermal, 
or photochemical methods. 

However, the thiol-ene reaction has recently attracted researchers in other areas of 

synthesis due to the recognition of its ‘‘click’’ characteristics. There are several 

features associated with the thiol-ene reaction that make it a particularly attractive, 

facile and versatile process. Firstly, such hydrothiolation reactions can proceed under 

a variety of conditions including by a radical pathway [223], via catalytic processes 

mediated by nucleophiles, acids, bases [234, 235], in the apparent absence of an 

added catalyst in highly polar solvents such as water or DMF [236], or via 

supramolecular catalysis using 
 -cyclodextrin [237] for example. Secondly, a wide 

range of enes serve as suitable substrates, including activated and non-activated 

species as well as multiply-subsituted olefinic bonds. However, reactivity can vary 

considerably depending on reaction mechanism and substitution pattern at the C=C 

bond. Thirdly, virtually any thiol can be employed, including highly functional 

species, although reactivity can cover several orders of magnitude depending on the 

S–H bond strength and the cleavage mechanism, i.e. homolytic vs. heterolytic lysis. 

Finally, such reactions are generally extremely rapid and can be complete in a matter 

of seconds (even at ambient temperature and pressure), are tolerant to the presence of 

air/oxygen and moisture (provided the concentration of oxygen does not approach 

that of the thiol), and proceed with (near) quantitative formation of the corresponding 

thioether in a regioselective fashion [170]. 
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An example of polymer functionalization by thiol-ene addition from Schlaad and 

coworkers took advantage of a poly(oxazoline) derivative with alkene side groups 

prepared by cationic ring opening polymerization [225]. The authors demonstrated 

the ability to attach a wide array of thiols onto the polymer backbone. Similarly, 

David and Kornfield developed a synthetic protocol for the preparation of a variety 

of functionalized polybutadienes (PB) (2.29) [238, 239]. 

 

(2.29) 

Moving away from backbone functionalization, Campos et al. reported the synthesis 

of styrenic, methacrylic, and caprolactone monomers, each bearing alkene-

functionalities that could be combined with functional initiators and 

postpolymerization modifications to further increase the range and architectural 

position of orthogonal groups that can be built into macromolecular systems and 

accessed through thiol-ene addition [240-242]. This approach provides the 

opportunity to functionalize a wide range of polymers with side chain and terminal 

enes/azides selectively (2.30) [239]. 

 

(2.30) 
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A combination of double click reaction strategy employing both thiol-ene and 

CuAAC was employed by Hawker and coworkers to accomplish the synthesis of a 

6th generation dendrimer in a single day (2.31) [25, 243]. 

 

(2.31) 

Multiarm star polymers containing thiol-reactive maleimide groups at their core were 

synthesized by the use of a furan-protected maleimide containing dendritic initiator 

(2.32). Polymerization of various methacrylates using ATRP provided two-,four-, 

and eight-arm star polymers using first, second, and third generation dendron based 

initiators. Unmasking of the maleimide group after the polymerization provided the 

thiol reactive maleimide core. Functionalization of the maleimide group with a thiol 

containing tripeptide was used to demonstrate facile reactivity of the core of these 

multiarm polymers under reagent-free conditions [160, 168]. 

 

(2.32) 

Yagci and co-workers reported a combination of the thiol-ene and CuAAC reactions 

for the preparation of a ABC miktoarm star polymer [244]. For this purpose, a thiol 

terminated-PS  was reacted with the 1-(allyloxy)-3-azidopropan-2-ol core under UV 

irradiation via thiol-ene click reaction. Thereafter, ROP of � -CL was initiated from 

this macroinitiator to yield a diblock copolymer containing an azide functional group 

at the junction of the two blocks. A PEG-alkyne  was clicked via the CuAAC 
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reaction onto the azide functionality to furnish the ABC miktoarm star polymer 

(2.33a) [25]. 

 

 

(2.33) 

Maynard and coworkers [245] used an elegant approach to obtained telechelic 

polymers containing dimethylfulvene-protected maleimide moieties (2.33b). Initially, 

dimethylfulvene-protected maleimide end-functionalized PS was synthesized by 

ATRP. Thus obtained polymer was subjected to ATR coupling (ATRC) to obtain the 

telechelic polymer. Thiol containing molecules such as benzyl mercaptan and N-

acetyl-L-cysteine methyl ester were conjugated to these polymers via an in situ 

thermal deprotection of maleimide followed by Michael addition by refluxing in 

toluene [160]. 

Sanyal and co-workers reported the ‘orthogonally’ functionalizable polyester-based 

dendrons [246]. The surface of these dendrons were appended with alkyne groups 

that can undergo efficient CuAAC reaction while their focal point consisted of a 

reactive maleimide group that was amenable to facile conjugation with thiol 

containing molecules via the nucleophilic thiol-ene ‘click’ reaction. These dendrons 

were reacted with PEG-N3 to obtain water soluble multi-arm polymers containing 

thiol reactive maleimide unit at their core (2.34) [25]. 

(a) (b) 
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(2.34) 

A different approach described by Schubert and coworkers is the use of three metal-

free click reactions, Diels– Alder cycloaddition, radical thiol-ene, and SPAAC, for 

the incorporation of various residues to the multifunctional copoly(2-oxazoline) 

scaffold  containing �  -anthracene, �  -azide, and pendantvinyl functionalities (2.35) 

[133]. The copoly(2-oxazoline) was generated by a living cationic ROP of 2-ethyl-

oxazoline and 2-(dec-9-enyl)-2-oxazoline (in a ratio of 11:2) and sequentially reacted 

with 4-dibenzocyclooctynol at room temperature, and with furan-protected 

maleimide at 120 ° C, and finally with thiol-functionalized glyco-pyranose (or 

dodecanethiol) under UV light by successive SPAAC–Diels–Alder–thiol-ene 

reactions [1]. 

 

(2.35) 

Haddleton and coworkers prepared a � -vinyl-terminated poly(glycidyl methacrylate)  

by catalytic chain transfer polymerization (2.36) [247]. This polymer has been further 

functionalized with sequential triple click reactions, Michael thiol-ene–ring opening 

of oxirane–CuAAC [1]. 
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(2.36) 

Another interesting triple click reaction combination including the thiol-ene, Diels–

Alder, and CuAAC reactions reported by Yagci and coworkers was applied to the 

formation of the ABC miktoarm star terpolymer containing PS, PCL, and PEG arms 

(2.37) [1, 248]. 

 

(2.37) 

More recently, Tunca and Hizal et al. demonstrated the successful 

postfunctionalization of poly(oxanorbornene imide) (PONB) with two types of 

double bonds using sequential orthogonal reactions, nucleophilic thiol-ene coupling 

via Michael addition and radical thiol-ene click reactions. First, the synthesis of 

PONB with side chain acrylate groups is carried out via ring-opening metathesis 

polymerization and nitroxide radical coupling reaction, respectively. Subsequently, 

the resulting polymer having two different orthogonal functionalities, main chain 

vinyl and side chain acrylate, is selectively modified via two sequential thiol-ene 

click reactions, nucleophilic thiol-ene coupling via Michael addition and 

photoinduced radical thiol-ene (2.38) [51]. 
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(2.38) 

2.8.1 Photoinitiators 

A photoinitiator is a compound that, under absorption of light, undergoes a 

photoreaction, producing free radicals. These species are capable of initiating the 

polymerization of suitable monomers. Photoinitiators are generally divided into two 

classes according to the process by which initiating radicals are formed. Compounds 

which undergo unimolecular bond cleavage upon irradiation as shown in (2.39) are 

termed as Type I photoinitiators [249]. 

 

(2.39) 

If the excited state photoinitiator interacts with a second molecule (a coinitiator) to 

generate radicals in a bimolecular reaction as shown in (2.40), the initiating system is 

termed as “Type II Photoinitiator” [249]. 
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(2.40) 

In its initial implementation for thiol-ene reactions, photoinitiation was classically 

performed with the use of benzophenone and other hydrogen abstraction initiators; 

however, faster, more efficient photoinitiation is achieved with typical Norrish type I 

cleavage initiators such as dimethoxyphenylacetophenone (for ultraviolet initiation), 

phosphine oxides (for visible light initiation) and other similar initiators. It is worth 

noting that some type II initiation systems such as those based on camphorquinone 
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and an amine do not initiate the photopolymerization of thiol–ene polymerizations as 

efficiently as they initiate conventional (meth)acrylic photopolymerizations. The 

origin of this interesting observation is still being investigated [226]. 

An example of the cleavage-type photoinitiator, which give a benzoyl radical and a 

tertiary carbon radical upon the absorption of a photon of light, is demonstrated in 

(2.41) for dimethoxyphenyl acetophenone (DMPA) [208]. A rearrangement of the 

tertiary carbon radical occurs, yielding a methyl radical and methyl benzoate. The 

methyl and benzoyl radicals may insert into a carbon– carbon bond directly or 

abstract a hydrogen from a thiol group. In either case, the two-step process 

characteristic of the thiol-ene free-radical chain reaction is initiated. Initiation with 

the cleavage photoinitiator is more efficient than hydrogen-transfer (abstraction) 

photoinitiators such as BP because the quantum yield for the production of reactive 

radicals is higher [223]. 

 

(2.41) 

One of the most unique and beneficial aspects of the radical thiol–ene click reaction 

is its ability to self-initiate the polymerization in the presence of ultraviolet light. 

This ‘‘initiatorless’’ photopolymerization [250] is remarkable, particularly in keeping 

with the concept of simplicity embodied by the click paradigm—essentially, the 

monomers themselves act to absorb the light and generate the radicals, eliminating 

the need for any additional catalyst to be provided and with the small absorption of 

the monomers being largely eliminated upon polymerization to form an optically 

transparent material, even at the initiating wavelengths. This initiation methodology 

has been found to work for nearly all bulk thiol–ene systems [226]. 

The use of photoinitiation in thiol–ene polymerizations requires appropriate 

selections and combinations of light sources and initiating components. While the 
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thiol–ene system is responsive enough to proceed when exposed to low wavelength 

UV light sources without the addition of photoinitiator, the polymerization is 

dramatically accelerated when an optimal combination of light source and radical 

photoinitiator, preferably a type I cleavage initiator, are used [226]. 

2.8.2 Biological applications 

One of the most significant implementations of click chemistry in polymers and 

materials has been in the development of new approaches to biomaterials, enabled by 

the advent of click chemistry. In fact, even in the formation of block copolymers, 

significant efforts have focused on methodologies for fabricating block copolymers 

that are functional biomaterials. Recently, Hawker and coworkers [251] have created 

well-defined block copolymers from degradable units, including poly (lactic acid) or 

PLA, that form selfassembled nanoparticles. As the degradable units are cleaved, 

controlled release of compounds from within the nanoparticle can be achieved with 

intimate control of the release profile achieved by manipulation of the block 

copolymer characteristics. Click reactions of peptide oligomers have also been used 

to control the peptide architecture, forming cyclic RGD peptides via the thiol-ene 

reaction.[227, 228]. 

Hydrogels for both controlled drug release and tissue engineering constructs have 

been formed by thiol-ene [252], thiol- Michael addition reactions [232], and alkyne-

azide click reactions [230, 231], including reactions in which cysteine-terminal 

peptide segments were used as the crosslinking agents. In such systems, 

biofunctionality is readily imparted by the selection of the peptide unit. The choice of 

an enzymatically cleavable peptide was used to produce hydrogels with tunable 

degradation and controlled release [227]. 

Furthermore, the ability to perform multiple, sequential click reactions (i.e., ‘‘double 

clicking’’) [230, 231] is also of great significance and has recently been used with 

sequential CuAAC (or copper-free azide-alkyne cycloaddition) and thiol-ene 

reactions. Anseth and coworkers used the copperfree azide-alkyne click reaction to 

initially form a hydrogel and subsequently used a thiol-ene coupling reaction to 

photopattern the attachment of an additional ligand [230]. The ability to control 

hydrogel structure and biochemical functionality in 3-D, including the potential for 
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peptide coupling through the thiol-ene reaction, provides control over cell 

attachment, proliferation and migration in 2-D and 3-D cell constructs [227]. 

2.8.3 Limitations of radical Thiol-ene reaction 

Radical thiol-ene coupling proceeds via a mechanism that is similar to that of a chain 

transfer polymerization mechanism (2.42). Frequently, side reactions have been 

observed [253]. It should be noted here, that in case thiol-ene chemistry shows 

significant side reactions, the whole process might not be considered a click reaction, 

as the occurrence of secondary reaction pathways is a direct contradiction to the click 

concept. Thus, thiol-ene may only serve as an efficient conjugation tool if such 

reactions can be largely avoided. One known side reaction is thiyl-thiyl radical 

coupling, which leads to disulfide formation; another is head-to-head coupling of the 

carbon centered radicals. These two reactions are arguably the most prominent 

reactions terminating the thiol-ene cycle, but in principle, any bimolecular spin-

annihilation reaction can of course occur. Additionally, the step-mechanism of thiol-

ene conjugation is in competition with the chain growth mechanism of a transfer 

polymerization if a (homo)polymerizable ene is used [254]. 

 

(2.42) 

Interestingly, in examining the scope of click reactions in which the thiol 

participates, it is this same broad applicability and potential for facile reactions of the 

thiol with a variety of substrates that also represents the most significant downside of 

considering the thiol family of reactions as click reactions. Here, the potential for 

thiols to react with a variety of chemical substrates limits their orthogonality, i.e., the 

potential for side reactions with other, undesired chemical functional groups. The 

same aspects that make them highly efficient and rapid in reacting with one substrate 

may limit their ability to react only with that substrate. That said, the conditions 

under which each of these reactions occurs, e.g., radical-mediated, base-catalyzed, 
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etc., may be selected to be mutually exclusive and focus the thiol reaction to occur 

with only a single other functional group. In addition to the potential for a lack of 

orthogonality, two other significant disadvantages arise in considering the 

implementation of the thiol family of click reactions. First, again related to the 

reactivity of the thiol, preformulated compositions that contain both the thiol and 

secondary functional group (e.g., the ene in thiol-ene reactions) are inherently 

relatively unstable, with a limited shelflife. Finally, low-molecular-weight thiols or 

higher molecular weight compounds with low-molecular weight impurities possess a 

distinct and offensive odor. The implementation of higher molecular weight thiols 

reduces or eliminates this issue by lowering the vapor pressure of the reactants [227]. 

In the past, several studies for a successful functionalization of polymers via radical-

initiated thiol-ene conjugation with small molecules have been performed. However, 

no example exists where two polymer chains were coupled and even with the 

Michael addition type reaction, only few examples for such an attempt can be found 

in the literature. This lack of (radical) thiol-ene chemistry as a tool for polymer 

conjugation was also most recently noted by Sumerlin and Vogt [34]. One example 

of polymer-polymer conjugation has been presented by Li et al., where a maleimide 

end group functionalized poly(N-isopropylacrylamide) was coupled to thiol end 

group functionalized poly(styrene) via a Michael addition reaction [255]. However, 

an excess of the thiol-functionalized poly(styrene) and its subsequent removal was 

required. Furthermore, Koo et al. reported their findings when performing polymer-

polymer conjugation reactions using radical-initiated thiol-ene chemistry. 

Surprisingly, the thiol-ene approach was found to be relatively unsuccessful when 

targeting polymer– polymer conjugation reactions and only showed success to some 

extent, when polymers were functionalized with small molecules [254]. 
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3.  EXPERIMENTAL WORK 

3.1 Materials  

Styrene (St, 99%, Aldrich) and methyl metacrylate (MMA, 99%, Aldrich) were 

passed twice through basic alumina column to remove inhibitor and then distilled 

over CaH2 in vacuum prior to use. e-Caprolactone (� -CL, 99%, Aldrich) was distilled 

from CaH2 under vacuum. N,N,N’,N’’,N’’ -pentamethyldiethylenetriamine  

(PMDETA, Aldrich) was destilled over  NaOH prior to use. Poly(ethylene glycol 

monomethyl ether) (Me-PEG-OH) (Mn = 550, Acros) was dried over anhydrous 

toluene by azeotropic distillation. 9-Anthracene methanol (97%, Aldrich), 1,8- 

diazabicyclo[5.4.0]undec-7-ene (DBU, 99%, Aldrich), N,N’-dicyclohexyl 

carbodiimide (DCC, 99%, Aldrich), 4-dimethylaminopyridine (DMAP, 99%, Acros), 

CuBr (99.9%, Aldrich) and CuCl (99.9%, Aldrich) were used as received. 

Dichloromethane (CH2Cl2) was purchased from Aldrich and used after distillation 

over P2O5. Tetrahydrofuran (THF; 99.8%, J.T. Baker) was dried and distilled over 

benzophenone-Na. Solvents unless specified here were purified by conventional 

procedures. All other reagents were purchased from Aldrich and used as received 

without further purification. 

3.2 Instrumentation 

1H NMR spectra were recorded on an Agilent VNMRS 500 (500 MHz for 1H) and on 

a Bruker 250 AC spectrometer (250 MHz for 1H) in CDCl3. The conventional gel 

permeation chromatography (GPC) measurements were carried out with an Agilent 

instrument (Model 1100) consisting of a pump, refractive index (RI), and ultraviolet 

(UV) detectors 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 � m particles). The 

effective molecular weight ranges are 2000-4,000,000, 50-100,000, 500-30,000, and 

500–20,000, respectively. THF and toluene were used as eluent at a flow rate of 0.3 

mL/min at 30 °C and as an internal standard, respectively. The apparent molecular 

weights (Mn,GPC and Mw,GPC) and polydispersities (Mw/Mn) were determined with a 
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calibration based on linear PS standards using PL Caliber Software from Polymer 

Laboratories. The second GPC set-up (TD-GPC) with an Agilent 1200 model 

isocratic pump, four Waters Styragel columns (guard, HR 5E, HR 4, HR 3, and HR 

2), and a Viscotek TDA 302 triple detector including RI, dual laser light scattering 

(DLLS) (
  = 670 nm, 90° and 7°) and a differential pressure viscometer was 

conducted to measure the absolute molecular weights (Mw,TDGPC) in THF with a flow 

rate of 0.5 mL/min at 35 oC. Three detectors were calibrated with a PS standard 

having narrow molecular weight distribution (Mn = 115,000 g/mol, Mw/Mn = 1.02, 

[� ] = 0.519 dL/g at 35°C in THF, dn/dc = 0.185 mL/g) provided by Viscotek 

company. UV spectra were recorded on a Shimadzu UV-1601 spectrophotometer in 

CH2Cl2. 

3.3 Synthesis Methods 

4,10-Dioxatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (1) [256], 4-(2-hydroxyethyl)-10-

oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (2) [256], 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) [256], , � -furan-protected maleimide terminated PMMA (MI-PMMA-Cl) 

[162], � -furan-protected maleimide-terminated PtBA (MI-PtBA-Br) [161], 

monocarboxylic acid-terminated PEG (PEG-COOH) [257], TEMPO-terminated PEG 

(PEG-TEMPO) [193], succinic acid mono-anthracene-9-ylmethyl-ester (5) [258], 

anthracene-9-ylmethyl (2-(1,3-dioxo-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindol-

2(3H)-yl)ethyl) succinate (ONB-anthracene) (6) [44], 2-bromo-propionic acid 2-(3,5-

dioxo-10-oxa-4-azatricyclo [5.2.1.02,6]dec-8-en-4-yl)-ethyl ester (ONB-bromide) (7) 

[161], 2,2,5-trimethyl-[1,3]dioxane-5-carboxylic acid (8) [259], anthracene-9ylmethyl  

2,2,5-trimethyl-[1,3]dioxane-5-carboxylate (9) [165], anthracene-9ylmethyl 3-

hydroxy-2-(hydroxymethyl)-2-methylpropanoate (10) [165], anthracene-9-ylmethyl 

5-methyl-2-oxo-1,3-dioxane-5-carboxylate (11) [260], 1-(3,5-

bis(trifloromethyl)phenyl)-3-cyclohexyl thiourea (TU) (12) [74], pendant anthracene-

functionalized polycarbonate (PC-anthracene) [260], poly(oxanorbornenyl-

anthracene) (PONB-anthracene) [44], furan protected-maleimide terminated PMMA 

(PMMA-MI) [37], alkyne terminated PCL (PCL-alkyne) [37], 2-(1,3-dioxo-3a,4,7,7a-

tetrahydro-1H-4,7-epoxyisoindol-2(3H)-yl)ethyl 4-methyl benzenesulfonate (ONB-
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OTs) (15) [50], poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs) [50] were prepared 

according to literature procedures. 

3.3.1 4,10-Dioxatricyclo[5.2.1.02,6]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 product as 

white needless. Yield = 44.4 g (87 %). 1H NMR (250 MHz, CDCl3, � ) 6.58 (s, 2H, 

CH=CH, bridge protons), 5.46 (s, 2H, -CHO, bridge-head protons), 3.19 (s, 2H, CH-

CH, bridge protons). 

3.3.2 4-(2-hydroxyethyl)-10-oxa-4-azatricyclo[5.2.1.02,6]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 %). 1H 

NMR (250 MHz, CDCl3, � ) 6.53 (s, 2H, CH=CH, bridge protons), 5.29 (s, 2H, -

CHO, bridge-head protons), 3.77-3.71 (m, 4H, NCH2CH2OH), 2.90 (s, 2H, CH-CH, 

bridge protons). 

3.3.3 Synthesis of 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 a 250 mL of round bottom flask were added 2 (3.0 g, 14 mmol), DMAP (0.88 g, 7 

mmol) and Et3N (4.99 mL, 36.0 mmol) in 100 mL of THF. The mixture was cooled 

to 0 °C, and a solution of 2-bromo isobutyryl bromide (2.66 ml, 21.5 mmol) in 25 

mL of THF was added dropwise (30 min) to the reaction mixture. The white 
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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 = 4.01 g (80 %). 1H NMR (250 MHz, CDCl3, � ) 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). 

3.3.4 Synthesis of allyl 2-bromo-2-methylpropanoate (4) 

Allyl alcohol (2.4 mL, 0.035 mol) and DMAP (2.1 g, 0.017 mol) were dissolved in 

100 mL of CH2Cl2 and Et3N (12 mL, 0.086 mol) was added. After cooling the 

reaction mixture to 0oC, 2-bromo isobutyryl bromide (6.4 mL, 0.052 mol) was added 

dropwise within 30 min, stirred for 15 min at 0 oC,  and then overnight at room 

temperature. The ammonium salt was filtered off and the solvent was evaporated 

under reduced pressure. The remaining residue was extracted with CH2Cl2 and 

saturated aqueous NaHCO3. The aqueous phase was further extracted with CH2Cl2, 

and the combined organic phases were dried over Na2SO4. The solution was 

concentrated, and the crude product was purified by column chromatography over 

silica gel eluting with hexane/EtOAc (4:1) as colorless liquid. Yield = 1.5 g (75 %). 

1H NMR (250 MHz, CDCl3, � ) 6.10-5.80 (m, 1H, CH2=CH), 5.39-5.22 (m, 2H, 

CH2=CH), 4.64 (m, 2H, CH2OC=O), 1.92 (s, 6H, C(CH3)2-Br).  

3.3.5 General procedure for the synthesis of #-allyl-$ -bromide terminated PS 

(allyl-PS-Br)  

In a 50 mL of Schlenk tube, St (20.0 mL, 175 mmol), PMDETA (0.182 mL, 0.87 

mmol), CuBr (0.125 g, 0.87 mmol) and   allyl 2-bromo-2-methylpropanoate (4) 

(0.181 g, 0.87 mmol) were added and the reaction mixture was degassed by three 

freeze-pump-thaw (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 into methanol. The polymer was dried for 24 h in a vacuum 

oven at 40 oC. 1H NMR (250 MHz, CDCl3, � ) 7.10-6.57 (ArH of PS), 5.65 (m, 1H, 
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CH-alkene), 5.11 (m, 2H, CH2-alkene), 4.39 (br, 1H, CH(Ph)-Br end group of PS), 

4.03 (m, 2H, CH2-vinyl), 1.90-0.88 (m, aliphatic protons of PS and CH3). 

3.3.6 General procedure for the synthesis of #-allyl-$ -azide terminated PS 

(allyl-PS-N3) 

Allyl-PS-Br (3.0 g, 0.55 mmol, Mn,NMR = 5400 g/mol) was dissolved in DMF (15 

mL) and NaN3 (1.07 g, 16.5 mmol) was added to the flask. After stirring at room 

temperature overnight, the mixture was precipitated into an excess amount of 

methanol. The recovered polymer allyl-PS-N3 was dried in a vacuum oven at 40 °C 

for 24 h. Yield = 2.9 g (96 %). 1H NMR (250 MHz, CDCl3, � ) 7.30-6.30 (ArH of 

PS), 5.65 (m, 1H, CH2=CH), 5.11 (m, 2H, CH2=CH), 4.20-3.80 (br, 3H, CH(Ph)-N3 

and CH2OC=O), 2.00-0.88 (m, CH2, CH and CH3). 

3.3.7 General procedure for the synthesis of #-furan-protected maleimide 

terminated PMMA (MI-PMMA-Cl) 

In a 25 mL of Schlenk tube, MMA (5.00 mL, 46.7 mmol), PMDETA (0.196 mL, 

0.940 mmol), CuCl (0.093 g, 0.94 mmol), toluene (5 mL) and 3 (0.336 g, 0.940 

mmol) were added, and the reaction mixture was degassed by FPT cycles, and left in 

argon. The tube was then placed in a thermostated oil bath at 40 °C for 

predetermined times. The polymerization mixture was diluted with THF, passed 

through a basic alumina column to remove the catalyst, and precipitated into hexane. 

The polymer was dried for 24 h in a vacuum oven at 40 °C. 1H NMR (250 MHz, 

CDCl3, d) 6.52 (s, 2H, vinyl protons), 5.26 (s, 2H, CHCH=CHCH, bridge-head 

protons), 4.15 (m, 2H, NCH2CH2OC=O), 3.75-3.50 (m, OCH3 of PMMA and 

NCH2CH2OC=O), 2.90 (s, 2H, CH2NC=OCH-CH, bridge protons), 1.90-0.82 (m, 

aliphatic protons of PMMA). 

3.3.8 General procedure for the synthesis of  #-furan-protected maleimide-

terminated PtBA (MI-P tBA-Br) 

In a 25 mL of Schlenk tube, tBA (10.0 mL, 68.3 mmol), PMDETA (0.142 mL, 0.680 

mmol), CuBr (0.098 g, 0.68 mmol), ethylene carbonate (0.88 g) and 3 (0.024 g, 0.68 

mmol) were added, and the reaction mixture was degassed by three FPT cycles, and 

left in argon. The tube was then placed in a thermostated oil bath at 50 °C for 

predetermined times. The polymerization mixture was diluted with THF, passed 
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through a basic alumina column to remove the catalyst. The excess of THF was 

evaporated under reduced pressure and the mixture was precipitated into cold 

methanol/water (80/20; 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. Finally, the organic phase was 

evaporated to give MI-PtBA. The polymer was dried for 24 h in a vacuum oven at 40 

°C. 1H NMR (250 MHz, CDCl3, � ) 6.49 (s, 2H, vinyl protons), 5.24 (s, 2H, 

CHCH=CHCH, bridge-head protons), 4.13 (b, 2H, NCH2CH2OC=O, 1H, CHBr, end 

group of PtBA), 3.73 (m, 2H NCH2CH2OC=O), 2.87 (s, 2H, CH2NC=OCH-CH, 

bridge protons), 2.21 (bs, CH of PtBA), 1.83-1.09 (aliphatic protons of PtBA). 

3.3.9 Synthesis of monocarboxylic acid-terminated PEG (PEG-COOH) 

Me-PEG (5 g, 8 mmol, Mn= 550 g/mol) 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 (85 %). 1H NMR (500 

MHz, CDCl3, � ,) 4.20 (m, 2H, C=OOCH2), 3.65-3.50 (m, 2H, C=OOCH2CH2, m, 

OCH2CH2O, PEG backbone), 3.33 (s, 3H, OCH3), 2.60 (bs, 4H, C=OCH2CH2C=O). 

3.3.10 Synthesis of TEMPO-terminated PEG (PEG-TEMPO) 

PEG-COOH (1.00 g, 1.53 mmol, Mn,theo = 650 g/mol) was dissolved in 20 mL of dry 

CH2Cl2. 4-Hydroxy-TEMPO (0.79 g, 4.6 mmol) and DMAP (0.186 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, 4.61 mmol) in 10 mL of CH2Cl2 was added to solution. 

The reaction was continued via stirring for 24 h at room temperature and 

subsequently concentrated under a reduced pressure. The crude product was purified 

by column chromatography over silica gel eluting first with CH2Cl2/ethyl acetate 

(1/1), and  then CH2Cl2/CH3OH (10/1) to yield red oil. Yield = 2.8 g (83 %). 
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3.3.11 Synthesis of #-anthracene-$ -hydroxyl-terminated PCL (anthracene-

PCL-OH) 

Anthracene-PCL-OH was prepared by ROP of e-CL (5.0 mL, 0.047 mol) in bulk 

using tin(II)-2-ethylhexanoate (0.01 mL, 0.03 mmol) as catalyst and 9-anthracene-

methanol (0.33 g, 1.6 mmol) as initiator at 110 °C for 4 h. The degassed monomer, 

catalyst, and the initiator were added to a previously flamed Schlenk tube equipped 

with a magnetic stirring bar in the given order. The tube was degassed with three 

FPT cycles, left in argon, and placed in a thermostated oil bath. After the 

polymerization, the mixture was diluted with THF, and precipitated into an excess 

amount of cold methanol. Anthracene-PCL-OH was isolated by filtration and dried at 

40 °C in a vacuum oven for 24 h. 1H NMR (250 MHz, CDCl3, � ) 8.50 (s, 1H, ArH), 

8.33 (d, 2H, ArH), 8.04 (d, 2H, ArH), 7.56 (m, 4H, ArH), 6.14 (s, 2H, CH2-Ar), 4.04 

(bs, CH2O of PCL), 3.63 (bs, 2H, CH2OH, end-group of PCL), 2.31 (bs, C=OCH2 of 

PCL), 1.63-1.36 (m, CH2 of PCL). 

3.3.12 Synthesis of #-anthracene-$ -alkyne-terminated PCL (anthracene-PCL-

alkyne) 

Anthracene-PCL-OH (1.0 g, 0.37 mmol, Mn,NMR = 2700 g/mol) was dissolved in 40 

mL of CH2Cl2. DMAP (0.046 g, 0.37 mmol) and 4-pentynoic acid (0.16 g, 1.7 mmol) 

were added to the reaction mixture in that order. After stirring 5 min at room 

temperature, DCC (0.35 g, 1.5 mmol) in 10 mL of CH2Cl2 was added and the 

solution was further stirred at room temperature overnight. After filtration, the 

mixture was precipitated two times in cold methanol. Yield = 0.9 g (99 %). 1H NMR 

(250 MHz, CDCl3, � ) 8.50 (s, 1H, ArH), 8.33 (d, 2H, ArH), 8.04 (d, 2H, ArH), 7.51 

(m, 4H, ArH), 6.14 (s, 2H, CH2-Ar), 4.04 (bs, CH2O of PCL), 2.51 (br, 4H, 

CH2CH2Cº CH and CH2CH2Cº CH), 2.31 (bs, C=OCH2 of PCL), 1.97 (s, 1H, 

CH2Cº CH), 1.63-1.36 (m, CH2 of PCL).  

3.3.13 Synthesis of #-cysteine-$ -azide-terminated PS (cysteine-PS-N3) 

Allyl-PS-N3 (1.0 g, 0.18 mmol, Mn,GPC =  5600 g/mol), N-acetyl-L-cysteine methyl 

ester (0.16 g, 0.90 mmol) in 20 mL of toluene and DMPA (5 mg, 0.018 mmol) was 

added to the photoreactor. After irradiation with a UV lamp at 365 nm for 2 h, the 

mixture was precipitated into an excess amount of methanol. The recovered polymer 
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was dried in a vacuum oven at 40 °C for 24 h. Yield = 0.99 g (99 %). 1H NMR (250 

MHz, CDCl3, � ) 7.30-6.30 (ArH of PS), 4.81 (m, 1H, CHNH), 3.92 (br, 1H, 

CH(Ph)N3), 3.73 (s, 3H, CH3OC=O), 3.56-3.20 (br, 2H, CH2OC=O), 2.93 (m, 2H, 

NCHCH2S ), 2.36 (m, 2H, CH2SCH2), 2.16 (s, 3H, CH3C=ONH), 2.01-0.88 (m, CH2, 

CH and CH3). 

3.3.14 Synthesis of #-cysteine-$ -anthracene-terminated PS-b-PCL copolymer 

(cysteine-PS-b-PCL-anthracene) via CuAAC  

Cysteine-PS-N3 (0.90 g, 0.16 mmol, Mn,NMR = 5600 g/mol) and anthracene-PCL-

alkyne (0.50 g, 0.18 mmol, Mn,NMR = 2800 g/mol) were dissolved in nitrogen-purged 

DMF (12 mL) in a Schlenk tube. CuBr (0.012 g, 0.080 mmol) and PMDETA (0.033 

mL, 0.16 mmol) were added and the reaction mixture was degassed by three FPT 

cycles, left in argon, and stirred at room temperature for 12 h. After this specified 

time,  the  polymer  solution  was  passed  through alumina  column  to  remove  

copper  salt  and  precipitated  in methanol. Subsequently, the crude product was 

dissolved in THF and precipitated in diethyl ether/methanol (1:1) and subsequently 

in methanol. Finally,  recovered  polymer  was  dried  in  a vacuum  oven  at  40  oC 

Yield = 0.78 g (87 %). 1H NMR (250 MHz, CDCl3, � ) 8.51-7.51 (m, ArH of 

anthracene and CH of triazole), 7.50-6.30 (ArH of PS), 6.15 (s, 2H, CH2-anthracene), 

5.01 (br, 1H, CH(Ph)-triazole), 4.78 (m, 1H, CHNH), 4.05 (bs, CH2O of PCL), 3.74 

(s, 3H, CH3OC=O), 3.60-3.20 (m, 2H, CH2OC=O), 2.92 (m, 4H, NCHCH2S and 

triazole-CH2), 2.60 (m, 4H, CH2SCH2 and triazole-CH2CH2), 2.29 (bs, C=OCH2 of 

PCL), 2.10-0.90 (m, CH2 of PCL, CH2, CH of  PS and CH3).  

3.3.15 Synthesis of #-cysteine-$ -chloride-terminated  PS-b-PCL-b-PMMA 

(cysteine-PS-b-PCL-b-PMMA-Cl ) terpolymer via Diels-Alder click reactio n 

In a 100 mL of two-necked round bottom flask were added cysteine-PS-b-PCL-

anthracene (0.28 g, 0.034 mmol, based on Mn,NMR) and MI-PMMA-Cl  (0.14 g, 0.050 

mmol, based on Mn,NMR) in 50 mL of toluene. The mixture was bubbled with 

nitrogen for 30 min. at room temperature and then refluxed for 63 h under nitrogen in 

the dark. After that time, toluene was evaporated under high vacuum and the residual 

solid dissolved in THF, and subsequently precipitated into methanol for two times. 

Finally,  the  polymer  was  dried  in  a vacuum  oven  at  40  oC. Yield = 0.14 g (50 

%). 1H NMR (250 MHz, CDCl3, � ) 7.50-6.30 (ArH of PS, ArH of cycloadduct), 5.47 
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(s, 2H, C=OOCH2 cycloadduct), 5.10 (br, 1H, CH(Ph)-triazole end group of PS), 

4.77 (br, 2H, CH, bridge-head proton and CH-NH), 4.04 (bs, CH2O of PCL), 3.73-

3.58 (br, 9H, CH3OC=O, CH2-OC=O, NCH2CH2OC=O, NCH2CH2OC=O, and 

OCH3 of PMMA), 3.30 (br, 2H, CH-CH, bridge protons), 2.91 (br, 6H, NCHCH2S, 

CH2SCH2, and  triazole-CH2), 2.60 (m, 5H, CH3CONH, triazole-CH2CH2), 2.32 (br, 

C=OCH2 of PCL), 2.10-0.83 (br, CH2 of PCL, aliphatic protons of PS and PMMA, 

and CH3). 

3.3.16 Synthesis of #-cysteine-$ -bromide-terminated PS-b-PCL-b-PtBA 

(cysteine-PS-b-PCL-b-PtBA-Br) terpolymer via Diels-Alder click reaction 

In a 100 mL of two-necked round bottom flask were added cysteine-PS-b-PCL-

anthracene (0.28 g, 0.034 mmol, based on Mn,NMR) and MI-PtBA-Br (0.19 g, 0.050 

mmol, based on Mn,NMR) in 50 mL of toluene. The mixture was bubbled with 

nitrogen for 30 min at room temperature and then refluxed for 63 h under nitrogen in 

the dark. After that time, toluene was evaporated under high vacuum and the residual 

solid was dissolved in THF, and subsequently two times precipitated into methanol. 

Finally,  the  recovered polymer  was  dried  in  a vacuum  oven  at  40 oC. Yield = 

0.13 g (45 %). 1H NMR (250 MHz, CDCl3, � ) 7.50-6.30 (ArH of PS, and ArH of 

cycloadduct), 5.47 (s, 2H, CH2-cycloadduct), 5.10 (br, 1H, CH(Ph)-triazole end 

group of PS), 4.76 (br, 2H, CH, bridge-head proton, and CH-NH), 4.07 (bs, CH2O of 

PCL), 3.73-3.28 (br, 11H, CH3OC=O, CH2OC=O, NCH2CH2OC=O, 

NCH2CH2OC=O, and CH-CH, bridge protons), 2.93 (br, 6H, NCHCH2S, CH2SCH2, 

triazole-CH2), 2.60 (m, 5H, CH3CONH, and triazole-CH2CH2), 2.29 (br, C=OCH2 of 

PCL, CH of PtBA ), 2.10-0.91 (br, CH2 of PCL, aliphatic protons of PS and  PtBA, 

and CH3). 

3.3.17 Synthesis of cysteine-PS-b-PCL-b-PMMA- b-PEG quaterpolymer via 

NRC click reaction 

Cysteine-PS-b-PCL-b-PMMA-Cl (0.11 g, 0.011 mmol, based on Mn,NMR) and PEG-

TEMPO (0.014 g, 0.022 mmol, based on Mn,theo) were dissolved in nitrogen-purged 

DMF (4 mL) in a Schlenk tube. CuBr (0.0016 g, 0.011 mmol), Cu(0) (0.0035 g, 

0.055 mmol), and PMDETA (0.0023  mL, 0.011 mmol) were added and the reaction 

mixture was degassed by three FPT cycles, left in argon, and stirred for 12 h at room 

temperature. After this specified time, the  polymer  solution  was  passed  through 
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alumina  column  to  remove  copper  salt  and  precipitated  in methanol. Next, the 

crude product was dissolved in THF and two times precipitated in methanol. Finally,  

the  recovered polymer  was  dried  in  a vacuum  oven  at  40  oC. Yield = 0.08 g (73 

%). 1H NMR (250 MHz, CDCl3, � ) 7.50-6.30 (ArH of PS and ArH of cycloadduct), 

5.47 (s, 2H, CH2-cycloadduct), 5.26-5.00 (br, 2H, CH(Ph)-triazole end group of PS, 

and CH of TEMPO), 4.77 (br, 2H, CH, bridge-head proton, and CH-NH),  4.04 (bs, 

CH2O of PCL), 3.63 (br, 13H, CH3OC=O, CH2OC=O, NCH2CH2OC=O, 

NCH2CH2OC=O, OCH2CH2 of PEG, and OCH3 of PMMA), 3.37-3.30 (m, 5H, CH-

CH, bridge protons, OCH3 end group of PEG), 2.91 (br, 4H, NCHCH2S, and 

triazole-CH2), 2.60 (m, 4H, CH2SCH2, and  triazole-CH2CH2), 2.29 (br, C=OCH2 of 

PCL and C=OCH2CH2C=O), 2.10-0.82 (br, CH2 of PCL, aliphatic protons of PS, and 

PMMA, and CH3). 

3.3.18  Synthesis of cysteine-PS-b-PCL-b-PtBA-b-PEG quaterpolymer via NRC 

click reaction 

Cysteine-PS-b-PCL-b-PtBA-Br (0.1 g, 0.009 mmol, based on Mn,NMR) and PEG-

TEMPO (0.012 g, 0.018 mmol, based on Mn,theo) were dissolved in nitrogen-purged 

DMF (4 mL) in a Schlenk tube. CuBr (0.0013 g, 0.009 mmol), Cu(0) (0.003 g, 0.045 

mmol), and PMDETA (0.002 mL, 0.009  mmol)  were added, and the reaction 

mixture was degassed by three FPT cycles, left in argon, and stirred for 12 h at room 

temperature. After this specified time, the  polymer  solution  was  passed  through 

alumina  column  to  remove  copper  salt  and  precipitated  in methanol. Next, the 

crude product was dissolved in THF and two times precipitated in methanol. Finally, 

the polymer was dried in a vacuum oven  at 40 oC. Yield = 0.072 g (72 %). 1H NMR 

(250 MHz, CDCl3, � ) 7.50-6.30 (ArH of PS, and ArH of cycloadduct), 5.47 (s, 2H, 

CH2 -cycloadduct), 4.90-5.20 (br, 2H, CH(Ph)-triazole, and CH of TEMPO), 4.77 

(br, 2H, CH, bridge-head proton, and CHNH), 4.05 (bs, CH2O of PCL), 3.73-3.64 

(br, 9H, CH3OC=O, CH2OC=O, NCH2CH2OC=O, NCH2CH2OC=O,  and CH2CH2O, 

PEG backbone), 3.49-3.28 (m, 5H, CH-CH, bridge protons, and OCH3 of PEG), 2.93 

(br, 4H, NCHCH2S, and triazole-CH2), 2.60 (m, 4H, CH2SCH2, triazole-CH2CH2), 

2.32 (br, C=OCH2 of PCL, and CH of PtBA and C=OCH2CH2C=O), 2.10-0.91 (br, 

CH2 of PCL, aliphatic protons of PS and PtBA and CH3).  
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3.3.19 Synthesis of succinic acid mono-anthracene-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 %) 1H NMR (500 MHz, CDCl3, � ) 8.52 (s, 1H, ArH 

of anthracene), 8.32 (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), 6.21 (s, 2H, CH2-

anthracene), 2.70-2.68 (s, 4H, C=OCH2CH2C=OOH).  

3.3.20 Synthesis of anthracene-9-ylmethyl (2-(1,3-dioxo-3a,4,7,7a-tetrahydro-

1H-4,7-epoxyisoindol-2(3H)-yl)ethyl) succinate (ONB-anthracene) (6) 

Compounds 2 (1.63 g, 7.80 mmol, 1.2 equiv), 5 (2.00 g, 6.50 mmol, 1 equiv), and 

DMAP (0.400 g, 3.25 mmol, 0.5 equiv) were dissolved in 50 mL of dry CH2Cl2. 

After stirring 5 min at room temperature, DCC (1.6 g, 7.8 mmol, 1.2 equiv) dissolved 

in 25 mL of CH2Cl2 was added to the reaction mixture. The reaction mixture was 

stirred overnight at room temperature. After filtration, the solvent was removed and 

the remaining product was extracted with CH2Cl2/water. The aqueous phase was 

again extracted with CH2Cl2 and the combined organic phases were dried with 

Na2SO4, and concentrated to dryness. The crude product was purified by column 

chromatography over silica gel eluting with CH2Cl2 to give 6 as a yellow solid. Yield 

= 2.6 g (80 %). 1H NMR (500 MHz, CDCl3, � ): 8.53 (s, 1H, ArH of anthracene), 

8.32 (d, 2H, ArH of anthracene), 8.04 (d, 2H, ArH of anthracene), 7.58-7.51 (m, 4H, 

ArH of anthracene), 6.45 (s, 2H, vinyl protons), 6.17 (s, 2H, CH2-anthracene), 5.23 

(s, 2H, CHCH=CHCH, bridge-head protons), 4.19 (t, 2H,  NCH2CH2OC=O), 3.71 (t, 

2H, NCH2CH2OC=O), 2.81 (s, 2H, CH-CH, bridge protons), 2.61 (s, 4H, 

C=OCH2CH2C=O). 
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3.3.21 Synthesis of 2-bromo-propionic acid 2-(3,5-dioxo-10-oxa-4 azatricyclo 

[5.2.1.02,6]dec-8-en-4-yl)-ethyl ester (ONB-Br) (7) 

In a 250 mL of round bottom flask were added 2 (3.0 g, 14.0 mmol) , DMAP (0.88 g, 

7 mmol) and Et3N (4.99 mL, 36.0 mmol) in 100 mL of CH2Cl2. The mixture was 

cooled to 0 °C, and a solution of 2-bromopropionyl bromide (3.0 ml, 28.7 mmol) in 

25 mL of CH2Cl2 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 (1:1) to give 7 as a white 

solid. Yield = 4.04 g (84 %). 1H NMR (500 MHz, CDCl3, � ) 6.52 (s, 2H, CH=CH, 

bridge protons), 5.28 (s, 2H, -CHO, bridge-head protons), 4.34 (m, 3H, 

NCH2CH2OC=O, C=OCH(CH3)Br), 3.80 (t, 2H, NCH2CH2OC=O), 2.88 (s, 2H, CH-

CH, bridge protons), 1.81 (s, 3H, CH(CH3)Br).  

3.3.22 Synthesis of 2,2,5-trimethyl-[1,3]dioxane-5-carboxylic acid (8) 

The 2,2-bis(hydroxymethyl)propanoic acid (8 g, 59.6 mmol) along with p-TSA (0.45 

g, 2.32 mmol), and 2,2-dimethoxypropane (11.2 mL, 89.4 mmol) was dissolved in 40 

mL of dry acetone, and stirred for 2 h at room temperature. In the vicinity of 2 h, 

while stirring continued, the reaction mixture was neutralized with 6 mL of totally 

NH4OH (25%), and absolute ethanol (1:5), filtered off by-products and subsequent 

dilution with dichloromethane (100 mL), and once extracted with distilled water (40 

mL). The organic phase dried with Na2SO4, concantrated to yield 7.4 g (71%) as 

white solid after evaporation of the solvent. 1H NMR (250 MHz, CDCl3, � ) 11.20 

(bs, 1H, COOH), 4.18 (d, 2H, CCH2O), 3.63 (d, 2H, CCH2O), 1.38 (s, 3H, CCH3) 

1.36 (s, 3H, CCH3), 1.18 (s, 3H, C=OC(CH2O)2CH3).  

3.3.23 Synthesis of anthracene-9ylmethyl  2,2,5-trimethyl-[1,3]dioxane-5-

carboxylate (9) 

9-Anthracene methanol (2 g, 9.6 mmol) was dissolved in 50 mL of CH2Cl2 and 8 (2 

g, 11.5 mmol), and DMAP (1.17 g, 9.6 mmol) were added to the reaction mixture in 

that order. After stirring 5 minutes at room temperature, DCC (2.37 g, 11.5 mmol) 

dissolved in 20 mL of CH2Cl2 was added. Reaction mixture was stirred overnight at 

room temperature and urea byproduct was filtered. Then reaction mixture was 
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extracted with water/ CH2Cl2 (1:4) two times and combined organic phase was dried 

with Na2SO4. Solvent was evaporated and the remaining product was purified by 

column chromatography over silica gel eluting with hexane/ethyl acetate (4:1) to 

give pale yellow oil. Yield = 2.97 g (85 %).  1H NMR (250 MHz, CDCl3, � ) 8.50 (s, 

1H, ArH of anthracene), 8.32 (d, 2H, ArH of anthracene), 8.02 (d, 2H, ArH of 

anthracene), 7.60-7.45 (m, 4H, ArH of anthracene), 6.19 (s, 2H, CH2-anthracene), 

4.14 (d, 2H, CCH2O), 3.58 (d, 2H, CCH2O), 1.38 (s, 3H, CCH3), 1.35 (s, 3H, CCH3), 

1.08 (s, 3H, C=OC(CH2O)2CH3).   

3.3.24 Synthesis of anthracene-9ylmethyl  3-hydroxy-2-(hydroxymethyl)-2-

methylpropanoate (10) 

9-anthrylmethyl 2,2,5-trimethyl-1,3-dioxane-5-carboxylate (9) (2.95 g, 8.1 mmol) 

was dissolved in a mixture of 20 mL of THF and 10 mL of 1 M HCl. The reaction 

mixture was stirred for 2 h at room temperature. The precipitated product was 

filtered off and reaction mixture was concentrated and extracted with 160 mL of 

CH2Cl2 and 40 mL of water. The combined organic phase was dried with Na2SO4 

and concentrated. Hexane was added to the reaction mixture and it was kept in deep 

freeze overnight to give white solid. Yield = 2.4 g (91 %). 1H NMR (250 MHz, 

CDCl3, � ) 8.52 (s, 1H, ArH of anthracene), 8.30 (d, 2H, ArH of anthracene), 8.03 (d, 

2H, ArH of anthracene), 7.60-7.45 (m, 4H, ArH of anthracene), 6.21 (s, 2H, CH2-

anthracene), 3.85 (d, 2H, CH2OH), 3.66 (d, 2H, CH2OH), 2.72 (br, 2H, OH), 0.97 (s, 

3H, CCH3). 

3.3.25 Synthesis of anthracene-9-ylmethyl 5-methyl-2-oxo-1,3-dioxane-5-

carboxylate (11) 

In a 250 mL of three-neck round bottom flask were added 10 (5.0 g, 0.015 mol) in 

100 mL of THF. The solution was cooled to 0 °C, and a solution of ethyl 

chloroformate (4.40 mL, 0.045 mol) in 25 mL of THF was added dropwise to the 

reaction mixture. Then a solution of triethylamine (6.25 mL, 0.045 mmol) in 25 mL 

of THF was added dropwise (20 min). The white suspension was stirred for 2 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 yellow 

residue that was further purified by crystallization from dry THF to give white 

powder. Yield = 4 g (80 %). 1H NMR (500 MHz, CDCl3, � ) 8.56 (s, 1H, ArH of 
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anthracene), 8.27 (d, 2H, ArH of anthracene), 8.05 (d, 2H, ArH of anthracene), 7.60-

7.50 (m, 4H, ArH of anthracene), 6.28 (s, 2H, CH2-anthracene), 4.68 (d, 2H, 

CCH2OC=O), 4.12 (d, 2H, CCH2OC=O), 1.25 (s, 3H, C=OC(CH2O)2CH3). 
 

3.3.26 1-(3,5-bis(trifloromethyl)phenyl)-3-cyclohexylthiourea (TU) (12) 

Cyclohexylamine (1.85 g, 18.5 mmol) was added dropwise at room temperature to a 

stirring solution of 3,5-bis(trifluoromethyl)phenyl isothiocyanate (5.0 g, 19 mmol) in 

THF (20 mL). After the solution was stirred for 4 h, the solvent was evaporated. The 

white residue was recrystallized from hexane to give 12 as a white powder. Yield = 

5.90 g (86 %). 1H NMR (250 MHz, CDCl3, � ) 7.52 (s, 1H, 4-ArH), 7.33 (s, 2H, 2,6-

ArH), 6.50 (s, 1H, ArNH), 5.17 (s, 1H, CyNH), 4.40 (br 1H, NCyH), 2.03-0.86 (10H, 

CyH). 

3.3.27 Synthesis of pendant anthracene-functionalized polycarbonate (PC-

anthracene) 

PC-anthracene was prepared by ROP of 11 (1 g, 2.85 mmol) using both DBU (0.021 

mL, 0.143 mmol) and 12 (0.053 g, 0.143 mmol) as catalyst and benzyl alcohol 

(0.015 mL, 0.143 mmol) as an initiator at room temperature for 5 h. The degassed 

monomer in CH2Cl2 (14 mL), catalyst, and initiator were added to a 25 mL two-neck 

round bottom flask that had been flame-dried under vacuum and purged with argon. 

The tube was degassed with three freeze-pump-thaw (FPT) and left in vacumm. 

After the polymerization, the mixture was concentrated and precipitated into an 

excess amount of methanol at ambient temperature. Recovered polymer, redissolved 

in THF and precipitated in methanol/diethyl ether (1/1) then THF/methanol. It was 

isolated by filtration and dried at 40 oC in a vacuum oven for 24 h. (conv. = 80 %) 1H 

NMR (250 MHz, CDCl3, � ) 8.31 (br, ArH of anthracene), 8.18 (br, ArH of 

anthracene), 7.86 (bs, ArH of anthracene), 7.43-7.27 (br, ArH of anthracene and ArH 

of Ph), 6.08 (bs, CH2-anthracene), 4.99 (s, 2H, OCH2-Ph), 4.09 (bs, CH2OC=O of 

PC), 3.59 (br, 2H, CH2OH, end-group of PC), 2.33 (br, 1H, CH2OH), 1.03 (bs, 

C=OC(CH2O)2CH3).  

 

 



61 

3.3.28 Synthesis of poly(oxanorbornenyl-anthracene) via ROMP of 5 (PONB-

anthracene) 

The first generation Grubbs’ catalyst (PCy3)2(Cl)2-RuCHPh (0.082 g, 0.10 mmol) 

was placed in a Schlenk tube and dissolved in 2 mL of anhydrous CH2Cl2 in a glove 

box. Compound 6 (1.0 g, 2.0 mmol) was dissolved in 8 mL of anhydrous CH2Cl2 in 

another Schlenk tube and added to the catalyst solution via syringe. The flask was 

capped with a septum and removed from glove box. The polymerization was allowed 

to stir at room temperature for 20 min, then butyl vinyl ether (0.2 mL) was added to 

quench the polymerization and stirred additional for 20 min. Finally, the polymer 

solution was precipitated in methanol and the obtained polymer was dried for 24 h in 

a vacuum oven at 40 °C. Yield = 1 g (100 %). 1H NMR (500 MHz, CDCl3, � ) 8.37-

7.41 (ArH of anthracene), 6.07 (bs, CH2-anthracene), 5.97 (bs, CH=CH, trans), 5.62 

(bs, CH=CH, cis), 4.93 (bs, CH=CH-CH-O, cis), 4.34 (bs, CH=CH-CH-O,trans), 

4.10 (bs, NCH2CH2O), 3.56 (bs, NCH2CH2O), 3.10 (bs, C=OCH-CHC=O ), 2.52 (bs, 

C=OCH2CH2C=O). 

3.3.29 Synthesis of 2-propyn-1-yl 2-bromo-2-methylpropanoate (13) 

Propargyl alcohol (2.077 mL, 0.036 mol) and DMAP (2.18 g, 0.018 mol) were 

dissolved in 100 mL of CH2Cl2 and Et3N (12.4 mL, 0.089 mol) was added. After 

cooling the reaction mixture to 0oC, 2-bromo isobutyryl bromide (6.62 mL, 0.054 

mol) was added dropwise within 30 min, stirred for 15 min at 0 oC, and then 

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 with 1 M HCl, saturated aqueous NaHCO3 and distilled water 

(100 mL) respectively.�The aqueous phase was further extracted with CH2Cl2, and 

the combined organic phases were dried over Na2SO4. The solution was 

concentrated, and the crude product was purified by column chromatography over 

silica gel eluting with hexane/EtOAc (4:1) as colorless liquid. Yield= 5.54 g (75 %). 

1H NMR (500 MHz, CDCl3, � ) 4.77 (dd, 2H, CH� CCH2), 2.52 (t, 1H, CH� CCH2), 

1.95 (s, 6H, C(CH3)2Br). 

3.3.30 Synthesis of TEMPO-acrylate (14) 

4-hydroxy-TEMPO (3 gr, 0.017 mol) and DMAP (1.1 g, 0.009 mol) were dissolved 

in 100 mL of CH2Cl2 and Et3N (4.84 mL, 0.035 mol) was added. After cooling the 
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reaction mixture to 0 oC, acryloyl chloride (2.11 mL, 0.026 mol) was added dropwise 

within 30 min, stirred for 15 min at 0 oC, and then 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 with 1 M HCl, 

saturated aqueous NaHCO3 and distilled water (100 mL) respectively. The aqueous 

phase was further extracted with CH2Cl2, and the combined organic phases were 

dried over Na2SO4. The solution was concentrated, and the crude product was 

purified by column chromatography over silica gel eluting with hexane/EtOAc (4:1) 

and then by crystallization from hexane. The product was obtained as red crystals. 

Yield = 3 g (78 %). 

3.3.31 Diels–Alder model click reaction of PC-anthracene with ONB-Br (7) 

PC-anthracene (0.400 g, 0.066 mmol, Mn,TD-GPC = 6000 g/mol) was dissolved in 20 

mL of toluene. ONB-Br (7) (0.917 g, 2.66 mmol) in 30 mL of toluene was added to 

the solution. The mixture was bubbled with nitrogen for 30 minutes and refluxed for 

40 h at 110 oC in the dark. After the specified time, solution was evaporated to 

dryness and the residual solid was dissolved in THF, and subsequently precipitated in 

methanol. This dissolution-precipitation procedure was repeated two times. The 

obtained product was dried in a vacuum oven at 40 oC for 24 h. Yield = 0.67 g (98 

%). 1H NMR (250 MHz, CDCl3, � ) 7.27-7.16 (br, ArH of cycloadduct), 5.49 (bs, 

C=OOCH2 of cycloadduct), 5.01 (s, 2H, OCH2-Ph), 4.76 (bs, bridge-head proton of 

cycloadduct), 4.27 (br, CH2OC=O of PC, CH-Br), 3.64 (br, 2H, CH2OH, end-group 

of PC, NCH2CH2OC=O), 3.32 (NCH2CH2OC=O, CH-CH bridge protons of 

cycloadduct), 1.77 (bs, CH(Br)(CH3)), 1.27 (bs, C=OC(CH2O)2CH3). 

3.3.32 Diels–Alder model click reaction of PONB-anthracene with ONB-Br (7) 

PONB-Anth (0.400 g, 0.04 mmol, Mn,theo = 10000 g/mol) and 7 (0.550 g, 1.6 mmol) 

was  dissolved  in  25  mL  of  toluene and 25 mL of 1,4-dioxane. The mixture was 

bubbled with nitrogen for 30 minutes and refluxed for 40 h at 110 oC in the dark. 

After the specified time, solution was evaporated to dryness and the residual solid 

was dissolved in THF, and subsequently precipitated in diethyl ether. This 

dissolution–precipitation procedure was repeated two times. The obtained product 

was dried in a vacuum oven at 40 oC for 24 h. Yield: 0.6 g (97 %). 1H NMR (250 

MHz, CDCl3, � ) 7.27-7.17 (br, ArH of cycloadduct), 6.07 (bs, CH=CH, trans), 5.78 
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(bs, CH=CH, cis), 5.47 (bs, C=OOCH2 of cycloadduct), 5.03 (bs, CH=CH-CH-O, 

cis), 4.76 (bs, bridge-head proton of cycloadduct), 4.46 (bs, CH=CH-CH-O, trans), 

4.22 (br, NCH2CH2O, CH-Br), 3.70 (br, NCH2CH2O, NCH2CH2OC=O), 3.29 (br, 

C=OCH-CHC=O, NCH2CH2OC=O, CH-CH bridge protons of cycloadduct), 2.70 

(bs, C=OCH2CH2C=O), 1.79 (bs, CH(Br)(CH3)). 

3.3.33 Synthesis of pendant azide-functionalized polycarbonate (PC-N3) 

PC-Br (0.650 g, 0.051 mmol, Mn,TD-GPC = 12700 g/mol) was dissolved in DMF (8 

mL) and NaN3 (0.332 g, 5.1 mmol) was added. After stirring the reaction mixture for 

overnight at room temperature, the obtained product was precipitated into excess 

amount of methanol. The residual solid was dissolved in THF, and subsequently 

precipitated in methanol. PC-N3 was dried for 24 h in a vacuum oven at 40 oC. Yield 

= 0.49 g (99 %). 1H NMR (250 MHz, CDCl3, � ) 7.27-7.14 (br, ArH of cycloadduct), 

5.47 (bs, C=OOCH2 of cycloadduct), 5.01 (s, 2H, OCH2-Ph), 4.76 (bs, bridge-head 

proton of cycloadduct), 4.28 (br, CH2OC=O of PC), 3.83 (bs, CH-N3), 3.56 (br, 2H, 

CH2OH, end-group of PC, NCH2CH2OC=O), 3.32 (NCH2CH2OC=O, CH-CH bridge 

protons of cycloadduct), 1.42 (bs, CH(N3)(CH3)), 1.27 (bs, C=OC(CH2O)2CH3). 

3.3.34 Synthesis of pendant azide-functionalized polyoxanorborneneimide 

(PONB-N3)  

PONB-Br (0.52 g, 0.030 mmol, Mn,TD-GPC = 17100 g/mol) was dissolved in DMF (8 

mL) and NaN3 (0.198 g, 3.05 mmol) was added. After stirring the reaction mixture 

for overnight at room temperature, the obtained product was precipitated into excess 

amount of methanol. The residual solid was dissolved in THF, and subsequently 

precipitated in methanol. PONB-N3 was dried for 24 h in a vacuum oven at 40 oC. 

Yield = 0.43 g (98 %). 1H NMR (250 MHz, CDCl3, � ) 7.27-7.16 (br, ArH of 

cycloadduct), 6.07 (bs, CH=CH, trans), 5.76 (bs, CH=CH, cis), 5.47 (bs, C=OOCH2 

of cycloadduct), 5.03 (bs, CH=CH-CH-O, cis), 4.76 (bs, bridge-head proton of 

cycloadduct), 4.46 (bs, CH=CH-CH-O, trans), 4.21 (br, NCH2CH2O), 3.83 (br, CH-

N3), 3.70-3.62 (br, NCH2CH2O, NCH2CH2OC=O), 3.30 (br, C=OCH-CHC=O, 

NCH2CH2OC=O, CH-CH bridge protons of cycloadduct), 2.70 (bs, 

C=OCH2CH2C=O), 1.43 (bs, CH(N3)(CH3)). 
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3.3.35 One-pot synthesis of PC-acrylate via in situ CuAAC and NRC click 

reactions 

The PC-N3 (0.3 g, 0.024 mmol, Mn,TD-GPC = 12700 g/mol), 13 (0.145 g, 0.71 mmol) 

and 14 (0.213 g, 0.94 mmol) were dissolved in nitrogen-purged DMF (5 mL) in a 

Schlenk tube. CuBr (0.068 g, 0.47 mmol), Cu(0) (0.150 g, 2.36 mmol), and 

PMDETA (0.098 mL, 0.47 mmol) were added, and the reaction mixture was 

degassed by three FPT cycles, left in argon, and stirred at room temperature for 12 h. 

After this specified time, the polymer solution was passed through alumina column 

to remove copper salt and precipitated in methanol. Next, the crude product was 

dissolved in THF and precipitated in methanol. The dissolution-precipitation was 

repeated two times. Finally, the polymer was dried in a vacuum oven at 40 oC. Yield 

= 0.25 g (66 %). 1H NMR (250 MHz, CDCl3, � ) 7.80 (br, CH of triazole), 7.27-7.13 

(br, ArH of cycloadduct), 6.33 (bd, CHaHb=CH of TEMPO-acrylate), 6.08 (br, 

CH2=CH of TEMPO-acrylate), 5.78 (bd, CHaHb=CH of TEMPO-acrylate), 5.47-5.31 

(br, C=OOCH2 of cycloadduct, triazole-CH2O, C=OC(HCH3)-triazole), 5.07 (br, 

OCH2-Ph, CH of TEMPO), 4.75 (bs, bridge-head proton of cycloadduct), 4.27 (br, 

CH2OC=O of PC), 3.75 (bs, NCH2CH2OC=O), 3.50 (br, NCH2CH2O), 3.30 (br, CH-

CH bridge protons of cycloadduct ), 1.86 (br, C=OC(HCH3)-triazole), 1.47 (br, 

C=OC(CH3)2-TEMPO), 1.21 (bs, C=OC(CH2O)2CH3, CH3 of TEMPO), 0.99 (bs, 

CH2 of TEMPO). 

3.3.36 One-pot synthesis of PONB-acrylate via in situ CuAAC and NRC click 

reactions 

The PONB-N3 (0.3 g, 0.0176 mmol, Mn,TD-GPC = 17100 g/mol), 13 (0.108 g, 0.53 

mmol) and 14 (0.16 g, 0.7 mmol) were dissolved in nitrogen-purged DMF (5 mL) in 

a Schlenk tube. CuBr (0.05 g, 0.35 mmol), Cu(0) (0.112 g, 1.76 mmol),  and 

PMDETA  (0.073 mL,  0.35 mmol)  were added, and the reaction mixture was 

degassed by three FPT cycles, left in argon, and stirred at room temperature for 12 h. 

After this specified time, the polymer solution was passed through alumina column 

to remove copper salt and precipitated in methanol. Next, the crude product was 

dissolved in THF and precipitated in methanol. The dissolution-precipitation was 

repeated two times. Finally, the polymer was dried in a vacuum oven at 40 oC. Yield 

= 0.3 g (78 %). 1H NMR (250 MHz, CDCl3, � ) 7.80 (br, CH of triazole), 7.27-7.17 
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(br, ArH of cycloadduct), 6.37 (bd, CHaHb=CH of TEMPO-acrylate), 6.07 (br, 

CH=CH, trans, CH2=CH of TEMPO-acrylate), 5.76 (bs, CH=CH, cis, CHaHb=CH of 

TEMPO-acrylate), 5.47 (bs, C=OOCH2 of cycloadduct), 5.28 (br, triazole-CH2O, 

C=OC(HCH3)-triazole), 5.04 (br, CH=CH-CH-O, cis, CH of TEMPO), 4.76 (bs, 

bridge-head proton of cycloadduct), 4.45 (bs, CH=CH-CH-O, trans), 4.19 (br, 

NCH2CH2O), 3.71-3.60 (br, NCH2CH2O, NCH2CH2OC=O), 3.31 (br, C=OCH-

CHC=O, NCH2CH2OC=O, CH-CH bridge protons of cycloadduct ), 2.69 (bs, 

C=OCH2CH2C=O), 1.77 (br, C=OC(HCH3)-triazole), 1.45 (bs, C=OC(CH3)2-

TEMPO), 1.19 (bs, CH3 of TEMPO), 0.98 (bs, CH2 of TEMPO). 

3.3.37 Michael addition between PC-acrylate and thiophenol 

In a 25 mL of Schlenk tube, PC-Acrylate (0.2 g, 0.011 mmol, Mn,TD-GPC = 17900 

g/mol), PhSH (0.115 mL, 1.12 mmol), Et3N (0.156 mL, 1.12 mmol) and CH2Cl2 (20 

mL) were added under  nitrogen. The reaction mixture was stirred for 5 h at room 

temperature. The solution was concentrated and subsequently precipitated in diethyl 

ether. Again, the crude product was dissolved in THF and precipitated in diethyl 

ether. The polymer was dried for 24 h in a vacuum oven at 40 ºC. Yield = 0.19 g (98 

%). 1H NMR (250 MHz, CDCl3, � ) 7.79 (br, CH of triazole), 7.27-7.12 (br, ArH of 

cycloadduct), 5.46-5.26 (br, C=OOCH2 of cycloadduct, triazole-CH2O, 

C=OC(HCH3)-triazole), 5.00 (br, OCH2-Ph, CH of TEMPO), 4.75 (bs, bridge-head 

proton of cycloadduct), 4.27 (br, CH2OC=O of PC), 3.68-3.13 (bs, NCH2CH2OC=O, 

NCH2CH2O, CH-CH bridge protons of cycloadduct, CH2SPh), 2.57 (br, 

CH2CH2SPh), 1.78 (br, C=OC(HCH3)-triazole), 1.43 (br, C=OC(CH3)2-TEMPO, 

CH3 of TEMPO), 1.17 (bs, C=OC(CH2O)2CH3), 0.97 (bs, CH2 of TEMPO). 

3.3.38 Michael addition between PONB-acrylate and thiophenol 

In a 25 mL of Schlenk tube, PONB-Acrylate (0.3 g, 0.013 mmol, Mn,TD-GPC = 23600 

g/mol), PhSH (0.131 mL, 1.3 mmol), Et3N (0.177 mL, 1.3 mmol, 100 equiv.) and 

CH2Cl2 (20 mL) were added under  nitrogen. The reaction mixture was stirred for 5 h 

at room temperature. The solution was concentrated and subsequently precipitated in 

methanol. Again, the crude product was dissolved in THF and precipitated in 

methanol. The polymer was dried for 24 h in a vacuum oven at 40 ºC. Yield = 0.3 g 

(96 %). 1H NMR (250 MHz, CDCl3, � ) 7.79 (br, CH of triazole), 7.27-7.17 (br, ArH 

of cycloadduct), 6.07 (br, CH=CH, trans), 5.77 (bs, CH=CH, cis), 5.47 (bs, 
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C=OOCH2 of cycloadduct), 5.27 (br, triazole-CH2O, C=OC(HCH3)-triazole), 4.99 

(br, CH=CH-CH-O, cis, CH of TEMPO), 4.76 (bs, bridge-head proton of 

cycloadduct), 4.45 (bs, CH=CH-CH-O, trans), 4.21 (bs, NCH2CH2O), 3.69-3.60 (br, 

NCH2CH2O, NCH2CH2OC=O), 3.31 (br, C=OCH-CHC=O, NCH2CH2OC=O, CH-

CH bridge protons of cycloadduct ), 3.13 (br, CH2SPh), 2.70-2.57 (br, 

C=OCH2CH2C=O, C=OCH2CH2SPh), 1.79 (br, C=OC(HCH3)-triazole), 1.44 (bs, 

C=OC(CH3)2-TEMPO), 1.17 (bs, CH3 of TEMPO), 0.97 (bs, CH2 of TEMPO). 

3.3.39 Radical thiol-ene click reaction between PONB-Ph and mercaptoethanol 

PONB-Ph (0.15 g, 0.006 mmol, Mn,TD-GPC= 25300 g/mol), 2-mercaptoethanol (0.062 

mL, 0.89 mmol), DMPA (0.015 g, 0.06 mmol) and 1,4 dioxane (3 mL)  were put into 

a Schlenk tube The reaction mixture was degassed by three FPT cycles and left in 

vacuum. The mixture was irradiated by a photoreactor at 365 nm at room 

temperature. After 2 hours the resulted polymer was diluted with THF, and 

precipitated in methanol. This dissolution-precipitation procedure was repeated two 

times. The polymer was dried for 24 h in a vacuum oven at 40 oC. Yield = 0.1 g (65 

%). 1H NMR (250 MHz, CDCl3, � ) 7.80 (br, CH of triazole), 7.27-7.17 (br, ArH of 

cycloadduct), 5.46 (bs, C=OOCH2 of cycloadduct), 5.27 (br, triazole-CH2O, 

C=OC(HCH3)-triazole), 4.99 (br, CH of TEMPO), 4.76 (br, bridge-head proton of 

cycloadduct, SCHCHO), 4.14 (bs, NCH2CH2O, OCH(CH2)(CH)), 3.93 (bs, OH of 

mercaptoethanol), 3.71-3.57 (br, NCH2CH2O, NCH2CH2OC=O, CH2OH of 

mercaptoethanol), 3.31 (br, C=OCH-CHC=O, NCH2CH2OC=O, CH-CH bridge 

protons of cycloadduct ), 3.13 (br, CH2SPh, SCHCHO), 2.70-2.60 (br, 

C=OCH2CH2C=O, C=OCH2CH2SPh), 1.79 (br, C=OC(HCH3)-triazole), 1.60 (br, 

OCH(CH2)(CH)), 1.44 (bs, C=OC(CH3)2-TEMPO), 1.17 (bs, CH3 of TEMPO), 0.97 

(bs, CH2 of TEMPO). 

3.3.40 Synthesis of furan protected-maleimide terminated PMMA (PMMA-MI) 

The PMMA-MI 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 oC for predetermined times. 

Tributyltinhydride (2.73 g, 9.40 mmol) was added to the reaction mixture and stirred 
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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 40 ºC. Yield = 2.7 g (29 %). 1H 

NMR (500 MHz, CDCl3, d) 6.55 (s, 2H, vinyl protons), 5.29 (s, 2H, CHCH=CHCH, 

bridge-head protons), 4.19 (m, 2H, NCH2CH2OC=O), 3.75-3.60 (m, OCH3 of 

PMMA and NCH2CH2OC=O), 2.93 (s, 2H, CH2NC=OCH-CH, bridge protons), 

1.82-0.85 (m, aliphatic protons of PMMA). 

3.3.41 Synthesis of alkyne terminated PCL (PCL-alkyne) 

The PCL-alkyne was prepared by ROP of e-CL (5.0 mL, 0.047 mol) in bulk using 

tin(II) 2-ethylhexanoate as a catalyst and propargyl alcohol (0.056 mL, 0.94 mmol) 

as an initiator at 110 °C for 28 h., The degassed monomer, catalyst, and initiator 

were added to a previously flamed Schlenk tube equipped with a magnetic stirring 

bar in the order mentioned. The tube was degassed with three freeze-pump-thaw 

cycles, left under argon, and placed in a thermostated oil bath. After the 

polymerization, the mixture was diluted with THF and precipitated into an excess 

amount of methanol. It was isolated by filtration and dried at room temperature in a 

vacuum oven for 24 h. Yield = 4.84 g (90 %). 1H NMR (500 MHz, CDCl3, � ) 4.68 

(2H, CHº C-CH2O), 4.05 (2H, CH2OC=O of PCL), 3.65 (2H, CH2OH, end group of 

PCL), 2.48 (1H, CHº C-CH2O), 2.31 (2H, C=OCH2 of PCL), 1.39-1.65 (6H, CH2 of 

PCL). 

3.3.42 Synthesis of 2-(1,3-dioxo-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindol-

2(3H)-yl)ethyl 4-methylbenzenesulfonate (ONB-OTs) (15) 

In a 250 mL of round bottom flask were added 2 (3.0 g, 14 mmol) , DMAP (0.87 g, 7 

mmol) and Et3N (3.99 mL, 28 mmol) in 150 mL of CH2Cl2. The mixture was cooled 

to 0 °C, and a solution of p-toluene-sulfonyl chloride (5.47 g, 28 mmol) in 50 mL of 

CH2Cl2 was added dropwise (30 min) to the reaction mixture. The white suspension 

was stirred for 15 min 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. The remaining residue was extracted 

with CH2Cl2 and 1 M HCl solution then with distilled water. The aqueous layers 

were again extracted with CH2Cl2, and combined organic layers were dried over 

Na2SO4. The organic phase was evaporated under reduced pressure and the 
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remaining product was crystallized from ethanol in order to give white crystals. It 

was isolated by filtration and dried at 40 oC in a vacuum oven for 24 h. Yield = 4.5 g 

(89%). Mp: 138–139 oC (DSC). 1H NMR (500 MHz, CDCl3, � ): 7.78 (d, 2H, ArH), 

7.35 (d, 2H, ArH), 6.52 (s, 2H, CHCH=CHCH, vinyl protons), 5.25 (s, 2H, 

CHCH=CHCH, bridge-head protons), 4.20 (t, 2H, NCH2CH2OSO2), 3.75 (t, 2H, 

NCH2CH2OSO2), 2.86 (s, 2H, CH-CH, bridge protons), 2.45 (s, 3H, Ar-CH3). 

3.3.43 Synthesis of poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs) random 

copolymer via ROMP of ONB-anthracene (6), ONB-Br (7) and ONB-OTs (15) 

The first generation Grubbs’ catalyst (PCy3)2(Cl)2-RuCHPh (0.082 g, 0.10 mmol) 

was placed in a Schlenk tube and dissolved in 2 mL of anhydrous CH2Cl2 in a glove 

box. The ROMP monomers 6 (0.5 g, 1.0 mmol), 7 (0.34 g, 1.0 mmol) and 15 (0.36 g, 

1.0 mmol) was dissolved in 13 ml of anhydrous CH2Cl2 and added to the catalyst 

solution via syringe. The flask was capped with a septum and removed from glove 

box. The polymerization was allowed to stir at room temperature for 1 h. The 

polymerization was then terminated by the addition of butyl vinyl ether (0.13 ml, 1.0 

mmol), and stirred for additional 30 min. at room temperature. Finally, the polymer 

solution was precipitated in methanol and the obtained polymer was dried for 24 h in 

a vacuum oven at 40 °C. Yield = 1.19 g (99 %). 1H NMR (500 MHz, CDCl3, � ) 8.46 

(bs, ArH of anthracene), 8.30 (bs, ArH of anthracene), 7.99 (bs, ArH of anthracene), 

7.71 (bs, ArH), 7.60–7.40 (bs, ArH of anthracene), 7.32 (bs, ArH), 6.13 (br, CH2-

anthracene), 6.03 (bs, CH=CH, trans), 5.76 (bs, CH=CH, cis), 4.97 (bs, =CH-CHO, 

cis), 4.50-4.10 (br, =CH-CHO, trans, CH(Br)CH3, CH2C=OOCH2CH2N, 

CH3CH(Br)C=OOCH2CH2N, S(=O)2OCH2CH2N), 3.68 (bs, CH2CH2N), 3.27 (bs, 

CHCH), 2.57 (bs, C=OCH2CH2C=O), 2.41 (bs, Ar-CH3), 1.77 (bs, CH(Br)CH3). 

3.3.44 Synthesis of 1-propanethiol functionalized poly(ONB-anthracene-co-

ONB-Br-co-ONB-OTs) random copolymer via thermal thiol-ene click reaction 

In a 25 mL of Schlenk tube, poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs) 

copolymer (0.5 g, 0.041 mmol, Mn,theo=12100 g/mol), 1-propanethiol (0.565 mL, 

6.15 mmol), ABCVA (0.35 g, 1.23 mmol) and 1,4 dioxane (10 mL) were added and 

the reaction mixture was degassed by three freeze-pump-thaw (FPT) cycles and left 

in vacuum. The tube was then placed in a thermostated oil bath to stir at 80 oC for 16 

h. After cooling the mixture to ambient temperature, the polymerization mixture was 
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diluted with THF, and precipitated in methanol. This dissolution-precipitation (THF-

MeOH) procedure was repeated two times. The polymer was dried for 24 h in a 

vacuum oven at 40 oC. Yield = 0.56 g (95 %). 1H NMR (500 MHz, CDCl3, � ) 8.48 

(bs, ArH of anthracene), 8.30 (bs, ArH of anthracene), 8.00 (bs, ArH of anthracene), 

7.71 (bs, ArH), 7.55–7.48 (bs, ArH of anthracene), 7.32 (bs, ArH), 6.12 (br, CH2-

anthracene), 4.78 (bs, SCHCHO), 4.40-4.14 (br, CH2CHO, CH(Br)CH3, 

CH2C=OOCH2CH2N, CH3CH(Br)C=OOCH2CH2N, SO2OCH2CH2N), 3.69 (bs, 

C=OOCH2CH2N), 3.17 (bs, CH-CH, SCH), 2.58 (bs, C=OCH2CH2C=O, SCH2), 2.40 

(bs, Ar-CH3), 1.60-1.75 ( bs, CH(Br)CH3, SCHCH2, SCH2CH2), 1.00 (bs, . 

SCH2CH2CH3). 

3.3.45 Synthesis of 1-propanethiol functionalized poly(ONB-g-PMMA- co-ONB-

Br-co-ONB-OTs) graft copolymer via Diels-Alder click reaction 

A solution of PMMA-MI (1.72 g, 0.54 mmol, Mn,GPC = 3200 g/mol) in 25 mL of 

toluene was added to a 25 mL dioxane solution of 1-propanethiol functionalized 

poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs) (0.5 g, 0.0358 mmol, Mn,theo 

=14400 g/mol). The mixture was bubbled with nitrogen for 30 min. and refluxed at 

110oC in the dark for 45 h. The solution was evaporated under high vacuum and the 

residual solid was dissolved in THF, and subsequently two times precipitated in 

methanol/diethyl ether (1/1). The obtained product was dried in a vacuum oven at 

40oC for 24 h. Yield = 0.715 g (62 %). 1H NMR (500 MHz, CDCl3, � ) 7.72 (bs, ArH 

of tosyl), 7.50–7.18 (bs, ArH of tosyl, ArH of cycloadduct), 5.48 (bs, C=OOCH2 of 

cycloadduct), 4.77 (bs, SCHCHO, bridge-head proton of cycloadduct), 4.31-4.16 (br, 

CH2CHO, CH(Br)CH3, CH2C=OOCH2CH2N, (CH3)(Br)CHC=OOCH2CH2N, 

SO2OCH2CH2N), 3.73-3.60 (bs, C=OOCH2CH2N, NCH2CH2OC=O, 

NCH2CH2OC=O, and OCH3 of PMMA), 3.45 (bs, CH-CH, bridge protons), 3.31 (bs, 

CH-CH, SCH), 2.69 (bs, C=OCH2CH2C=O, SCH2), 2.42 (bs, Ar-CH3), 1.82-1.60 ( 

bs, CH(Br)CH3, SCHCH2, SCH2CH2), 1.03 (bs, . SCH2CH2CH3). 

3.3.46 Synthesis of 1-propanethiol functionalized poly(ONB-g-PMMA- co-ONB-

g-PEG-co-ONB-OTs) heterograft copolymer via NRC click reaction 

1-propanethiol functionalized poly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTs) (0.45 

g, 0.014 mmol, Mn, theo = 32500 g/mol) was dissolved in DMF (10 mL) in a 25 mL of 

Schlenk tube. PEG-TEMPO (0.56 g, 0.7 mmol, Mn,theo = 800 g/mol) was added to 
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this solution, and the mixture was stirred at room temperature for 10 min. Next, 

Cu(0) (0.044 g, 0.7 mmol), CuBr  (0.02 g, 0.14 mmol), and PMDETA (0.029 mL, 

0.14 mmol) were immediately added to the Schlenk tube. The reaction mixture was 

degassed by three FPT cycles, left in vacuum, and stirred at room temperature for 24 

h. The mixture was diluted with THF, filtered through a column filled with neutral 

alumina to remove the copper complex, and precipitated in methanol. The crude 

product was purified by dissolution–precipitation in THF-cold MeOH. The polymer 

was dried at 40oC in a vacuum oven for 24 h. Yield = 0.49 g (87 %). 1H NMR (500 

MHz, CDCl3, � ) 7.72 (bs, ArH of tosyl), 7.50–7.17 (bs, ArH of tosyl, ArH of 

cycloadduct), 5.48 (bs, C=OOCH2 of cycloadduct), 5.00 (CH of TEMPO), 4.90-4.76 

(bs, SCHCHO, bridge-head proton of cycloadduct), 4.40-4.12 (br, CH2CHO, 

CH(CH3)ON, CH2C=OOCH2CH2N, NO(CH3)CHC=OOCH2CH2N, SO2OCH2CH2N, 

C=OOCH2), 3.70-3.60 ( bs, C=OOCH2CH2N, NCH2CH2OC=O, NCH2CH2OC=O, 

OCH2CH2 of PEG and OCH3 of PMMA), 3.45 (bs, CH-CH, bridge protons), 3.38 

(bs, CH-CH, SCH), 2.62-2.42 (bs, C=OCH2CH2C=O, Ar-CH3, SCH2), 1.82-1.60 (bs, 

CH(Br)CH3, SCHCH2, SCH2CH2), 1.03 (bs, . SCH2CH2CH3). 

3.3.47 Synthesis of 1-propanethiol functionalized poly(ONB-g-PMMA- co-ONB-

g-PEG-co-ONB-g-PCL) heterograft copolymer via in situ azidation and CuAAC 

click reactions 

1-propanethiol functionalized poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-OTs) 

(0.40 g , 0.0099 mmol, Mn, theo =40500 g/mol) and PCL-alkyne (0.47 g , 0.148 mmol, 

based on Mn,theo = 3100 g/mol) were dissolved in nitrogen purged DMF (5 mL) in a 

Schlenk tube equipped with magnetic stirring bar. NaN3 (0.064 g, 0.99 mmol), CuBr 

(0.014 g, 0.099 mmol) and PMDETA (0.021 mL, 0.099 mmol) were added and the 

reaction mixture was degassed by three FPT cycles and left in vacuum and stirred 

40oC for 24 h. Reaction mixture was passed through alumina column to remove 

copper salt and precipitated in methanol and recovered polymer was dissolved in 

THF and precipitated in methanol/diethyl ether (2/1). Finally the polymer was dried 

in a vacuum oven at 40 oC for 24 h. Yield = 0.4 g (56 %). 1H NMR (500 MHz, 

CDCl3, � ) 7.73 (br, CH of triazole), 7.50–7.19 (bs, ArH of cycloadduct), 5.48 (bs, 

C=OOCH2 of cycloadduct), 5.13 (br, triazole-CH2O), 4.99 (CH of TEMPO), 4.78 

(bs, SCHCHO, bridge-head proton of cycloadduct), 4.40-4.10 (br, CH2CHO, 

CH(CH3)ON, CH2C=OOCH2CH2N, NO(CH3)CHC=OOCH2CH2N, triazole-
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CH2CH2N, C=OOCH2), 4.07 (bs, CH2O of PCL), 3.70-3.60 (bs, C=OOCH2CH2N, 

NCH2CH2OC=O, NCH2CH2OC=O, OCH2CH2 of PEG, CH2OH of PCL and OCH3 

of PMMA), 3.38 (bs, CH-CH, bridge protons), 3.31 (bs, CH-CH, SCH), 2.62-2.40 

(bs, C=OCH2CH2C=O, C=OCH2CH2C=O, SCH2), 2.31 (C=OCH2 of PCL), 1.82-

1.65 ( bs, CH(CH3)ON, SCHCH2, SCH2CH2), 1.03 (bs, . SCH2CH2CH3). 

3.3.48 Synthesis of N-acetyl-L-cysteine methyl-ester functionalized poly(ONB-

anthracene-co-ONB-Br-co-ONB-OTs) random copolymer via thermal thiol-ene 

click reaction 

In a 25 mL of Schlenk tube, poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs) 

random copolymer (0.2 g, 0.017 mmol, Mn,theo=12100 g/mol), N-acetyl-L-cysteine 

methyl-ester (0.44 mL, 2.49 mmol), ABCVA (0.14 g, 0.5 mmol), 1,4 dioxane (5 mL) 

and toluene (5mL) were added and the reaction mixture was degassed by three 

freeze-pump-thaw (FPT) cycles and left in vacuum. The tube was then placed in a 

thermostated oil bath to stir at 80 oC for 16 h. After cooling the mixture to ambient 

temperature, the polymerization mixture was diluted with THF, and precipitated in 

methanol. This dissolution-precipitation (THF-MeOH) procedure was repeated two 

times. The polymer was dried for 24 h in a vacuum oven at 40 oC. Yield = 0.29 g (97 

%). 1H NMR (500 MHz, CDCl3, � ) 8.47 (bs, ArH of anthracene), 8.30 (bs, ArH of 

anthracene), 7.99 (bs, ArH of anthracene), 7.70 (bs, ArH), 7.60-7.40 (br, ArH of 

anthracene), 7.27 (bs, ArH), 6.12 (bs, CH2-anthracene), 4.90-4.50 (br, SCHCHO, 

NCHCH2S), 4.40-4.10 (br, CH2CHO, CH(Br)CH3, C=OOCH2CH2N, 

S=OOCH2CH2N ), 3.70 (bs, C=OOCH2CH2N, C=OOCH3 of cysteine), 3.24 (bs, CH-

CH, SCH), 3.02 (bs, SCH2 of cysteine), 2.57 (bs, C=OCH2CH2C=O), 2.39 (bs, 

ArCH3), 2.08 (bs, C=OCH3 of cysteine), 1.90-1.60 (bs, CH(Br)CH3, SCHCH2). 

3.3.49 Synthesis of N-acetyl-L-cysteine methyl-ester functionalized poly(ONB-g-

PMMA- co-ONB-Br-co-ONB-OTs) graft copolymer via Diels-Alder click 

reaction 

A solution of PMMA-MI (0.77 g, 0.242 mmol, Mn,GPC = 3200 g/mol) in 25 mL of 

toluene was added to a 25 mL dioxane solution of N-acetyl-L-cysteine methyl-ester 

functionalized poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs) (0.28 g, 0.0161 

mmol, Mn,theo =17400 g/mol). The mixture was bubbled with nitrogen for 30 min. 

and refluxed for 48 h at 110oC in the dark. The solution was evaporated under high 
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vacuum and the residual solid was dissolved in THF, and subsequently two times 

precipitated in methanol/diethyl ether (1/1). The obtained product was dried in a 

vacuum oven at 40oC for 43 h. Yield = 0.38 g (67 %). 1H NMR (500 MHz, CDCl3, � ) 

7.70 (bs, ArH of Ts), 7.50–7.00 (m, ArH of Ts, ArH of cycloadduct), 5.46 (bs, 

C=OOCH2 of cycloadduct), 4.90-4.70 (bs, SCHCHO, NCHCH2S of cysteine, bridge-

head proton of cycloadduct), 4.50-3.90 (m, CH2CHO, CH(Br)CH3, 

CH2C=OOCH2CH2N, CH3CH(Br)C=OOCH2CH2N, S(=O)2OCH2CH2N), 3.80-3.50 

(m, C=OOCH2CH2N, C=OOCH3 of cysteine, NCH2CH2OC=O, and OCH3 of 

PMMA), 3.45 (bs, CH-CH, bridge protons), 3.30 (bs, CH-CH, SCH), 3.02 (br, SCH2 

of cysteine), 2.67 (bs, C=OCH2CH2C=O), 2.42 (bs, Ar-CH3), 2.00-1.60 (m, 

CH(Br)CH3, C=OCH3 of cysteine, SCHCH2, CH2 of PMMA), 1.30-0.70 (m, CH3 of 

PMMA). 

3.3.50 Synthesis of N-acetyl-L-cysteine methyl-ester functionalized poly(ONB-g-

PMMA- co-ONB-g-PEG-co-ONB-g-PCL) heterograft copolymer via in situ NRC 

and CuAAC click reactions 

N-acetyl-L-cysteine methyl-ester functionalized poly(ONB-g-PMMA-co-ONB-Br-

co-ONB-OTs) (0.50 g, 0.014 mmol, Mn, theo = 35500 g/mol) was dissolved in DMF 

(10 mL) in a 25 mL of Schlenk tube. PEG-TEMPO (0.56 g, 0.7 mmol, Mn , theo = 800 

g/mol) and PCL-alkyne (0.66 g, 0.21 mmol, based on Mn,theo = 3100 g/mol) was 

added to this solution, and the mixture was stirred at room temperature for 10 min. 

Next, NaN3 (0.09 g, 1.4 mmol), Cu(0) (0.044 g, 0.7 mmol), CuBr  (0.04 g, 0.28 

mmol), and PMDETA (0.058 mL, 0.28 mmol) were immediately added to the 

Schlenk tube. The reaction mixture was degassed by three FPT cycles, left in 

vacuum, and stirred for 24 h at room temperature. The mixture was diluted with 

THF, filtered through a column filled with neutral alumina to remove the copper 

complex, and precipitated in methanol. The crude product was purified by 

dissolution–precipitation in THF-cold MeOH. The polymer was dried at 40oC in a 

vacuum oven for 24 h. Yield = 0.52 g (50 %). 1H NMR (500 MHz, CDCl3, � ) 7.72 

(bs, CH of triazole), 7.50-7.00 (m, ArH of cycloadduct), 5.47 (bs, C=OOCH2 of 

cycloadduct), 5.23 (bs, triazole-CH2O), 4.98 (CH of TEMPO), 4.77 (bs, SCHCHO, 

NCHCH2S of cysteine, bridge-head proton of cycloadduct), 4.40-4.10 (m, CH2CHO, 

C=OOCH2, CHO-TEMPO), 4.07 (bs, CH2O of PCL), 3.70-3.60 (m, 

C=OOCH2CH2N, C=OOCH3 of cysteine, NCH2CH2OC=O, NCH2CH2OC=O, 
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OCH2CH2 of PEG, OCH3 of PEG, CH2OH of PCL, OCH3 of PMMA), 3.37 (bs, CH-

CH, bridge protons), 3.30-3.20 (m, CH-CH, SCH), 3.10 (bs, SCH2 of cysteine), 2.61 

(m, C=OCH2CH2C=O), 2.30 (bs, C=OCH2 of PCL), 2.00-0.80 (m, CH(Br)CH3, 

C=OCH3 of cysteine, SCHCH2, CH2, CH of PMMA and PCL). 

3.3.51 Synthesis of allyl 2,2,5-trimethyl-1,3-dioxane-5-carboxylate (16) 

Allyl alcohol (3.0 g, 51.7 mmol) was dissolved in 40 mL of dry CH2Cl2. Next 2,2,5-

trimethyl-[1,3]dioxane-5-carboxylic acid (8) (9.9 g, 56.8 mmol), and DMAP (1.27 g, 

10.3 mmol) were added in that order. Dicyclohexylcarbodiimide (DCC) (11.72 g, 

56.8 mmol) was dissolved in CH2Cl2 (10 mL) and immediately added to the mixture. 

The reaction mixture was stirred at room temperature for 24 h. The precipitated 

dicyclohexylurea was filtered off, the solvent was evaporated, and the remaining 

product was purified by column chromatography (silica gel) eluting with ethyl 

acetate and hexane solvent mixture (1:9) to give the final product as colorless oil. 

Yield = 7.4 g (67 %). 1H NMR (250 MHz, CDCl3, � ) 5.92 (m, 1H, CH2=CH), 5.40-

5.20 (m, 2H, CH2=CH ), 4.65 (d, 2H, vinylic H), 4.2 (d, 2H,C=OC(CH2)(CH3)), 3.65 

(d, 2H,C=OC(CH2)(CH3)), 1.44 and 1.39 (s, 3H, COC(CH3), s and 3H, COC(CH3)), 

1.21 (s, 3H, C=OC(CH2)2(CH3)).  

3.3.52 Synthesis of allyl 3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate (17) 

Allyl 2,2,5-trimethyl-1,3-dioxane-5-carboxylate (16) (7.0 g, 32.7 mmol) was 

dissolved in a mixture of 35 mL of THF and 35 mL of 0.65 N HCl (aq). The reaction 

mixture was stirred for 12 h. After evaporation of THF at 45 °C the crude mixture 

was washed with excess CH2Cl2 for three times. The combined organic phases were 

dried over Na2SO4, filtered and evaporated. The product was isolated as colorless oil. 

Yield = 5.25 g (92 %). 1H NMR (250 MHz, CDCl3, � ) 5.90 (m, 1H, CH2=CH), 5.40-

5.20 (m, 2H, CH2=CH ), 4.65 (d, 2H, vinylic H), 3.91 (d, 2H, CH2OH), 3.72 (d, 2H, 

CH2OH), 3.20 (s, 2H, CH2OH), 1.08 (s, 3H, C=OC(CH2)2(CH3)). 

3.3.53 Synthesis of 3-(allyloxy)-2-(hydroxymethyl)-2-methyl-3-oxopropyl 2,2,5-

trimethyl-1,3-dioxane-5-carboxylate (18) 

Allyl 3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate (17) (5.5 g, 31.6 mmol) 

was dissolved in 40 mL of dry CH2Cl2. Next 2,2,5-trimethyl-[1,3]dioxane-5-

carboxylic acid (8) (5.23 g, 30.0 mmol) and DMAP (0.38 g, 3.16 mmol) were added 
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in that order. Dicyclohexylcarbodiimide (DCC) (6.52 g, 31.6 mmol) was dissolved in 

CH2Cl2 (10 mL) and then immediately added to the mixture. The reaction mixture 

was stirred at room temperature for 24 h. The precipitated dicyclohexylurea was 

filtered off, the solvent was evaporated, and the remaining product was purified by 

column chromatography (silica gel) eluting with ethyl acetate and hexane solvent 

mixture (1:4) to give the final product as colorless oil. Yield = 5.3 g (53 %). 1H NMR 

(500 MHz, CDCl3, � )  5.91 (m, 1H, CH2=CH), 5.35-5.24 (m, 2H, CH2=CH ), 4.63 (d, 

2H, vinylic H), 4.46-4.29 (m, 2H, O=CC(CH2)OC=O), 4.15 (m, 2H, OC=OC(CH2)), 

3.72 (m, 2H, O=CC(CH2)OH), 3.64 (m, 2H, OC=OC(CH2)), 1.43 and 1.37 (s, 3H, 

COC(CH3), s and 3H, COC(CH3)), 1.24 (s, 3H, C=OC(CH2OH)(CH3)), 1.13 (s, 3H, 

C=OC(CH2)2(CH3)). 

3.3.54 Synthesis of 3-(allyloxy)-2-methyl-2-(((methylsulfonyl)oxy)methyl)-3-oxo 

propyl 2,2,5-trimethyl-1,3-dioxane-5-carboxylate (19) 

18 (5.26 g, 15.9 mmol), DMAP (0.39 g, 3.2 mmol) and Et3N (3.33 mL, 23.9 mmol) 

were dissolved in 100 mL of CH2Cl2. The mixture was cooled to 0 °C, and a solution 

of methanesulfonyl chloride (1.48 ml, 19.1 mmol) in 25 mL of CH2Cl2 was added 

dropwise (30 min) to the reaction mixture. The reaction solution was stirred for 3 h at 

0 °C then at ambient temperature for overnight. The ammonium salt was filtered off 

and the solvent was removed under reduced pressure. The remaining residue was 

dissolved in CH2Cl2. This solution was extracted with first saturated aqueous 

NaH2PO4, then water. The aqueous phases were collected and extracted again with 

CH2Cl2 and combined organic phases dried over Na2SO4. The solution was 

concantrated and the crude product was purified by column chromatography over 

silica gel eluting with hexane/EtOAc (4:1) to give 19 as colorless oil. Yield = 5.84 g 

(90 %). 1H NMR (500 MHz, CDCl3, � ) 5.90 (m, 1H, CH2=CH), 5.35-5.24 (m, 2H, 

CH2=CH ), 4.64 (d, 2H, vinylic H), 4.41-4.32 (m, 4H, OC=OC(CH2)2), 4.14 (m, 2H, 

OC=OC(CH2)), 3.62 (m, 2H, O=CC(CH2)), 3.03 (m, 2H, OSO2CH3), 1.42 and 1.36 

(s, 3H, COC(CH3), s and 3H, COC(CH3)), 1.33 (s, 3H, C=OC(CH2OSO2CH3)(CH3)), 

1.13 (s, 3H, C=OC(CH2)2(CH3)). 
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3.3.55 Synthesis of allyl 3-((3-hydroxy-2-(hydroxymethyl)-2-methyl propanoyl) 

oxy)-2-methyl-2-(((methylsulfonyl)oxy)methyl)propanoate (20) 

19 (5.84 g, 14.3 mmol) was dissolved in a mixture of 35 mL of THF and 35 mL of 

0.65 N HCl (aq). The reaction mixture was stirred for 12 h. After evaporation of THF 

at 45 °C the crude mixture was washed with excess CH2Cl2 for three times. The 

combined organic phases were dried over Na2SO4, filtered and evaporated. The 

product was isolated as colorless oil. Yield = 5.25 g (99 %). 1H NMR (500 MHz, 

CDCl3, � ) 5.90 (m, 1H, CH2=CH), 5.35-5.24 (m, 2H, CH2=CH ), 4.64 (d, 2H, vinylic 

H), 4.45-4.27 (m, 4H, OC=OC(CH2)2), 3.83 (m, 2H, OC=OC(CH2OH)), 3.71 (m, 

2H, O=CC(CH2OH)), 3.03 (m, 2H, OSO2CH3), 1.33 (s, 3H, 

C=OC(CH2OSO2CH3)(CH3)), 1.06 (s, 3H, C=OC(CH2OH)2(CH3)).  

3.3.56 Synthesis of allyl 3-((3-((2-bromo-2-methylpropanoyl)oxy)-2-(hydroxy 

methyl)-2-methylpropanoyl)oxy)-2-methyl-2-(((methylsulfonyl) 

oxy)methyl)propanoate (21) 

In a 250 mL of round bottom flask, 20 (2.0 g, 5.4 mmol), Et3N (1.13 mL, 8.15 mmol) 

and CH2Cl2 (50 mL) were added. The mixture was cooled to 0 °C, and a solution of 

2-bromo-2-methylpropanoyl bromide (0.67 ml, 5.4 mmol) in 15 mL of CH2Cl2 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. This residue was further purified by column 

chromatography over silica gel eluting with hexane and ethyl acetate solvent mixture 

by increasing the polarity of mobile phase from 4:1 to 2:1  to give 21 as a pale-

yellow oil. Yield = 1.78 g (64 %). 1H NMR (500 MHz, CDCl3, � ) 5.92 (m, 1H, 

CH2=CH), 5.35-5.24 (m, 2H, CH2=CH ), 4.64 (d, 2H, vinylic H), 4.45-4.27 (m, 6H, 

OC=OC(CH2)2, OC=OC(CH2OC=OC(CH3)2Br)), 3.71 (m, 2H, OC=OC(CH2OH)), 

3.05 (m, 3H, OSO2CH3), 1.92 (s, 6H, OC=OC(CH3)2Br), 1.33 (s, 3H, 

C=OC(CH2OSO2CH3)(CH3)), 1.25 (s, 3H, C=OC(CH2OH)(CH3)). 
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3.3.57 Synthesis of 3-(3-(allyloxy)-2-methyl-2-(((methylsulfonyl)oxy)methyl)-3-

oxopropoxy)-2-(((2-bromo-2-methylpropanoyl)oxy)methyl)-2-methyl-3-

oxopropyl (anthracene-9-ylmethyl) succinate (22) 

Compounds 21 (1.75 g, 3.38 mmol), 5 (1.25 g, 4.06 mmol), and DMAP (0.21 g, 1.7 

mmol) were dissolved in 50 mL of dry CH2Cl2. After stirring 5 min at room 

temperature, DCC (0.84 g, 4.06 mmol) dissolved in 25 mL of CH2Cl2 was added to 

the reaction mixture. The reaction mixture was stirred overnight at room temperature. 

After filtration, the solvent was removed and the remaining product was dissolved in 

ethyl acetate and cooled to 0 °C for overnight. After filtration again, the ethyl acetate 

was removed and the crude product was purified by column chromatography over 

silica gel eluting with  hexane and ethyl acetate solvent mixture by increasing the 

polarity of mobile phase from 9:1 to 1:1  to give 22 as a pale-yellow oil. Yield = 1.54 

g (56 %). 1H NMR (500 MHz, CDCl3, � ) 8.53 (s, 1H, ArH of anthracene), 8.33 (d, 

2H, ArH of anthracene), 8.04 (d, 2H, ArH of anthracene), 7.50 (m, 4H, ArH of 

anthracene), 6.18 (s, 2H, CH2-anthracene), 5.89 (m, 1H, CH2=CH), 5.35-5.24 (m, 

2H, CH2=CH ), 4.63 (d, 2H, vinylic H), 4.45-4.27 (m, 8H, OC=OC(CH2)2, 

OC=OC(CH2)2), 3.00 (m, 3H, OSO2CH3),  2.65 (s, 4H, OC=OCH2CH2C=OO)  1.91 

(s, 6H, OC=OC(CH3)2Br), 1.30 (s, 3H, C=OC(CH2OSO2CH3)(CH3)), 1.24 (s, 3H, 

OC=OC(CH3)(CH2OC=OC(CH3)2Br)). 

3.3.58 Synthesis of allyl-mesylate-bromide-terminated PMMA (PMMA-

allyl/OMs/Br) via Diels-Alder click reaction 

A solution of PMMA-MI (0.5 g, 0.156 mmol, Mn,GPC = 3200) in 25 mL of toluene 

was added to a 25 mL toluene solution of 22 (0.084 g, 0.104 mmol, MW = 807 

g/mol). The mixture was bubbled with nitrogen for 30 min. and refluxed for 40 h at 

110oC in the dark. The solution was evaporated under high vacuum and the residual 

solid was dissolved in THF, and subsequently two times precipitated in hexane. The 

obtained product was dried in a vacuum oven at 40oC for 24 h. Yield = 0.25 g (97 

%). 1H NMR (500 MHz, CDCl3, � ) 7.50–7.15 (br, ArH of cycloadduct), 5.90 (m, 1H, 

CH2=CH), 5.50 (bs, 2H, CH2-cycloadduct), 5.30 (m, 2H, CH2=CH), 4.77 (s, 1H, CH 

of cycloadduct), 4.64 (d, 2H, allylic CH2), 4.43-4.08 (m, 10H, 

OC=OC(CH2O)(CH2SO3CH3), OC=OC(CH2O)2, NCH2CH2OC=O), 3.80-3.45 (br, 
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OCH3 of PMMA, CH-CH, bridge protons, NCH2CH2OC=O), 3.03 (s, 3H, 

OSO2CH3), 2.80-2.66 (m, 4H, OC=OCH2CH2C=OO).  

3.3.59 Synthesis of N-acetyl-L-cysteine methyl ester-mesylate-bromide-

terminated PMMA via thiol-ene click reaction (PMMA- cysteine/OMs/Br) 

Allyl-mesylate-bromide-terminated PMMA (0.25 g, 0.086 mmol, Mn,NMR =  2900 

g/mol), N-acetyl-L-cysteine methyl ester (7.6 mg, 0.43 mmol) in 20 mL of toluene 

and DMPA (2.2 mg, 0.0086 mmol) was added to the photoreactor. After irradiation 

with a UV lamp at 365 nm for 2 h, the mixture was precipitated into an excess 

amount of hexane twice. The recovered polymer was dried in a vacuum oven at 40 

°C for 24 h. Yield = 0.23 g (99 %). 1H NMR (500 MHz, CDCl3, � ) 7.50–7.15 (br, 

ArH of cycloadduct), 5.50 (bs, 2H, CH2-cycloadduct), 4.85-4.72 (br, 

C=OCH(CH2)NH of cysteine, CH of cycloadduct), 4.43-4.04 (m, 10H, 

OC=OC(CH2O)(CH2SO3CH3), OC=OC(CH2O)2, NCH2CH2OC=O), 3.90-3.31 (br, 

SCH2CH2CH2, C=OOCH3 of cysteine, OCH3 of PMMA, CH-CH, bridge protons, 

NCH2CH2OC=O), 3.05 (s, 3H, OSO2CH3), 2.99 (m, 2H, NHCHCH2S), 2.80-2.66 (m, 

4H, OC=OCH2CH2C=OO), 2.49 (m, 2H, NHCHCH2SCH2). 

3.3.60 Synthesis of N-acetyl-L-cysteine methyl-ester functionalized 3-miktoarm 

star terpolymer (PMMA-PEG-PCL-cysteine) via in situ azidation-CuAAC and 

NRC click reactions 

N-acetyl-L-cysteine methyl ester-mesylate-bromide-terminated PMMA (0.23 g, 

0.074 mmol, Mn,NMR = 3100 g/mol, ) was dissolved in DMF (10 mL) in a 25 mL of 

Schlenk tube. PEG-TEMPO (0.12 g, 0.15 mmol, Mn,theo = 800 g/mol) and PCL-

alkyne (0.28 g, 0.089 mmol, based on Mn,theo = 3100 g/mol) was added to this 

solution, and the mixture was stirred at room temperature for 10 min. Next, NaN3 

(9.7 mg, 0.15 mmol), Cu(0) (0.024 g, 0.37 mmol), CuBr  (0.011 g, 0.074 mmol), and 

PMDETA (0.015 mL, 0.074 mmol) were immediately added to the Schlenk tube. 

The reaction mixture was degassed by three FPT cycles, left in vacuum, and stirred 

for 24 h at room temperature. The mixture was diluted with THF, filtered through a 

column filled with neutral alumina to remove the copper complex, and precipitated in 

methanol. The polymer was dried at 40oC in a vacuum oven for 24 h. Yield = 0.32 g 

(67 %).1H NMR (500 MHz, CDCl3, � ) 7.50–7.15 (br, ArH of cycloadduct), 5.50 (bs, 

C=OOCH2 of cycloadduct), 5.00 (CH of TEMPO), 4.94-4.69 (br, C=OCH(CH2)NH 
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of cysteine, CH of cycloadduct), 4.26 (bs, OC=OC(CH2O)(CH2-triazole), 

OC=OC(CH2O)2, NCH2CH2OC=O), 4.06 (bs, CH2O of PCL), 3.87-3.26 (br, 

OCH2CH2 of PEG,  OCH3 of PMMA, CH-CH, bridge protons, NCH2CH2OC=O, 

SCH2CH2CH2, C=OOCH3 of cysteine), 2.30 (bs, C=OCH2 of PCL, 

C=OCH2CH2C=O). 
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4.  RESULTS AND DISCUSSION 

One of the major aims of polymer chemistry is to achieve well-defined 

macromolecular architectures (linear and non-linear topologies), such as precise 

control of composition, molecular weight, polydispersity, and end-functionality to 

fulfill the requirements of emerging technologies [2-6, 261]. The use of click 

reactions has been extremely productive when combined with living polymerization 

techniques, such as ring-opening polymerization (ROP), ring-opening metathesis 

polymerization (ROMP), and controlled/living radical polymerizations (C/LRP) 

techniques, which include metal mediated radical polymerization, e. g. atom-transfer 

radical polymerization (ATRP) and single electron transfer polymerization (SET-

LRP) etc., reversible addition fragmentation chain-transfer polymerization (RAFT), 

and nitroxide-mediated radical polymerization (NMP), because end-functionalities of 

polymeric precursors generated by living polymerization techniques can be easily 

converted to suitable groups needed for click reactions [17, 25, 27-31, 34, 97, 160, 

197, 262-265].  

In the studies of Hizal and Tunca et al., a combination of click reactions for efficient 

synthesis of a various variety of polymer structures, has been reported such as linear 

block copolymer, star block copolymer, miktoarm star polymer, multiarm star block 

copolymer, graft copolymer, and cyclic block copolymer [25, 30, 37-49]. The 

orthogonality of the CuAAC-Diels-Alder [37] and CuAAC-Diels-Alder-NRC [47-49] 

reaction combinations have been proven by coupling of the living polymerization 

generated polymer blocks with different functionalities. More recently, CuAAC-

Diels-Alder-NRC reaction combination has been extended to the synthesis of a 

ROMP-based heterograft brush copolymer [50]. Furthermore, they demonstrated the 

successful postfunctionalization of poly(oxanorbornene imide) (PONB) with two 

types of double bonds using sequential orthogonal reactions, nucleophilic thiol-ene 

coupling via Michael addition and radical thiol-ene click reactions [51]. 

In this thesis, the triple click reaction strategy (CuAAC-Diels-Alder-NRC) was 

extended toward the thiol-ene click reaction for the preparation of linear multiblock 
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polymers, heterograft brush copolymers, miktoarm star polymer. Moreover, 

quadruple click reaction strategy was demonstrated on the model compounds to 

obtain functionalized copolymers. Herein a combination of quadruple click reactions 

involving the thiol-ene, CuAAC, Diels-Alder and NRC was used for the synthesis of 

various polymeric structures with functional groups. 

4.1 Synthesis of Cysteine-PS-b-PCL-b-PMMA- b-PEG and Cysteine-PS-b-PCL-

b-PtBA-b-PEG Quaterpolymers via Quadruple Click Reactions 

Cysteine-PS-b-PCL-b-PMMA-b-PEG and cysteine-PS-b-PCL-b-PtBA-b-PEG 

quaterpolymers were prepared through sequential quadruple click reaction strategy as 

outlined in Figure 4.1. 

 

Figure 4.1 : Synthetic pathway for the preparation of linear cysteine-terminated 
multiblock polymers using quadruple click reactions: thiol-ene, 
CuAAC, Diels-Alder, and NRC. 

In this study initiators and homopolymers with proper functionalities were first 

prepared. 2-bromo-2-methyl propionic acid 2-(3,5-dioxo-10-oxa-4- azatricyclo 
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[5.2.1.02,6] dec-8-en-4-yl) ethyl ester (3) was first synthesized within three steps. 

Furan and maleic anhydride were reacted in toluen at 80 oC, then the formed adduct 

(1) (4.1) was utilized for the synthesis of 2 by adding the solution 2-amino ethanol in 

methanol into dispersion of 1 in methanol (4.2). Finally, 3, was obtained via an 

esterification reaction between 2 and 2-bromoisobutryl bromide in THF at room 

temperature (4.3). 
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(4.1) 

 
 
 

(4.2) 
 
 
 
 

(4.3) 

 

From overlay 1H NMR spectrum Figure 4.2(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.  
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Figure 4.2 : 1H NMR spectra of (a) 4,10-dioxatricyclo[5.2.1.02,6]dec-8-ene-3,5-
dione (1); (b) 4-(2-hydroxyethyl)-10-oxa-4-azatricyclo[5.2.1.02,6]dec-
8-ene-3,5-dione (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. 

Next, furan protected maleimide-end functionalized PMMA (MI-PMMA-Cl) and 

PtBA (MI-PtBA-Br) were obtained by ATRP of MMA and tBA using 3 as initiator 

(4.4). Since furan protection was easily deprotected at elevated temperatures, the 

polymerization temperature for MMA and tBA was purposely kept low in order to 

prevent possible copolymerization of maleimide and monomers during 

polymerization. 
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(4.4) 

The NMR number-average molecular weight (Mn,NMR = 2750 g/mol) and degree of 

polymerization (DPn = 23) was calculated from a ratio of the integrated values of 
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OCH3 of PMMA and N-CH2 (�  3.75 -3.50)  to that of a signal at 6.52 ppm assignable 

to  vinylic two protons (Figure 4.3), while being included the molecular weight of 

initiator (357 g/mol). The number-average molecular weight obtained by GPC 

(Mn,GPC = 2700 g/mol, relative to linear PMMA standarts) is an agreement with 

Mn,NMR, thus indicating that the quantitative maleimide end-group functionalization 

of the PMMA was successful. Moreover, Mw/Mn = 1.33 calculated from GPC 

displays narrow molecular weight distribution (Table 4.1).  

 

Figure 4.3 : 1H NMR spectrum of MI-PMMA-Cl in CDCl3. 

1H NMR revealed the structure of MI-PtBA-Br displaying characteristic peaks such 

as a broad singlet (CH of PtBA) at 2.21 ppm and peaks of aliphatic protons of PtBA 

at 1.83-1.09 ppm (Figure 4.4).  Mn,NMR and DPn = 26 was calculated from a ratio of 

the peak areas at 2.21 ppm (CH of PtBA) and at 6.49 ppm (s, 2H, vinyl protons).  

Mn,NMR= 3700 g/mol was almost consistent with those of Mn,theo= 2900 g/mol and 

Mn,GPC= 3300 g/mol (relative to linear PS standarts) (Table 4.1). 
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Figure 4.4 : 1H NMR spectrum of MI-PtBA-Br in CDCl3. 

As an initiator of the synthesis of allyl-PS-Br, allyl 2-bromo-2-methylpropanoate (4) 

was prepared by the reaction between allyl alcohol and 2-bromo isobutyryl bromide 

in the presence of Et3N/DMAP catalyst system and CH2Cl2 as solvent (4.5). 

 

(4.5) 

The structure was confirmed by 1H NMR spectrum (Figure 4.5). A shift from 4.10 

ppm of vinyl methylene protons of allyl alcohol to 4.64 (m, 2H, CH2OC=O) ppm of 

methylene protons of 4 due to esterification reaction and singlet peak at 1.92 ppm 

asigned to C(CH3)2-Br clearly indicated that 4 was achieved. 
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Figure 4.5 : 1H NMR spectrum of allyl 2-bromo-2-methylpropanoate (4) in CDCl3. 

Next � -allyl-� -azide terminated PS (allyl-PS-N3) was prepared by ATRP of St using 

allyl 2-bromo-2-methylpropanoate (4) as initiator and CuBr/PMDETA as catalyst 

and subsequent transformation of the bromide end-group to the azide (4.6). 

 

(4.6) 

1H NMR spectrum reveals the structure of allyl-PS-N3 displaying the signals 

corresponding to the allyl and CH(Ph)N3 end-groups at �  5.65, 5.11 and 4.20-3.80 

(Figure 4.6). The NMR number-average molecular weight of the allyl-PS-N3 (Mn,NMR 

= 50 X 104 + 169 = 5400 g/mol) was calculated comparing the signals of  ArHs of 

PS (7.30-6.30 ppm) and CH(Ph)-N3 and CH2OC=O (4.20-3.80 ppm) including the 

molecular weight of end-groups. The GPC number-average molecular weight 

(Mn,GPC) and polydispersity index (Mw/Mn) were determined to have 5600 g/mol and 

1.07 using PS standards.  It should be noted that the Mn,NMR is in a good agreement 

with the GPC value, thus further confirming the efficient transformation. 

Using the thiol-ene click reaction, the allyl-PS-N3 was further reacted with 5 equiv of 

N-acetyl-L-cysteine methyl ester together with DMPA as photoinitiator in toluene 

via irradiation at 365 nm for 2h (4.7). 
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(4.7) 

The complete disappearance of the allyl signals at 5.65 and 5.11 ppm and the 

appearance of new signals corresponding to the CHNH, CH3OC=O, NCHCH2S, and 

SCH2CH2 at 4.81, 3.73, 2.93, and 2.36 ppm, respectively confirmed the structure of 

� -cysteine-� -azide-terminated PS (cysteine-PS-N3) (Figure 4.6).  Importantly, the 

peak at 3.9 ppm was assigned to the CH(Ph)N3, indicating that the end-group was 

intact. The integration ratio of ArHs of the PS backbone and CHNH signals 

demonstrated that the Mn,NMR = 5600 g/mol of the cysteine-PS-N3 was unchanged. 

Therefore, the conjugation of the amino acid N-acetyl-L-cysteine methyl ester as a 

terminal group to the allyl-PS-N3 can be easily achieved using the photoinduced 

thiol-ene click reaction, which requires simpler and milder conditions compared to a 

procedure reported by Maynard et al [245]. The cysteine-PS-N3 displayed a narrow 

monomodal GPC trace with Mn,GPC of 5800 g/mol and Mw/Mn of 1.07.  

 

Figure 4.6 : 1H NMR spectrum of a) � -allyl-� -azide-terminated PS (allyl-PS-N3) 
and b) � -cysteine-� -azide-terminated PS (cysteine-PS-N3) in CDCl3. 
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Mono carboxylic acid functional PEG (PEG-COOH) was synthesized with a reaction 

of Me-PEG (550) in the presence of succinic anhydride, Et3N/DMAP catalyst system 

and CH2Cl2 as solvent (4.8). 

HO

O
O

O
O

p

Et3N, DMAP

CH2Cl2, r.t.
HO

O
p

+

O

O

O

PEG-COOHMe-PEG550  

(4.8) 

From 1H NMR spectrum (Figure 4.7), it was clearly seen the backbone protons of 

PEG at 3.60 ppm. The methylene protons formed by the ring opening of succinic 

anhydride is assigned as 2.60 ppm. 

 

Figure 4.7 : 1H NMR spectrum of mono carboxylic acid functional PEG (PEG-
COOH)  in CDCl3. 

Next, TEMPO functionalized PEG (PEG-TEMPO) was synthesized via an 

esterification reaction between PEG-COOH and 4-hydroxy-TEMPO (4.9).  

 

(4.9) 
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The synthesis of the � -anthracene-� -hydroxyl-terminated PCL (anthracene-PCL-

OH) was carried out using tin(II)-2-ethylhexanoate as catalyst and 9-anthracene-

methanol as initiator in the ROP of e-CL at 110 °C for 4 h (4.10). 

 

(4.10) 

From 1H NMR spectrum, the DPn = 22 of the anthracene-PCL-OH was calculated by 

comparison of the integrations of the signals of the PCL backbone (CH2O) at 4.04 

ppm and the anthracene end-group (9H) at 8.50-7.56 ppm (Figure 4.8). 

 

Figure 4.8 : 1H NMR spectrum of � -anthracene-� -hydroxyl-terminated PCL 
(anthracene-PCL-OH) in CDCl3. 

Next, anthracene-PCL-OH was further reacted with 4-pentynoic acid to yield � -

anthracene-� -alkyne-terminated PCL (anthracene-PCL-alkyne) catalyzed by 

DMAP/DCC in CH2Cl2 (4.11). 
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(4.11) 

1H NMR analysis of the polymer confirmed the presence of CH2CH2 linked to the 

alkyne at 2.51 ppm and the absence of CH2OH end-group of the PCL at  3.63 ppm 

(Figure 4.9). Although Mn,NMR could not be calculated due to overlapping of the 

CH2CH2-alkyne peak with the C=OCH2 of the PCL backbone, the DPn of PCL 

segment may be assumed to be 22 and subsequently the Mn,NMR of anthracene-PCL-

alkyne is calculated as 2800 g/mol including the molecular weight of end groups. It 

is important to note that the GPC trace is monomodal and the Mn,GPC and Mw/Mn are 

basically the same as before esterification. 

 

Figure 4.9 : 1H NMR spectrum of � -anthracene-� -alkyne-terminated PCL 
(anthracene-PCL-alkyne) in CDCl3. 

The molecular weight details and conversions of all linear polymers were tabulated 

in Table 4.1. 
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Table 4.1 : The results of linear polymers used in the synthesis of quaterpolymers. 

Polymer Conv. g 
(%) 

Mn,GPC 

(g/mol) 

 
Mw/Mn 

 

Mn,theo 

(g/mol) 
Mn,NMR  
(g/mol) 

Allyl-PS-Br a 22 5500 1.08 4800 h 5400 

MI-PMMA-Cl b 30 2700 1.33 1800 h 2750 

MI-P tBA-Br c 20 3300 1.11 2900 h 3700 

PEG-TEMPO d     83 m 870  1.07 800 i - 

anthracene-PCL-OH e 84 3900k 1.11 3250 h 2700 

anthracene-PCL-alkyne f    99 m 4200l 1.12 3330 j 2800 
a [M] 0:[I] 0:[CuBr]:[PMDETA] = 200:1:1:1; polymerization was carried out at 110 oC.  
b [M] 0:[I] 0:[CuCl]:[PMDETA] = 50:1:1:1; polymerization was carried out at 40 oC. MMA / toluene = 
1 (v/v). 
c [M] 0:[I] 0:[CuBr]:[PMDETA] = 100:1:1:1; polymerization was carried out at 50 oC. tBA / EC = 10 
(w/w).  
d Obtained by an esterification reaction between 4-Hydroxy-TEMPO and PEG-COOH.  

e [M] 0/[I] 0 = 30 ; [I]0/[cat]0 = 50; polymerization was carried out at 110 oC.  
f Obtained by an esterification reaction between 4-pentynoic acid and anthracene-PCL-OH. 
 g Determined by gravimetrically. 
h Mn,theo = ([M] o/[I] o) X conversion % X MW of monomer  + MW of initiator. 
iMn,theo = Mn,theo of PEG-COOH + MW of 4-Hydroxy-TEMPO - MW of H2O. 
jMn,theo = Mn,theo of anthracene-PCL-OH + MW of 4-pentynoic acid - MW of H2O. 
k After correction formula (Mn,PCL= 0.259 x Mn,GPC

1.073)  Mn,PCL = 1800 g/mol. 
l After correction formula (Mn,PCL= 0.259 x Mn,GPC

1.073)  Mn,PCL = 2000 g/mol. 
m The values were referred to herein as yield. 

First of all, the synthesis of � -cysteine-� -anthracene-terminated PS-b-PCL 

copolymer (cysteine-PS-b-PCL-anthracene) was accomplished through CuAAC 

reaction between cysteine-PS-N3 and anthracene-PCL-alkyne homopolymers 

utilizing a CuBr/PMDETA catalyst system in DMF at room temperature for 12 h 

(4.12). The recovered block copolymer was purified by precipitation in diethyl 

ether/methanol (1:1) and finally in methanol. 
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(4.12) 

1H NMR spectroscopy indicated that a new peak corresponding to the CH(Ph)-

triazole appeared at 5.01 ppm (Figure 4.10). Peaks at 8.51-7.51, 7.50-6.30, 4.78, and 

4.05 for the anthracene, ArH of PS, CHNH, and CH2O of PCL, respectively were 

also detected. The DPn of the PCL segment in the block copolymer was calculated to 

be 20 by comparison of the integrations of the ArH of PS and CH2O of PCL, while 

assuming the DPn of the PS block was 50. The DPn (20) of the PCL block in the 

cysteine-PS-b-PCL-anthracene copolymer was close to the value of the anthracene-

PCL-alkyne (22), indicating that an efficient CuAAC click coupling reaction 

occurred. The Mn,NMR of cysteine-PS-b-PCL-anthracene copolymer (8200 g/mol) was 

calculated by a sum of the Mn,NMR of cysteine-PS-N3 (5600 g/mol) and the calculated 

Mn,NMR of PCL segment in the block copolymer (20 X 114 + 288 = 2570 g/mol). The 

resulting cysteine-PS-b-PCL-anthracene copolymer demonstrated a narrow 

monomodal GPC trace and clear shift to lower retention time with respect to its 

precursors. 
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Figure 4.10 : 1H NMR spectrum of � -cysteine-� -anthracene-terminated PS-b-PCL 
copolymer (cysteine-PS-b-PCL-anthracene) in CDCl3. 

 Further evidence for � -cysteine-� -anthracene-terminated PS-b-PCL copolymer 

(cysteine-PS-b-PCL-anthracene) formation was obtained by FT-IR spectroscopy 

(Figure 4.10). The weak streching due to azide at 2094 cm-1
 disappeared and the 

sharp streching due to carbonyl of PCL at 1745 cm-1 appeared after diblock 

formation (Figure 4.11). 
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Figure 4.11 : FT-IR spectra of cysteine-PS-N3 (red) (a) and cysteine-PS-b-PCL-
anthracene (black) (b). 

Next the cysteine-PS-b-PCL-anthracene copolymer coupled with � -furan protected 

maleimide-� -halide-PMMA using the Diels-Alder click reaction strategy in 

refluxing toluene for 63 h (4.13). 

 

(4.13) 

The efficiency of Diels-Alder reaction for the introduction of PMMA block was also 

confirmed by 1H NMR spectroscopy. When the DPn value of PS is assumed to be 50, 

then the value for the PMMA block can be calculated to be 18 by comparison of the 

integrations of the signals of the PS (�  7.50-6.30) and OCH3 of the PMMA at 3.58 

ppm (Figure 4.12). This is close to the value (23) of MI-PMMA-Cl precursor, 

indicating that an efficient Diels-Alder coupling reaction occurred between cysteine-
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PS-b-PCL-anthracene copolymer and MI-PMMA-Cl precursor to yield cysteine-PS-

b-PCL-b-PMMA-Cl terpolymer. 

 

Figure 4.12 : 1H NMR spectrum of � -cysteine-� -chloride-terminated PS-b-PCL-b-
PMMA (cysteine-PS-b-PCL-b-PMMA-Cl) terpolymer in CDCl3. 

The Diels-Alder click reaction strategy was carried out for ligation of the cysteine-

PS-b-PCL-anthracene copolymer and the MI-PtBA-Br precursor (4.14). 

 

(4.14) 

From 1H NMR spectrum, the DPn value (25) of PtBA block was determined by 

comparison of the integrations of the peaks of the PS (ArHs at 7.50-6.30 ppm) and 

the CH of PtBA and the C=OCH2 of PCL at 2.29 ppm, while  assuming that the DPns 

of PS and PCL are 50 and 20, respectively (Figure 4.13). 
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Figure 4.13 : 1H NMR spectrum of � -cysteine-� -bromide-terminated PS-b-PCL-b-
PtBA (cysteine-PS-b-PCL-b-PtBA-Br) terpolymer in CDCl3. 

In addition, Mn,NMR values for both terpolymers,  cysteine-PS-b-PCL-b-PMMA-Cl 

and cysteine-PS-b-PCL-b-PtBA-Br were found to be 10300 and 11700 g/mol, 

respectively using a similar approach described previously. Both terpolymers display 

narrow, monomodal GPC traces and clear shift to lower retention times as depicted 

in Figure 4.17 respectively.  

The efficiency of the DA reactions was monitored by UV spectroscopy following the 

decrease in absorbance of anthracene at 368 nm in the reaction medium. Diels-Alder 

efficiency was calculated by (4.15) where A0 and At are initial and final absorbance 

values of anthracene. 

Conv. % = (1 - At / A0) (4.15) 

The efficiency of DA reaction was found to be 98 % for cysteine-PS-b-PCL-b-

PMMA-Cl terpolymer and 97 % for cysteine-PS-b-PCL-b-PtBA-Br terpolymer after 

63 h (Figure 4.14).  
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Figure 4.14 : UV spectra of cysteine-PS-b-PCL-anthracene (t = 0 h) copolymer 
during the synthesis of cysteine-PS-b-PCL-b-PMMA-Cl (t = 63 h) and 
cysteine-PS-b-PCL-b-PtBA-Br (t = 63 h) terpolymers (C0= 4.7 X 10-5 
mol/L in CH2Cl2). 

Last, cysteine-PS-b-PCL-b-PMMA-Cl was reacted with PEG-TEMPO to yield the 

quaterpolymer, cysteine-PS-b-PCL-b-PMMA-b-PEG via NRC coupling reaction 

catalyzed by CuBr/Cu(0)/PMDETA in DMF at room temperature for 12 h (4.16). 

The obtained quaterpolymer was simply purified by precipitation in methanol due to 

that an unreacted PEG segment was dissolved in this solvent and thus easily removed 

from the reaction mixture.  

 

(4.16) 

The efficiency of the NRC click coupling reaction for the introduction of the PEG 

segment to the terpolymer was also determined from 1H NMR spectrum. For the 

cysteine-PS-b-PCL-b-PMMA-b-PEG quaterpolymer, the DPn of the PEG segment in 

the linear quaterpolymer was calculated to be 11 by comparison of the integrations of 
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the peaks of the PS (ArHs at 7.50-6.30 ppm) and the PEG (CH2CH2O) and PMMA 

(OCH3) at 3.63 ppm, when the DPns of the PS and the PMMA segments are assumed 

to be 50 and 18, respectively (Figure 4.15). It should be noted that the calculated 

value is close to the DPn (13) of the PEG-TEMPO. 

 

Figure 4.15 : 1H NMR spectrum of cysteine-PS-b-PCL-b-PMMA-b-PEG 
quaterpolymer in CDCl3. 

Subsequently, cysteine-PS-b-PCL-b-PtBA-b-PEG was prepared using similar 

reaction strategy and purified by aforementioned procedure (4.17). 

 

(4.17) 

Using the 1H NMR spectrum of cysteine-PS-b-PCL-b-PtBA-b-PEG quaterpolymer, 

the DPn of the PEG block was calculated to be 9 by comparison of the integrations of 

the peaks of the PS (ArHs at 7.50-6.30 ppm) and the PEG (CH2CH2O) at 3.64 ppm, 
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assuming that DPn of the PS was 50. This value (9) is rather close to that for the PEG 

precursor (13) (Figure 4.16). 

 

Figure 4.16 : 1H NMR spectrum of cysteine-PS-b-PCL-b-PtBA-b-PEG 
quaterpolymer in CDCl3. 

In addition, Mn,NMR values for both quaterpolymers, cysteine-PS-b-PCL-b-PMMA-

PEG and cysteine-PS-b-PCL-b-PtBA-PEG were calculated to be 11000 g/mol and 

12300 g/mol, respectively using a similar approach described previously. Moreover, 

both quaterpolymers display narrow, monomodal GPC traces and relatively slight 

shift to lower retention times as depicted in Figures 4.17.  
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Figure 4.17 : The evolution of GPC traces of � -cysteine-� -azide-terminated PS 
(cysteine-PS-N3), � -cysteine-� -anthracene-terminated PS-b-PCL 
copolymer (cysteine-PS-b-PCL-anthracene), � -cysteine-� -chloride-
terminated PS-b-PCL-b-PMMA (cysteine-PS-b- PCL-b-PMMA-Cl) 
and cysteine-PS-b-PCL-b-PMMA-b-PEG quaterpolymer (a) and � -
cysteine-� -azideterminated PS (cysteine-PS-N3), � -cysteine-� -
anthracene-terminated PS-b-PCL copolymer (cysteine-PS-b-PCL-
anthracene), � -cysteine-� -bromide-terminated PS-b-PCL-b-PtBA 
(cysteine-PS-b-PCL-b-PtBA-Cl), and cysteine-PS-b-PCL-b-PtBA-b-
PEG quaterpolymer in (b) in THF at 30 oC. 

(a) (b) 
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Table 4.2 : The results of polymers used in the synthesis of quaterpolymers and quaterpolymers.  

Polymer 
Yielda Mn,GPC

b
  Mn,NMR Mn,theo

i 
Mw/Mn

b 
(%) (g/mol) (g/mol) (g/mol) 

cysteine-PS-N3 99 5800 5600c 4940 1.07 

PS-b-PCL 87 9900 8200d 8300 1.06 

PS-b-PCL-b-PMMA 50 11200 10300e 10100 1.07 

PS-b-PCL-b-PtBA 45 12200 11700f 11200 1.06 

PS-b-PCL-b-PMMA- b-PEG 73 11400 11000g 10900 1.07 

PS-b-PCL-b-PtBA-b-PEG 72 11900 12300h 12000 1.10 
a Determined by gravimetrically. 
b Determined by using GPC (RI detection) in THF at 30 ºC relative to PS standards. 
c Mn,NMR = Mn,NMR of allyl-PS-Br (5400 g/mol) + 177 g/mol = 5600 g/mol. 
d Mn,NMR = Mn,NMR of cysteine-PS-N3 (5600 g/mol) + 20 X 114 + 288 g/mol = 8200 g/mol. 
e Mn,NMR = Mn,NMR of PS-b-PCL (8200 g/mol) + 18 X 100 + 359 g/mol = 10300 g/mol. 
f Mn,NMR = Mn,NMR  of PS-b-PCL  (8200 g/mol) + 25 X 128 + 359 g/mol = 11700 g/mol. 
g Mn,NMR = Mn,NMR of PS-b-PCL-b-PMMA (10300 g/mol) + 11 X 44 + 250 g/mol = 11000 g/mol. 
h Mn,NMR = Mn,NMR of PS-b-PCL-b-PtBA  (11700 g/mol) + 9 X 44 + 170 g/mol= 12300 g/mol. 
i Mn,theo = Sum of Mn,theo of precursors. 
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4.2 Synthesis of Functionalized Poly(oxanorbornene imide) and Functionalized 

Polycarbonate via Quadruple Click Reactions 

In this work graft copolymers: mercaptoethanol-phenyl functionalized poly 

(oxanorborneneimide) and phenyl functionalized polycarbonate copolymers were 

successfully prepared by using quadruple click reactions; Diels-Alder, CuAAC, NRC 

and Thiol-ene (through radical or nucleophilic mechanism) click reactions (Figure 

4.18). 

 

Figure 4.18 : Synthetic pathway for the preparation of mercaptoethanol-phenyl 
functionalized poly (oxanorbornene imide) and phenyl functionalized 
polycarbonate copolymers using quadruple click reactions: thiol-ene, 
CuAAC, Diels-Alder, and NRC. 
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For this purpose, firstly the monomers and then the main backbones were 

synthesized. The succinic acid mono-anthracene-9-ylmethyl-ester (5) was prepared 

by using 9-anthryl methanol and succinic anhydride in the presence of  Et3N/DMAP 

catalyst system and CH2Cl2 as solvent (4.18). 

 

(4.18) 

The structure was confirmed by 1H NMR spectrum (Figure 4.19). A shift from 5.60 

ppm to 6.21 ppm of methylene protons linked to anthracene ring due to esterification 

reaction and multiplet peaks around 2.70-2.68 ppm aasigned to C=OCH2CH2OC=O 

clearly indicated that 5 was achieved. 

 

Figure 4.19 : 1H NMR spectrum of succinic acid mono-anthracene-9-ylmethyl-ester 
(5) in CDCl3. 

Thereafter, oxanorbornenyl anthracene (ONB-anthracene) (6) was carried out 

through an esterification reaction between 2 and 5 (4.19).  
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(4.19) 

From 1H NMR spectroscopy (Figure 4.20) the ring protons at 8.53-7.51 ppm, 

methylene protons linked to the ring at 6.17 ppm and a shift from 3.71 ppm of 

methylene protons (NCH2CH2OH) to 4.19 ppm of methylene protons 

(NCH2CH2OC=O) were primarily detected. 

 

Figure 4.20 : 1H NMR spectrum of oxanorbornenyl anthracene (ONB-anthracene) 
(6) in CDCl3. 

Next, ring-opening metathesis polymerization (ROMP) reaction strategy was used to 

obtain poly(oxanorbornenyl-anthracene) (PONB-anthracene) by first generation 

Grubbs’ catalyst (PCy3)2(Cl)2-RuCHPh and monomer 6 with reaction conditions as 

described (4.20). 
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(4.20) 

GPC and 1H NMR spectroscopy confirmed that poly(oxanorbornenyl-anthracene) 

was appropriately prepared with controlled molecular weight, low polydispersity 

index (PDI) and desired anthracene pendant groups. The number-average theoretical 

molecular weight (Mn,theo = 10000 g/mol), which did not fit with the number-average 

molecular weight by conventional GPC (Mn,GPC = 6300 g/mol)  relative to linear PS 

standards was comparable to that obtained from three detection GPC (Mn,TDGPC = 

11200 g/mol) (Table 4.3).  In the 1H NMR spectrum, the shift of the vinyl protons 

(6.45 ppm) to the 5.97 (CH=CH, trans) and 5.62 ppm (CH=CH, cis) was observed 

upon the ROMP of 6, which revealed that poly(oxanorbornenyl anthracene) had 

occurred  as seen in Figure 4.21. 
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Figure 4.21 : 1H NMR spectrum of of poly(oxanorbornenyl anthracene) in CDCl3. 

For the synthesis of  monomer of polycarbonate with pendant anthracene groups 

(PC-anthracene), first of all 2,2,5-trimethyl-[1,3]dioxane-5-carboxylic acid (8) was 

synthesized by the reaction between 2,2-bis (hydroxymethyl)-propanoic acid and 2,2-

dimethoxy-propane with excess amount of dry acetone using p-toluene sulfonic acid 

as catalyst (4.21). 

 

(4.21) 

Figure 4.22 depicts the 1H NMR spectrum of 2,2,5-trimethyl-[1,3]dioxane-5-

carboxylic acid, 8 showing resonances corresponding to -COOH proton at 11.20 

ppm, methylene groups at 4.18 and 3.63, the methyl protons adjacent to ketal group 

and adjacent to methylene groups at 1.38-1.36 ppm and 1.18 ppm respectively. 
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Figure 4.22 : 1H NMR spectrum of 2,2,5-trimethyl-[1,3]dioxane-5-carboxylic acid 
(8) in CDCl3. 

Then esterification reaction of 9-anthracene methanol and 8 was performed to 

synthesize 9 (anthracene-9-ylmethyl 2,2,5-trimethyl-1,3-dioxane-5-carboxylate) in 

the presence of DCC/DMAP catalyst system and CH2Cl2 as solvent (4.22). 

 

 

(4.22) 

Next, (anthracene-9-ylmethyl 2,2,5-trimethyl-1,3-dioxane-5-carboxylate) 9 was 

hydrolized in THF by adding HCl solution and stirring for 2 hours at room 

temperature (4.23). 

 

(4.23) 

1H NMR spectroscopy confirmed clearly the structure of 10 by appearance of 

characteristic signals of anthracene at 7.45-8.52 ppm. It is obviously seen that the 
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peak of methylene protons neighbouring to hydroxyl group are between 3.53 and 

3.97 ppm (Figure 4.23). 

 

Figure 4.23 : 1H NMR spectra of a) anthracene-9-ylmethyl 3-hydroxy-2-
(hydroxymethyl)-2-methylpropanoate (10) b) anthracen-9-ylmethyl 
2,2,5-trimethyl-1,3-dioxane-5-carboxylate (9) in CDCl3. 

In the following step, anthracene-carbonate monomer, 11 (anthracene-9-ylmethyl 5-

methyl-2-oxo-1,3-dioxane-5-carboxylate) was synthesized (4.24). The cyclization 

was performed in the presence of ethyl chloroformate in dilute anhydrous THF 

solution via dropwise addition of triethylamine.   

 

(4.24) 

1H NMR spectroscopy confirmed clearly the structure of 11 by appearance of 

characteristic signals of anthracene at 7.50-8.56 ppm. The double doublets at 4.12-

4.68 ppm were attiributable to the methylene protons next to the carbonate. 

Importantly, no peak at 3.53-3.97 ppm assignable to the methylene protons adjacent 

to the hydroxyl group was detected (Figure 4.24). 
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Well-defined anthracene-functional polycarbonate was synthesized via 

organocatalytic ring-opening polymerization of  11 in CH2Cl2 using the dual 1-(3,5-

bis(trifluoromethyl)phenyl)-3-cyclohexylthiourea (12) and DBU catalyst system at 

room temperature overnight (4.25). 

 

(4.25) 

It is shown from the GPC and 1H NMR results that the PC-Anth was properly 

prepared  with controlled molecular  weight, low polydispersity index (PDI) and 

desired anthracene pendant groups (Figure 4.24). The number average theoretical 

molecular weight (Mn,theo =5700), which did not match with the number-average 

molecular weight by conventional GPC (Mn,GPC = 3500 g/mol) relative to linear PS 

standards was comparable to that  obtained from three detection GPC (Table 4.3). 

Absolute molecular weight (Mw,TDGPC = 6000) of PC was measured by using TD-

GPC in THF at 35� , after an introducing of experimentally found dn/dc ( 0.190 

mL/g) value into the software. 
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Figure 4.24 : 1H NMR spectra of a) anthracene-9-ylmethyl 5-methyl-2-oxo-1,3-
dioxane-5-carboxylate (11) b) anthracene-functional polycarbonate 
(PC-Anth) in CDCl3. 

After the synthesis of main backbones, functionalized compounds which were proper 

for click reactions were carried out. First of all , 2-bromo-propionic acid 2-(3,5-

dioxo-10-oxa-4 azatricyclo[5.2.1.02,6] dec-8-en-4-yl)-ethyl ester (ONB-Br) (7) was 

obtained via an esterification reaction between 2 and 2-bromopropionyl bromide in 

CH2Cl2 at room temperature (4.26). 

 

(4.26) 

From overlay 1H NMR spectra Figure 4.25(c), it is clearly seen that the methyl 

protons next to Br were detected at 1.81 ppm and the methylene protons next to the 

ester unit and methine proton next to Br at 4.34 ppm. Moreover, the characteristic 

protons of the adduct were also detected at 6.52 ppm (bridge vinyl protons), 5.28 

ppm (bridge-head protons) and 2.88 ppm (bridge protons) respectively. These results 

confirmed that the synthesis of 7 was achived. 
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Figure 4.25 : 1H NMR spectra of a) 4,10-Dioxatricyclo[5.2.1.02,6]dec-8-ene-3,5-
dione (1) b) 4-(2-Hydroxyethyl)-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-
ene-3,5-dione (2) c) 2-bromo-propionic acid 2-(3,5-dioxo-10-oxa-4 
azatricyclo[5.2.1.02,6]dec-8-en-4-yl)-ethyl ester (ONB-Br) (7) in 
CDCl3. 

2-propyn-1-yl 2-bromo-2-methylpropanoate (13) was prepared by the reaction 

between propargyl alcohol and 2-bromo isobutyryl bromide in the presence of 

Et3N/DMAP catalyst system and CH2Cl2 as solvent (4.27). 

 

(4.27) 

The structure was confirmed by 1H NMR spectrum (Figure 4.26). A shift from 4.27 

ppm of methylene protons of propargyl alcohol to 4.77 (m, 2H, CH2OC=O) ppm of 

methylene protons of 13 due to esterification reaction and singlet peak at 1.95 ppm 

asigned to C(CH3)2-Br clearly indicated that 13 was achieved. 
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Figure 4.26 : 1H NMR spectrum of 2-propyn-1-yl 2-bromo-2-methylpropanoate 
(13) in CDCl3. 

Next TEMPO-acrylate (14) was synthesized via the reaction between 4-hydroxy-

TEMPO and acryloyl chloride in the presence of Et3N/DMAP catalyst system and 

CH2Cl2 as solvent (4.28). 

 

(4.28) 

As a first click reaction, Diels-Alder reaction was accomplished between 

poly(oxanorbornenyl-anthracene) and maleimide functional compound (7) at 110 oC 

in toluene and 1,4-dioxane solvent mixture for 40 h (4.29). 
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(4.29) 

1H NMR spectrum of the obtained PONB-g-7 clearly indicated the successful click 

reaction that anthracene signals (�  8.53-7.51) disappeared and  new signals for the 

corresponding anthracene-maleimide cycloadduct appeared (�  5.47 and 3.29 for 

C=OOCH2 of cycloadduct and bridge protons, respectively) (Figure 4.27).  

 

Figure 4.27 : 1H NMR spectrum of PONB-g-7 graft copolymer in CDCl3. 
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The formation of target graft copolymer is followed over time by UV spectroscopy 

upon the disappearance of the signal of the anthryl group at 366 nm (Figure 4.28). By 

using UV data, Diels–Alder click reaction efficiency was found to be 97 %. 

 

Figure 4.28 : UV spectra of PONB-anthracene (t = 0 h) during the synthesis of 
PONB-g-7 (t = 40 h) graft copolymer (C0= 4.7 X 10-5 mol/L in 
CH2Cl2). 

After that, bromide end-groups of PONB-g-7 graft copolymer were converted into 

azide end-groups via azidation reaction (4.30). 

 

(4.30) 
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From 1H NMR spectrum, it can be seen that CH-Br proton at 4.22 ppm and 

CH(Br)(CH3) protons at 1.79 ppm were shifted to 3.83 ppm (CH-N3) and 1.43 ppm 

(CH(N3)(CH3)) respectively (Figure 4.29). Additionaly, GPC traces (Figure 4.34) 

indicates  that the PONB-N3 shifts through the high molecular weight region. The 

number-average theoretical molecular weight (Mn,theo = 14800 g/mol), which did not 

fit with the number-average molecular weight by conventional GPC (Mn,GPC = 8500 

g/mol) relative to linear PS standards was comparable to that obtained from three 

detection GPC (Mn,TDGPC = 17100 g/mol) (Table 4.3).   

 

Figure 4.29 : 1H NMR spectrum of PONB-N3 graft copolymer in CDCl3. 

Afterwards, in situ CuAAC-NRC click reaction was carried out between PONB-N3 

graft copolymer, compounds 13 and 14 in the presence of Cu(0), Cu(I)/PMDETA in 

DMF at room temperature for 12 h to yield the final product, PONB-acrylate (4.31). 
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(4.31) 

NMR analysis showed that precursors 13 and 14 had successfully been grafted to the 

copolymer (Figure 4.30). The peaks at 7.80, 1.19 and 0.98 ppm could easily be 

assigned as CH of triazole, CH3 of TEMPO and CH2 of TEMPO respectively. 

Additionally, a new peak at 6.37 ppm and expansion of peaks at 6.07 ppm and 5.76 

ppm appeared due to the new peaks assigned as alkene protons of TEMPO-acrylate. 

Moreover, the ratio of integrated signals at 7.80 ppm (CH of triazole) and 2.69 ppm 

(C=OCH2CH2C=O of main backbone) confirmed the efficient incorporation of 

grafts. The GPC traces of PONB-acrylate graft copolymer exhibited a monomodal 

distribution and completely shifted to the higher molecular weight region as 

compared with PONB-N3 (Figure 4.34) and also it was found good agreement 

between Mn,theo (21800 g/mol) and Mn,TDGPC (23600 g/mol) (Table 4.3). 
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Figure 4.30 : 1H NMR spectrum of PONB-acrylate graft copolymer in CDCl3. 

The formation of PONB-acrylate graft copolymer was further confirmed by FT-IR 

spectroscopy (Figure 4.31). A strong stretching of azide at 2100 cm-1 disappeared 

after in situ click reactions indicated that quantitative conversion was achieved. 

 

Figure 4.31 : FT-IR spectra of PONB-N3 (red) (a) and PONB-acrylate (blue) (b). 

 

(a) 

(b) 
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After in situ CuAAC and NRC click reactions, Thiol-ene click reaction through 

nucleophilic mechanism was applied to the preparation of PONB-phenyl by simply 

reacting allyl end-groups with thiophenol in the presence of Et3N in CH2Cl2 as a 

solvent (4.32). 

,
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(4.32) 

From 1H NMR spectrum it was clearly seen the allyl protons of PONB-acrylate at 

6.37 ppm, 6.07 ppm and 5.76 ppm were disappeared and new peaks at 3.13 ppm and 

2.57 ppm were appeared assigned as methylene protons of CH2SPh and 

C=OCH2CH2SPh respectively (Figure 4.32). Notably, unimodal shape of the GPC 

curve without a tail was obtained confirming an efficient PONB-phenyl formation 

(Figure 4.34). In addition, the number-average theoretical molecular weight (Mn,theo = 

24000 g/mol) calculated according to the following equation, Mn,theo = 21800 (Mn,theo 

of PONB-Acrylate) + 20 X 110.17 g/mol (MW of Thiophenol) did not fit the 

number-average molecular weight by GPC (Mn,GPC = 13500 g/mol) relative to linear 

PS standards, however, was comparable to the number-average absolute molecular 

weight obtained from three-detection GPC (Mn,TDGPC = 25300 g/mol) using an 

experimental derived dn/dc = 0.190 mL/g (Table 4.3). 
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Figure 4.32 : 1H NMR spectrum of PONB-phenyl graft copolymer in CDCl3. 

Furthermore, second Thiol-ene click reaction was carried out through radical 

mechanism. For this reaction, PONB-phenyl, 2-mercaptoethanol, DMPA as a 

photoinitiator and 1,4-dioxane as a solvent were used (4.33). The mixture was 

irradiated by a photoreactor at 365 nm at room temperature for 2 hours. 
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(4.33) 

The structure of graft copolymer confirmed by 1H NMR spectrum (Figure 4.33). The 

disappearance of trans and cis CH=CH protons of backbone at 6.07 and 5.77 ppm 

clearly indicated that mercaptoethanol functionalized PONB-Ph was achieved. A 

TD-GPC trace shows a monomodal distribution and number-average molecular 

weight (Mn,TDGPC = 27800 g/mol) which is compatible with Mn,theo (25500 g/mol) and 

narrow polydispersity (Mw/Mn = 1.38) values were obtained from TD-GPC in THF at 

35 oC, after introducing dn/dc = 0.107 mL/g of linear PS standard to the Omni-Sec 

software (Table 4.3). 
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Figure 4.33 : 1H NMR spectrum of mercaptoethanol functionalized PONB-Ph graft 
copolymer in CDCl3. 

The GPC traces of all polymers exhibited a monomodal distribution and shifted to 

the higher molecular weight region as compared with their starting polymers, 

proving the successful synthesis of graft copolymers as depicted in Figure 4.34, and 

furthermore the molecular weight distributions are relatively narrow and in the range 

of 1.13-1.19 from the conventional GPC. On the other hand, it was observed that the 

GPC trace of the mercaptoethanol functionalized PONB-Ph did not shift to the 

higher molecular weight region compared to its precursor. This may be attributed to 

disappearance of the PONB main backbone rigidity, thus leading to a decrease in the 

hydrodynamic volume after modification with mercaptoethanol via radical thiol-ene 

click reaction. A similar behavior was reported recently by Hizal and Tunca et al., in 

which the GPC trace of the thioethanol modified PONB via radical thiol-ene reaction 

shifted to the lower molecular weight region relative to its unmodified polymer 

precursor [51]. This is also supported by macromolecular characteristics data from 

the triple detection GPC.   
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Figure 4.34 : Evolution of GPC traces of PolyONB-anthracene, PolyONB-N3, 
PolyONB-acrylate, PolyONB-phenyl, mercaptoethanol funtionalized 
PolyONB-phenyl graft copolymers in THF at 30 oC. 

All results of the poly(oxanorbornenyl anthracene) and graft copolymers were 

presented in Table 4.3. 
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Table 4.3 : The results of poly(oxanorbornenyl anthracene) and graft copolymers. 

   GPC    TD-GPC  

Polymers  Mn,theo Mn,GPC
f Mw/Mn  Mn,TD-GPC

g Mw/Mn dn/dch 

  (g/mol) (g/mol)   (g/mol)  (mL/g) 
PolyONB-anthracene  10000a 6300 1.13  11200 1.17 0.17 
PolyONB-N3  14800b 8500 1.15  17100 1.32 0.11 
PolyONB-acrylate  21800c 12200 1.18  23600 1.37 0.11 
PolyONB-Ph  24000d 13500 1.15  25300 1.43 0.11 
Mercaptoethanol functionalized PolyONB-Ph  25500e 12800 1.19  27800 1.38 0.11 

a Mn,theo = 20 ([M]0/[Catalyst]0) X conversion % X MW of 6. 
b Mn,theo = Mn,theo of PONB-anthracene + 20 X MW of 7 – 20 X MW of furan group – 20 X MW of bromide group + 20 X MW of azide group. 
c Mn,theo = Mn,theo of PONB-N3 + 20 X MW of 13 – 20 X MW of bromide group + 20 X MW of 14. 
d Mn,theo = Mn,theo of PONB-acrylate + 20 X MW of Thiophenol. 
e  Mn,theo = Mn,theo of PONB-Ph + 20 X MW of Mercaptoethanol. 
f  Determined by using GPC (RI detection) in THF at 30 ºC relative to PS standards.    
g Calculated from TD-GPC in THF at 35 °C. 
h Determined from a slope of RI area-concentration linear plot containing at least four different polymer concentrations, assuming that truly size-exclusion mechanism was 
operative in the columns of TD-GPC.  
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A similar click reactions strategy was carried out for the synthesis of polycarbonate-

phenyl graft copolymer as used for synthesis of the polyoxanorborneneimide-phenyl 

graft copolymer. Therefore, Diels-Alder click reaction was accomplished between 

polycarbonate and maleimide functional compound (7) at 110 oC in toluene as a 

solvent for 40 h (4.34). 

 

(4.34) 

1H NMR spectrum of the obtained PC-g-7 clearly indicated the successful click 

reaction that anthracene signals (�  8.45-7.29) disappeared and  new signals for the 

corresponding anthracene-maleimide cycloadduct appeared (�  5.49 and 3.32 for 

C=OOCH2 of cycloadduct and NCH2CH2OC=O, CH-CH bridge protons of 

cycloadduct, respectively) (Figure 4.35).  
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Figure 4.35 : 1H NMR spectrum of PC-g-7 graft copolymer in CDCl3. 

By using UV-Vis spectrometry data, Diels-Alder click reaction efficiency was found 

to be over 98 % (Figure 4.36). 

 

Figure 4.36 : UV spectra of PC-anthracene during the synthesis of PC-Br (C0= 4.7 
X 10-5 mol/L in CH2Cl2). 
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The azidation reaction was performed on the PC-Br graft copolymer by using NaN3 

and DMF as a solvent at room temperature for overnight (4.35). 

 

(4.35) 

1H NMR spectrum showed that CH-Br proton at 4.27 ppm and CH(Br)(CH3) protons 

at 1.77 ppm were shifted to 3.83 ppm (CH-N3) and 1.42 ppm (CH(N3)(CH3)) 

respectively (Figure 4.37). Additionaly, GPC traces (Figure 4.41) indicates  that the 

PC-N3 shifts through the high molecular weight region. The number-average 

theoretical molecular weight (Mn,theo = 9700 g/mol), which did not fit with the 

number-average molecular weight by conventional GPC (Mn,GPC = 5300 g/mol) 

relative to linear PS standards was comparable to that obtained from three detection 

GPC (Mn,TDGPC = 12700 g/mol) (Table 4.4).   
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Figure 4.37 : 1H NMR spectrum of PC-N3 graft copolymer in CDCl3. 

The PC-N3 graft copolymer was further subjected to in situ CuAAC-NRC click 

reaction with compound 13 and 14 in the presence of Cu(0), Cu(I)/PMDETA in 

DMF at room temperature for 12 h (4.36). 
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(4.36) 

PC-acrylate graft copolymer was first characterized by 1H NMR spectroscopy 

(Figure 4.38). The peaks at 7.80 and 0.99 ppm could easily be assigned as CH of 

triazole and CH2 of TEMPO respectively. Additionally, new peaks at 6.33 ppm, 6.08 

ppm and 5.78 ppm appeared due to the new peaks assigned as alkene protons of 

TEMPO-acrylate. Moreover, the ratio of integrated signals at 7.80 ppm (CH of 

triazole) and 4.27 ppm (CH2OC=O of PC) confirmed the efficient incorporation of 

grafts. The GPC traces of PC-acrylate graft copolymer exhibited a monomodal 

distribution and completely shifted to the higher molecular weight region as 

compared with PC-N3 (Figure 4.41) and also it was found good agreement between 

Mn,theo (15700 g/mol) and Mn,TDGPC (17900 g/mol) (Table 4.4). 
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Figure 4.38 : 1H NMR spectrum of PC-acrylate graft copolymer in CDCl3. 

Next the formation of PC-acrylate graft copolymer was further confirmed by FT-IR 

spectroscopy (Figure 4.39). A strong stretching of azide at 2100 cm-1 disappeared 

after in situ click reactions indicated that quantitative conversion was achieved. 

 

Figure 4.39 : FT-IR spectra of PC-N3 (red) (a) and PC-acrylate (blue) (b). 

(a) 

(b) 
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Finally, Thiol-ene click reaction through nucleophilic mechanism was applied to the 

preparation of PC-phenyl by reacting allyl end-groups with thiophenol in the 

presence of Et3N in CH2Cl2 as a solvent (4.37). 

 

(4.37) 

From 1H NMR spectrum it was clearly seen the allyl protons of PC-acrylate at 6.33 

ppm, 6.08 ppm and 5.78 ppm were disappeared and new peaks at 3.13 ppm and 2.57 

ppm were appeared assigned as methylene protons of CH2SPh and C=OCH2CH2SPh 

respectively (Figure 4.40). The ratio of integrated signals at 7.79 ppm (CH of 

triazole) and 2.57 ppm (C=OCH2CH2SPh) confirmed the efficient incorporation of 

thiophenol. Notably, unimodal shape of the GPC curve without a tail was obtained 

confirming an efficient PC-phenyl formation (Figure 4.41). In addition, the number-

average theoretical molecular weight (Mn,theo = 17600 g/mol) calculated according to 

the following equation, Mn,theo = 15700 (Mn,theo of PC-Acrylate) + 17 X 110.17 g/mol 

(MW of Thiophenol) did not fit the number-average molecular weight by GPC 

(Mn,GPC = 9400 g/mol) relative to linear PS standards, however, was comparable to 

the number-average absolute molecular weight obtained from three-detection GPC 

(Mn,TDGPC = 20000 g/mol) using an experimental derived dn/dc = 0.100 mL/g (Table 

4.4). 
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Figure 4.40 : 1H NMR spectrum of PC-phenyl graft copolymer in CDCl3. 

After purification processes, a clear shift to higher molecular weight region was 

observed from GPC measurement without tail or shoulder proved the formation of 

graft copolymers (Figure 4.41).  
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Figure 4.41 : Evolution of GPC traces of PC-anthracene, PC-N3, PC-acrylate, PC-
phenyl graft copolymers in THF at 30 oC. 

The molecular weight details of polycarbonate-anthracene and all graft copolymers 

after quadruple click reactions were tabulated in Table 4.4. 
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Table 4.4 : Characterization of polycarbonate-anthracene and graft copolymers after quadruple click reactions. 

   GPC    TD-GPC  

Polymers  Mn,theo (g/mol)  Mn,GPC
e (g/mol)  Mw/Mn  Mn,TD-GPC

f    Mw/Mn dn/dcg 

      (g/mol)      (mL/g) 
Polycarbonate-anthracene  5700a 3500 1.27  6000 1.23 0.19 
Polycarbonate-N3  9700b 5300 1.18  12700 1.22 0.12 
Polycarbonate-acrylate  15700c 8500 1.13  17900 1.20 0.11 
Polycarbonate-Ph  17600d 9400 1.12  20000 1.21 0.10 

a Mn,theo = ([M] 0/[I] 0) X conversion % X MW of monomer  + MW of initiator (11). 
b Mn,theo = Mn,theo of PC-anthracene + 17 (DPn was calculated by taking into account a ratio of the integrated values of 1H-NMR spectra) X MW of 7 – 17 X MW of furan group – 
17 X MW of bromide group + 17 X MW of azide group. 
c  Mn,theo = Mn,theo of PC-N3 + 17 X MW of 13 – 17 X MW of bromide group + 17 X MW of 14. 
d Mn,theo = Mn,theo of PC-acrylate + 17 X MW of Thiophenol. 
e Determined by using GPC (RI detection) in THF at 30 ºC relative to PS standards.    
f Calculated from TD-GPC in THF at 35 °C. 
g Determined from a slope of RI area-concentration linear plot containing at least four different polymer concentrations, assuming that truly size-exclusion mechanism was 
operative in the columns of TD-GPC. 
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4.3 Synthesis of 1-Propanethiol Functionalized and N-acetyl-L-cysteine methyl-

ester Functionalized Poly(ONB-g-PMMA- co-ONB-g-PEG-co-ONB-g-PCL)10 

Heterograft Brush Copolymers via Quadruple Click Reactions  

As a new synthetic route, sequential/one-pot quadruple click reactions involving 

Diels–Alder, CuAAC, NRC and Thiol-ene coupling for the preparation of heterograft 

brush copolymers were employed by using the grafting onto approach as outlined in 

(4.38). 

 

(4.38) 

In this study, an equimolar mixture of oxanorbornenyl-anthracene (ONB-anthracene) 

(6), oxanorbornenyl-bromide (ONB-Br) (7), and oxanorbornenyl tosylate (ONB-

OTs) (15) was polymerized via ring opening metathesis polymerization (ROMP) 

using the first generation Grubbs’ catalyst in CH2Cl2 at room temperature to form  

poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10 copolymer as a main backbone. 

For this purpose, the monomers and initiators were synthesized at first. 

The monomers, oxanorbornenyl anthracene (ONB-anthracene) (6) and 2-bromo-

propionic acid 2-(3,5-dioxo-10-oxa-4 azatricyclo[5.2.1.02,6] dec-8-en-4-yl)-ethyl 
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ester (ONB-Br) (7) were synthesized via esterification reaction as mentioned before. 

Oxanorbornenyl tosyl (15) was obtained via an esterification reaction between 2 and 

excess amount of p-toluene-sulfonyl chloride in the presence of Et3N/DMAP catalyst 

system (4.39). 

 

(4.39) 

From 1H NMR spectroscopy (Figure 4.42) characteristic signals of benzyl protons (�  

7.78-7.35), methyl protons of phenyl and a shift from 3.75 ppm of methylene protons 

(NCH2CH2OH) to 4.20 ppm of methylene protons (NCH2CH2OSO2) were clearly 

seen. 

 

Figure 4.42 : 1H NMR spectrum of oxanorbornenyl tosyl (15) in CDCl3. 

Next, ring-opening metathesis polymerization (ROMP) reaction strategy was used to 

obtain poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10 random copolymer by 

first generation Grubbs’ catalyst (PCy3)2(Cl)2-RuCHPh and monomers 6, 7, 15 with 

reaction conditions as described (4.40). 
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(4.40) 

The aromatic protons of anthracene and tosylate from 8.46 to 7.27 ppm, the vinylic 

protons of main backbone at 6.03 (CH=CH, trans), 5.76 (CH=CH, cis), the methyl 

protons of  CH(Br)CH3 group at 1.77 ppm were observed in  the 1H NMR spectrum 

(Figure 4.43). Moreover, the composition of this copolymer could be quantitatively 

determined by a comparison among the integrated signals of the aromatic protons 

adjacent to SO2 group (�  7.71), C=OCH2CH2C=O (�  2.57) and CH(Br)CH3 (�  1.77) 

that indicated a ratio of 10.3 : 9.6 : 10.1, proving that all monomers are present in 

equimolar amounts in the copolymer. In addition, the number-average NMR 

molecular weight (Mn,NMR = 12000 g/mol) was calculated according to the following 

equation, Mn,NMR = 9.6 x 500 g/mol (MW of 6) + 10.1 x 343 (MW of 7) + 10.3 x 363 

(MW of 15) (Table 4.6). It is noted that Mn,NMR is consistent with  Mn,theo= 12100 

g/mol and Mn,GPC = 13400 g/mol. 
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Figure 4.43 : 1H NMR spectrum of poly(ONB-anthracene-co-ONB-Br-co-ONB-
OTs)10 random copolymer in CDCl3. 

Next, the linear polymers used in the synthesis of heterograft block copolymers were 

accomplished. PEG-TEMPO is synthesized via using 4-hydroxy-TEMPO as an 

initiator as mentioned before. Furan protected-maleimide terminated PMMA 

(PMMA-MI)  was prepared by ATRP of MMA, using 3 as initiator (4.41). As 

different from the synthesis of MI-PMMA-Cl, tributyltinhydride was added to the 

reaction mixture as a source of hydrogen atoms after the predetermined times of 

polymerization and stirred further 30 min. The polymerization temperature was 

purposely kept low in order to prevent furan protection and possible 

copolymerization of maleimide and monomers during polymerization. Number-

average molecular weight calculated by GPC (Mn,GPC) of PMMA-MI was in 

agreement with the theoretical one (Mn,theo) indicating that the initiations were not 

quantitative under these polymerization conditions (Table 4.5). 

 

(4.41) 
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The NMR number-average molecular weight (Mn,NMR = 2300 g/mol) was calculated 

from a ratio of the integrated values of OCH3 of PMMA and NCH2CH2OC=O (�  

3.80-3.50) to that of a signal at 6.55 ppm assignable to vinylic protons, while being 

included the molecular weight of initiator (357 g/mol) (Figure 4.44). The number-

average molecular weight obtained by GPC (Mn,GPC = 3200 g/mol, relative to linear 

PMMA standarts) is an agreement with Mn,NMR, thus indicating that the quantitative 

maleimide end-group functionalization of the PMMA was successful. Moreover, 

Mw/Mn = 1.25 calculated from GPC displays narrow molecular weight distribution 

(Table 4.5). 

 

Figure 4.44 : 1H NMR spectrum of furan-protected maleimide end-functionalized 
PMMA (PMMA-MI) in CDCl3. 

Next, the PCL-alkyne was obtained by ROP of e-CL in bulk using tin(II) 2-

ethylhexanoate, Sn(Oct)2 as a catalyst and propargyl alcohol as an initiator (4.42). 

 

(4.42) 

Alkyne end-functionality was confirmed by the observation of a signal at 4.68 

(CH� CCH2OC=O) in the 1H NMR spectrum (Figure 4.45). Mn,NMR (3300 g/mol) of 
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the polymer was determined accordingly from the integration of the peaks at 4.05 

and 3.65 ppm related to PCL repeating unit and CH2OH, end group protons of PCL, 

respectively. 

 

Figure 4.45 : 1H NMR spectum of alkyne end-functionalized PCL (PCL-alkyne) in 
CDCl3. 

Mn,GPC of PCL-alkyne was calculated to be 7120 g/mol, based on linear PS standards 

(RI detector). However, determining more precise the molecular weight for PCL, a 

correction formula was used: Mn,PCL = 0.259 X Mn,GPC 
1.073 (Mn,PCL = 3500 g/mol), 

where Mn,GPC is the molecular weight determined from GPC using PS standards 

[266]. Mn,NMR, Mn,theo, and Mn,PCL values were in good agreement. The 

characterizations of all linear precursors were tabulated in Table 4.5. 
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Table 4.5 : The results of linear polymers used in the synthesis of heterograft block 
copolymers. 

Polymer Conv.d 

(%) 
Mw/Mn

 Mn,GPC 

(g/mol) 
Mn,NMR 

(g/mol) 
Mn,theo 

(g/mol) 

PMMA-MI a 29 1.25 3200 e 2300 1800 g 

PEG-TEMPO b 83 1.07 870 - 800 h 

PCL-Alkyne c 90 1.09 3500 f 3300 3100 g 
a [M] 0:[I] 0:[CuCl]:[PMDETA] = 50:1:1:1; polymerization was carried out at 40 oC. MMA / toluene = 
1 (v/v). Tributyltinhydride was added after predetermined time and the reaction was contiuned for 
further 30 min. 
b Obtained by an esterification reaction between PEG-COOH and 4-hydroxy-TEMPO at room 
temperature for overnight. 
c [M] 0/[I] 0 = 30 ; [I]0/[cat]0 = 50; polymerization was carried out at 110 oC. 
d Determined by gravimetrically.  
e Determined by conventional GPC using linear PMMA standarts. 
f Determined by conventional GPC using linear PS standarts, after applying a correction formula 
(Mn,PCL = 0.259 X Mn,GPC

1.073). 
g Mn,theo = ([M]0/[I] 0) X conversion % X MW of monomer + MW of initiator. 
h Mn,theo = Mn,theo of PEG-COOH + MW of 4-Hydroxy-TEMPO - MW of H2O. 

In the first case of synthesis of heterograft block copolymer, 1-propanethiol 

functionalized poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10 random 

copolymer was carried out by thermal thiol-ene click reaction between 1-

propanethiol and poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10  in the presence 

of thermal initiator 4,4�-azobis(4-cyanovaleric acid) at 80 oC (4.43). 

 

(4.43) 

The complete disappearance of the allyl signals at 6.03 and 5.76 ppm and the 

appearance of new signals corresponding to the SCH2CH2CH3 at 1.00 ppm, 
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SCHCH2, SCH2CH2 at 1.60-1.75 ppm and SCH2 at 2.58 ppm confirmed the structure 

of  the functionalized copolymer (Figure 4.46). 

 

Figure 4.46 : 1H NMR spectrum of 1-propanethiol functionalized poly(ONB-
anthracene-co-ONB-Br-co-ONB-OTs)10 random copolymer in CDCl3. 

Subsequently, 1 equiv of the 1-propanethiol functionalized poly(ONB-anthracene-

co-ONB-Br-co-ONB-OTs)10 random copolymer was grafted with a 1.5 equiv of a 

linear PMMA-MI precursor (Mn,GPC = 3200 g/mol) via Diels-Alder click reaction at 

reflux temperature of toluene for 45 h to yield the graft copolymer, 1-propanethiol 

funtionalized poly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTs)10 (4.44). The 

unreacted PMMA-MI was removed from the reaction mixture by dissolution-

precipitation (THF-MeOH/diethyl ether).  
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(4.44) 

Diels-Alder efficiency was calculated by (4.15). The UV spectroscopy reveals 95% 

of Diels-Alder efficiency by monitoring the disappearance of characteristic five 

finger absorbance at 300-400 nm corresponding to the anthracene ring (Figure 4.47). 
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Figure 4.47 : UV spectra of 1-propanethiol functionalized poly(ONB-anthracene-
co-ONB-Br-co-ONB-OTs)10 (t = 0 h) during the synthesis of 1-
propanethiol functionalized poly(ONB-g-PMMA-co-ONB-Br-co-
ONB-OTs)10 (t = 45 h) graft copolymer (C0= 4.7 X 10-5 mol/L in 
CH2Cl2). 

Moreover, from 1H NMR spectrum, the DPn of the PMMA graft present in the 

copolymer was calculated to be 19 from a ratio of integrated signals at 3.60 ppm 

(OCH3 of PMMA) to 5.48 ppm (C=OOCH2 of cycloadduct). It should be  noted that 

this is almost consistent with the DPn = 20 of PMMA-MI. All spectroscopic data 

evidenced that PMMA had been quantitatively grafted onto the copolymer backbone. 

The 1H NMR analysis displayed the disappearance of the characteristic anthracene 

signals from 8.48 to 7.32 ppm indicating that the Diels-Alder reaction had occurred 

(Figure 4.48). 
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Figure 4.48 : 1H NMR spectrum of 1-propanethiol functionalized poly(ONB-g-
PMMA-co-ONB-Br-co-ONB-OTs)10 graft copolymer in CDCl3. 
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The PEG-TEMPO (5 equiv) was grafted onto the 1-propanethiol functionalized 

poly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTs)10 graft copolymer (1 equiv) using 

the NRC click reaction to yield corresponding heterograft copolymer, 1-propanethiol 

functionalized poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-OTs)10 (4.45). The 

NRC click reaction was carried out using Cu(0), Cu(Br)/PMDETA as catalyst in 

DMF at room temperature for 24 h. The crude product was purified by two 

dissolution-precipitation cycles in THF-cold MeOH, respectively, due to that the 

unreacted PEG could be easily removed from the product.  

 

(4.45) 

The 1H NMR spectrum of the purified product is shown in Figure 4.49 and the DPn 

of the grafted PEG is calculated to have 11 by comparing the integrals of the 

C=OOCH2CH2N, NCH2CH2OC=O, NCH2CH2OC=O, OCH3 of PMMA and 

CH2CH2O of PEG (3.60 and 3.70 ppm) to two protons of C=OOCH2 of cycloadduct 

at 5.48 ppm, thus confirming the assumed structure of heterograft copolymer, while 

the DPn of the grafted PMMA is assumed to be 19.  
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Figure 4.49 : 1H NMR spectrum of 1-propanethiol functionalized poly(ONB-g-
PMMA-co-ONB-g-PEG-co-ONB-OTs)10 heterograft copolymer in 
CDCl3. 

As a final step, in situ azidation and CuAAC click reaction strategy was applied to 

the preparation of the target heterograft brush copolymer, 1-propanethiol 

functionalized poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10. The OTs 

pendant groups of the 1-propanethiol functionalized poly(ONB-g-PMMA-co-ONB-

g-PEG-co-ONB-OTs)10 (1 equiv) were in situ converted to azides, followed by the 

reaction with a PCL-alkyne precursor (1.5 equiv) in the presence of NaN3, 

Cu(I)/PMDETA in DMF at 40oC for 24 h to yield the final product, 1-propanethiol 

poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10 heterograft brush 

copolymer. The contaminant PCL-alkyne was removed from the final product by 

dissolution in THF and precipitation in methanol/diethyl ether (2/1) (4.46). 
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(4.46) 

From 1H NMR spectra (Figure 4.50), it was revealed that the protons related to 

CH2O and C=OCH2 of PCL and the CH of triazole observed at 4.07, 2.31 and 5.13 

ppm respectively. The 1H NMR spectrum of the heterograft brush copolymer 

displayed % 21 conversion of the PCL graft to the main backbone by the ratio of the 

characteristic signals at 4.07 ppm (CH2O of PCL) to 3.70-3.60 ppm 

(C=OOCH2CH2N, NCH2CH2OC=O, NCH2CH2OC=O, OCH2CH2 of PEG, CH2OH 

of PCL and OCH3 of PMMA). It is noted that DPn value of PCL determined from the 
1H NMR is not consistent with the DPn = 28 value of linear PCL precursor when the 

DPns of grafted PMMA and PEG are assumed to be 19 and 11, respectively 

confirming the inefficient incorporation of the PCL. 
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Figure 4.50 : 1H NMR spectrum of 1-propanethiol functionalized poly(ONB-g-
PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10 heterograft brush 
copolymer in CDCl3. 

The GPC traces of all polymers exhibited   a monomodal distribution and completely 

shifted to the higher molecular weight region as compared with their starting 

polymers, proving the successful synthesis of brush copolymers as depicted in Figure 

4.51, and furthermore the molecular weight distributions are relatively narrow and in 

the range of 1.21-1.54 from the conventional GPC. On the other hand, it was 

observed that the GPC trace of the 1-propanethiol functionalized poly(ONB-

anthracene-co-ONB-Br-co-ONB-OTs)10 copolymer did not shift to the higher 

molecular weight region compared to poly(ONB-anthracene-co-ONB-Br-co-ONB-

OTs)10 copolymer. This may be attributed to disappearance of the PONB main 

backbone rigidity, thus leading to a decrease in the hydrodynamic volume after 

modification with 1-propanethiol via radical thiol-ene click reaction [51]. 
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Figure 4.51 : Evolution of GPC traces: poly(ONB-anthracene-co-ONB-Br-co-
ONB-OTs)10, 1-propanethiol functionalized poly(ONB-anthracene-co-
ONB-Br-co-ONB-OTs)10,  1-propanethiol functionalized poly(ONB-g-
PMMA-co-ONB-Br-co-ONB-OTs)10, 1-propanethiol functionalized 
poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-OTs)10,1-propanethiol 
functionalized poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-g-
PCL)10. 
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Table 4.6 : GPC characterization of random copolymers and graft copolymers. 

Polymer Yield f 

(%) 
Mw/Mn

 Mn,GPC
 g 

(g/mol) 
Mn,NMR 

(g/mol) 
Mn,theo 

(g/mol) 
Poly(ONB-anthracene-co-ONB-Br-co-ONB-
OTs)10 

a 
  99 n 1.21 13400 12000 h 12100 k 

1-propanethiol functionalized poly(ONB-
anthracene-co-ONB-Br-co-ONB-OTs)10 

b 
95 1.35 10000 14300 i 14400 l 

1-propanethiol functionalized poly(ONB-g-
PMMA- co-ONB-Br-co-ONB-OTs)10  

c 
62 1.54 16700 34400 j 32500 m 

1-propanethiol functionalized poly(ONB-g-
PMMA- co-ONB-g-PEG-co-ONB-OTs)10

 d 
87 1.47 31800 42000 j 40500 m 

1-propanethiol functionalized poly(ONB-g- 
PMMA- co-ONB-g-PEG-co-ONB-g-PCL)10

 e 
56 1.45 28500 49000 j 72000 m 

a Synthesized by ROMP using Grubbs’ catalyst (PCy3)2(Cl)2-RuCHPh and monomers 6, 7, 15 at room temperature for 1 h. [M6]0/[M 7]0/[M 15]0=1; [M6]0/[I] 0 =10. 
b Obtained by Thiol-ene click reaction by thermal initiator, ABCVA for 16 h at 80 oC. 
c Diels-Alder click reaction was carried out at 110 oC for 45 h.  
d Obtained by NRC reaction in DMF as asolvent at room temperature for 24 h. 
e Obtained by in situ azidation and CuAAC click reactions in DMF as asolvent at 40 oC for 24 h. 
f Determined by gravimetrically. 
g Determined by conventional GPC using linear PS standarts. 
h Mn,NMR= (9.56 x MW of 6) + (10.067 x MW of 7) + (10.37 x MW of 15). 
i Mn,NMR= (9.56 x MW of 6) + (10.067 x MW of 7) + (10.37 x MW of 15) + (30 x Mw of 1-propanethiol). 
j  Mn,NMR= (9.56 x MW of 6) + (10.067 x MW of 7) + (10.37 x MW of 15) + (30 x Mw of 1-propanethiol) + (10 x DPn calculated from 1H NMR x Mw of repeating unit) + (10 x 
Mw of initiator). 
k Mn,theo= (10 x MW of 6) + (10 x MW of 7) + (10 x MW of 15). 
l Mn,theo= (10 x MW of 6) + (10 x MW of 7) + (10 x MW of 15) + (30 x Mw of 1-propanethiol). 
m Mn,theo= (10 x MW of 6) + (10 x MW of 7) + (10 x MW of 15) + (30 x Mw of 1-propanethiol) + (10 x Mn,theo of graft polymers). 
n This value was referred to herein as conversion.  
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After the synthesis of 1-propanethiol functionalized poly(ONB-g-PMMA-co-ONB-

g-PEG-co-ONB-g-PCL)10 heterograft brush copolymer via sequential quadruple click 

reactions, the same strategy but in a different method was applied to the synthesis of 

N-acetyl-L-cysteine methyl-ester functionalized poly(ONB-g-PMMA-co-ONB-g-

PEG-co-ONB-g-PCL)10 heterograft brush copolymer. At the beginning of this 

method,  N-acetyl-L-cysteine methyl-ester functionalized poly(ONB-anthracene-co-

ONB-Br-co-ONB-OTs)10 random copolymer was carried out by thermal thiol-ene 

click reaction between  N-acetyl-L-cysteine methyl-ester and poly(ONB-anthracene-

co-ONB-Br-co-ONB-OTs)10  in the presence of thermal initiator 4,4�-azobis(4-

cyanovaleric acid) at 80 oC (4.47). 
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(4.47) 

The complete disappearance of the vinyl signals at �  6.03 and 5.76 and the 

appearance of new signals corresponding to the SCHCHO and NCHCH2S between �  

4.90-4.50, and the C=OOCH3, SCH2 and C=OCH3 of cysteine at 3.70, 3.02, and 2.08 

ppm, respectively  confirmed the quantitative formation of  cysteine modified PONB 

(Figure 4.52). 
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Figure 4.52 : 1H NMR spectrum of N-acetyl-L-cysteine methyl ester-functionalized  
poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10 random copolymer 
in CDCl3. 

Thereafter, a 1.5 equiv of PMMA-MI was grafted to a 1 equiv of the N-acetyl-L-

cysteine methyl ester-functionalized poly(ONB-anthracene-co-ONB-Br-co-ONB-

OTs)10 random copolymer via Diels-Alder click reaction to yield the corresponding 

graft copolymer in a 1,4-dioxane/toluene solvent mixture at 110oC for 43 h (4.48). 

The unreacted PMMA-MI was removed from the reaction mixture by dissolution in 

THF, and subsequently two times precipitation in methanol/diethyl ether (1/1).  



152 

 

(4.48) 

The UV spectroscopy reveals 97% of Diels-Alder efficiency via monitoring the 

disappearance of characteristic five finger absorbance between 300-400 nm 

corresponding to the anthracene ring (Figure 4.53). Diels-Alder efficiency was 

calculated by (4.15). 
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Figure 4.53 : UV spectra of N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10 (t = 0 h) during the 
synthesis of N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTs)10 graft copolymer (t = 
43 h) (C0= 4.7 X 10-5 mol/L in CH2Cl2). 

The 1H NMR analysis displayed the disappearance of the characteristic anthracene 

signals from 8.47 to 7.27 ppm indicating that the Diels-Alder click reaction had 

occurred (Figure 4.54). Moreover, from the 1H NMR spectrum, the DPn of the 

PMMA graft present in the copolymer was calculated to be 18 from a ratio of 

integrated signals at 3.59 ppm (OCH3 of PMMA) to 5.46 ppm (C=OOCH2 of 

cycloadduct). It should be  noted that this is almost consistent with the DPn = 20 of 

PMMA-MI. All spectroscopic data evidenced that PMMA had been quantitatively 

grafted onto the copolymer backbone in order to yield  N-acetyl-L-cysteine methyl-

ester-functionalized poly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTs)10 graft 

copolymer.  
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Figure 4.54 : 1H NMR spectrum of N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTs)10 graft copolymer in 
CDCl3. 

As a final step, in situ azidation and CuAAC-NRC click reactions were applied to the 

preparation of N-acetyl-L-cysteine methyl-ester functionalized poly(ONB-g-PMMA-

co-ONB-g-PEG-co-ONB-g-PCL)10  heterograft brush copolymer. The OTs pendant 

groups of  graft copolymer (1 equiv) were in situ converted to azides, followed by 

the reaction with PCL-alkyne (1.5 equiv, Mn,theo = 3100 g/mol) and PEG-TEMPO (5 

equiv, Mn,theo = 800 g/mol) precursors in the presence of NaN3, Cu(0), 

CuBr/PMDETA in DMF at 40oC for 24 h to yield the final heterograft brush 

copolymer (4.49). The crude product was purified by dissolution–precipitation in 

THF-cold MeOH.  
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(4.49) 

The 1H NMR spectrum of the final heterograft brush copolymer is shown in Figure 

4.55. The DPn of the grafted PEG is calculated to have 12 by comparing the integrals 

of the C=OOCH2CH2N, C=OOCH3 of cysteine, NCH2CH2OC=O, NCH2CH2OC=O, 

OCH2CH2 of PEG, OCH3 of PEG, CH2OH of PCL and OCH3 of PMMA (3.60 and 

3.70 ppm) to CH2O of PCL at 4.07 ppm, thus confirming the assumed structure of 

heterograft copolymer, while the DPns of the grafted PMMA and PCL are assumed 

to be 18 and 28, respectively. 
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Figure 4.55 : 1H NMR spectrum of N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10 heterograft 
brush copolymer in CDCl3. 

The formation of PCL graft block copolymer was further confirmed by FT-IR 

spectroscopy (Figure 4.56). A strong stretching of azide at 2100 cm-1 disappeared 

after in situ azidation and CuAAC-NRC click reactions. 
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Figure 4.56 : FT-IR spectrum of N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10 heterograft 
brush copolymer. 

The GPC trace of N-acetyl-L-cysteine methyl ester-functionalized poly(ONB-g-

PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10 shifted to the higher molecular weight 

region compared with its pecursors, thereby indicated the successful synthesis of 

brush copolymers as depicted in Figure 4.57. Furthermore the molecular weight 

distributions are relatively narrow and in the range of 1.24-1.27 from the 

conventional GPC. However, it was observed that the GPC trace of the N-acetyl-L-

cysteine methyl-ester functionalized poly(ONB-anthracene-co-ONB-Br-co-ONB-

OTs)10 did not shift to the higher molecular weight region compared to its precursor. 

This may be attributed to disappearance of the PONB main backbone rigidity, thus 

leading to a decrease in the hydrodynamic volume after modification with N-acetyl-

L-cysteine methyl-ester via radical thiol-ene click reaction [51]. 
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Figure 4.57 : Evolution of GPC traces of poly(ONB-anthracene-co-ONB-Br-co-
ONB-OTs)10, N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10, N-acetyl-L-
cysteine methyl-ester functionalized poly(ONB-g-PMMA-co-ONB-Br-
co-ONB-OTs)10 and N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10. 

 



159 

Table 4.7 : GPC characterization of random copolymers and graft copolymers. 

Polymer Yield e 

(%) 
Mw/Mn

 Mn,GPC
 f 

(g/mol) 
Mn,NMR 

(g/mol) 
Mn,theo  

(g/mol) 
Poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10 

a   99 n 1.21 13400 12000 g 12100 j  

N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10 

b 
97 1.24 8300 17300.h 17400 k 

N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-g-PMMA- co-ONB-Br-co-ONB-OTs)10  

c 
67 1.27 22400 37400 i 35500 m 

N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-g-PMMA- co-ONB-g-PEG-co-ONB-g-PCL)10

 d 
50 1.25 54300 76000 i 74900 m 

a Synthesized by ROMP using Grubbs’ catalyst (PCy3)2(Cl)2-RuCHPh and monomers 6, 7, 15 at room temperature for 1 h. [M6]0/[M 7]0/[M 15]0=1; [M6]0/[I] 0 =10. 
b Obtained by Thiol-ene click reaction by thermal initiator, ABCVA for 16 h at 80 oC. 
c Diels-Alder click reaction was carried out at 110 oC for 43 h.  
d Obtained by in situ azidation, CuAAC-NRC reactions at room temperature for 24 h. 
e Determined by gravimetrically. 
f Determined by conventional GPC using linear PS standarts. 
g Mn,NMR = (9.56 x MW of 6) + (10.067 x MW of 7) + (10.37 x MW of 15). 
h Mn,NMR = (9.56 x MW of 6) + (10.067 x MW of 7) + (10.37 x MW of 15) + (30 x Mw of N-acetyl-L-cysteine methyl-ester). 
i Mn,NMR = (9.56 x MW of 6) + (10.067 x MW of 7) + (10.37 x MW of 15) + (30 x Mw of N-acetyl-L-cysteine methyl-ester) + (10 x DPn calculated from 1H NMR x Mw of 
repeating unit) + (10 x Mw of initiator). 
j Mn,theo = (10 x MW of 6) + (10 x MW of 7) + (10 x MW of 15). 
k Mn,theo = (10 x MW of 6) + (10 x MW of 7) + (10 x MW of 15) + (30 x Mw of N-acetyl-L-cysteine methyl-ester). 
m Mn,theo = (10 x MW of 6) + (10 x MW of 7) + (10 x MW of 15) + (30 x Mw of N-acetyl-L-cysteine methyl-ester) + (10 x Mn,theo of graft polymers). 
n This value was referred to herein as conversion. 

 



160 

4.4 Synthesis of N-acetyl-L-cysteine methyl-ester Functionalized 3-Miktoarm 

Star Terpolymer via Quadruple Click Reactions 

In this work, the linear arms of the star polymer were synthesized first followed by 

the click reactions between arms containing a reactive chain end group and a 

multifunctional coupling agent (core) using coupling onto method to create 

functionalized miktoarm star polymer. Synthetic pathway is summarized as the 

Figure 4.58. 

 

Figure 4.58 : Synthetic pathway for the preparation of functionalized 3-miktoarm 
star terpolymer via quadruple click reactions. 

All the linear precursors used in the synthesis of functionalized 3-miktoarm star 

terpolymer via quadruple click reactions were tabulated in Table 4.8. 
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Table 4.8 : The results of linear polymers used in the synthesis of functionalized 3-
miktoarm star terpolymer. 

Polymer Conv.d 

(%) 
Mw/Mn

 Mn,GPC 

(g/mol) 
Mn,NMR 

(g/mol) 
Mn,theo 

(g/mol) 

PMMA-MI a 29 1.25 3200 e 2300 1800 g 

PEG-TEMPO b   83 i 1.07 870 - 800 h 

PCL-Alkyne c 90 1.09 3500 f 3300 3100 g 
a [M] 0:[I] 0:[CuCl]:[PMDETA] = 50:1:1:1; polymerization was carried out at 40 oC. MMA / toluene = 
1 (v/v). Tributyltinhydride was added after predetermined time and the reaction was contiuned for 
further 30 min. 
b Obtained by an esterification reaction between PEG-COOH and 4-hydroxy-TEMPO at room 
temperature for overnight. 
c [M] 0/[I] 0 = 30 ; [I]0/[cat]0 = 50; polymerization was carried out at 110 oC. 
d Determined by gravimetrically.  
e Determined by conventional GPC using linear PMMA standarts. 
f Determined by conventional GPC using linear PS standarts, after applying a correction formula 
(Mn,PCL = 0.259 X Mn,GPC

1.073). 
g Mn,theo = ([M]0/[I] 0) X conversion % X MW of monomer + MW of initiator. 
h Mn,theo = Mn,theo of PEG-COOH + MW of 4-Hydroxy-TEMPO - MW of H2O. 
i  This value was referred to herein as yield. 

In the first step, multifunctional coupling agent (core) was synthesized by carrying 

out a series of reactions. The initial reaction was the esterification reaction between 

2,2,5-trimethyl-[1,3]dioxane-5-carboxylic acid (8) and allyl alcohol in the presence 

of DCC/DMAP catalyst system and CH2Cl2 as solvent. Next, the product, allyl 2,2,5-

trimethyl-1,3-dioxane-5-carboxylate (16) was hydrolized in THF by adding HCl 

solution stirring for 12 hours at room temperature (4.50). 

 

(4.50) 

1H NMR spectroscopy confirmed clearly the structure of 17 by appearance of the 

signals of allylic and vinylic protons at 5.90 (CH2=CH), 5.40-5.20 (CH2=CH) and 

4.65 ppm respectively. It is obviously seen that the peak of methylene protons 

neighbouring to hydroxyl group are between 3.65 and 3.95 ppm (Figure 4.59). 
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Figure 4.59 : 1H NMR spectra of a) allyl 2,2,5-trimethyl-1,3-dioxane-5-carboxylate 
(16) b) allyl 3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate (17) in 
CDCl3. 

Next, an esterification reaction was accomplished between allyl 3-hydroxy-2-

(hydroxymethyl)-2-methylpropanoate (17) (1 equiv) and 2,2,5-trimethyl-

[1,3]dioxane-5-carboxylic acid (8) (0.95 equiv) in the presence of DCC/DMAP 

catalyst system and CH2Cl2 as solvent (4.51). The purification process was realized 

by column chromatography (silica gel) eluting with ethyl acetate and hexane solvent 

mixture (1:4) to give the final product as colorless oil. 

 

(4.51) 

1H NMR spectrum of compound 18 clearly shows the signals of methylene protons 

of the recently added acetal group (OC=OC(CH2)2) appeared at 4.15 and 3.64 ppm. 

Also, the methyl protons were detected at 1.43, 1.37 ppm (COC(CH3)2), 1.24 ppm 

(C=OC(CH2OH)(CH3)) and 1.13 ppm (C=OC(CH2)2(CH3)). The methylene protons 

adjacent to OH groups concerning compound 18 at 3.90 and 3.70 ppm completely 
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shifted to 4.46-4.29 ppm (O=CC(CH2)OC=O) and 3.72 ppm (O=CC(CH2)OH) 

indicating monofunctional hydroxyl group. These results confirmed that 18 was 

successfully synthesized (Figure 4.60). 

 

Figure 4.60 : 1H NMR spectrum of 3-(allyloxy)-2-(hydroxymethyl)-2-methyl-3-
oxopropyl 2,2,5-trimethyl-1,3-dioxane-5-carboxylate (18) in CDCl3. 

Synthesis of 3-(allyloxy)-2-methyl-2-(((methylsulfonyl)oxy)methyl)-3-oxopropyl 

2,2,5-trimethyl-1,3-dioxane-5-carboxylate (19) was performed between 18 and 

methanesulfonyl chloride by using Et3N/DMAP as a catalyst system and CH2Cl2 as 

solvent at room temperature for 12 h. Then acetal protected compound 19 was 

deprotected by using 0.65 N HCl to yield compound 20 (4.52). 
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(4.52) 

Again, the structures of compounds 19 and 20 were confirmed by 1H NMR spectrum 

(Figure 4.61). A new signals of methyl protons at 3.03 ppm (OSO2CH3) and 

methylene protons adjacent to ester groups at 4.45-4.27 ppm (OC=OC(CH2)2) proved 

the esterification reaction of methanesulfonyl chloride. And also the achievement of 

hydrolysis reaction was confirmed by the signals at 3.83 and 3.71 ppm 

(OC=OC(CH2OH)2) indicating two functional hydroxyl groups. 

 

Figure 4.61 : 1H NMR spectra of a) allyl 3-((3-hydroxy-2-(hydroxymethyl)-2-
methyl propanoyl)oxy)-2-methyl-2-(((methylsulfonyl)oxy)methyl) 
propanoate (20) b) 3-(allyloxy)-2- methyl-2-(((methylsulfonyl) 
oxy)methyl)-3-oxopropyl 2,2,5-trimethyl-1,3-dioxane-5-carboxylate 
(19) in CDCl3. 
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Afterwards, bromide functionality was provided to the compound 20 (1 equiv.) via 

esterification reaction by using 2-bromo-2-methylpropanoyl bromide (1 equiv.) as a 

reagent, Et3N as a catalyst and CH2Cl2 as a solvent (4.53). The purification process 

was carried out by the column chromatography over silica gel eluting with hexane 

and ethyl acetate solvent mixture by increasing the polarity of mobile phase to give 

21 as a pale-yellow oil. 

 

(4.53) 

As can be seen in 1H NMR spectrum (Figure 4.62), the increase in the integration 

value and the appearance of a new signal at 4.45-4.27 ppm and also the 

disappearance of the signal at 3.83 ppm indicated the functionality at one of the 

hydroxyl group. The peak at 1.92 ppm integrated as 6 protons according to the 

integrated peak at 5.92 ppm (1H, CH2=CH) proved that the bromide functionality 

was accomplished. 
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Figure 4.62 : 1H NMR spectrum of allyl 3-((3-((2-bromo-2-methylpropanoyl)oxy)-
2-(hydroxymethyl)-2-methylpropanoyl)oxy)-2-methyl-2-(((methyl 
sulfonyl)oxy) methyl)propanoate (21) in CDCl3. 

As a final step for the synthesis of multifunctional core (22), esterification reaction 

was accomplished between compound 21 (1 equiv) and 5 (1.2 equiv) in the presence 

of DCC/DMAP catalyst system and CH2Cl2 as solvent (4.54). The purification 

process was realized by column chromatography over silica gel eluting with  hexane 

and ethyl acetate solvent mixture by increasing the polarity of mobile phase to give 

final product as a pale-yellow oil. 

 

(4.54) 

1H NMR spectrum of multifunctional core (22) displays clearly the characteristic 

signals of anthracene protons at 8.53-7.49 ppm and methylene protons adjacent to the 

anthracene ring at 6.18 ppm (Figure 4.63). Moreover, methylene protons 

(OC=OCH2CH2C=OO) are detected at 2.65 ppm. Then again, the methylene protons 
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adjacent to the hydroxyl group at 3.71 ppm belonging to the compound 22 shifted to 

4.45-4.27 ppm as it is also understood from the new integration value. 

 

Figure 4.63 : 1H NMR spectrum of 3-(3-(allyloxy)-2-methyl-2-(((methyl sulfonyl) 
oxy)methyl)-3-oxopropoxy)-2-(((2-bromo-2-methyl propanoyl) oxy) 
methyl)-2-methyl-3-oxopropyl(anthracen-9-ylmethyl) succinate (22) in 
CDCl3. 

As a first click reaction, Diels-Alder click reaction was carried out between core 22 

and the PMMA-MI precursor in toluene at 110oC for 40 h (4.55). 

 

(4.55) 
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The structure of PMMA-allyl/OMs/Br was confirmed via 1H NMR spectrum (Figure 

4.64). From the spectrum, a complete disappearance of an aromatic protons of 

anthracene between 8.53-7.49 ppm and methylene protons next to this ring at 6.18 

ppm were observed. Moreover, new peaks corresponding to CH2 protons adjacent to 

new adduct and a bridgehead proton (CH) of the compound were primarily detected 

at 5.50 ppm and 4.77 ppm, respectively. The DPn value for the PMMA can be 

calculated to be 19 by comparison of the integrations of the signals of the PMMA (�  

3.60) and CH2 protons adjacent to cycloadduct at 5.50 ppm (Figure 4.64). This is 

close to the value (20) of PMMA-MI precursor, indicating that an efficient Diels-

Alder coupling reaction occurred between core 22 and the PMMA-MI precursor. 

 

Figure 4.64 : 1H NMR spectrum of allyl-mesylate-bromide-terminated PMMA 
(PMMA-allyl/OMs/Br) in CDCl3. 

The formation of Diels Alder click reaction was also monitored by UV spectroscopy 

by following the disappearance of characteristic five-finger absorbance of core 22 

between 300-400 nm (Figure 4.65). The efficiency of DA reaction was found to be 

98 % for allyl-mesylate-bromide-terminated PMMA (PMMA-allyl/OMs/Br) after 40 

h. 
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Figure 4.65 : UV spectra of core 22 during the synthesis of PMMA-allyl/OMs/Br (t 
= 0 h) and PMMA-allyl/OMs/Br (t = 40 h) (C0= 4.7 X 10-5 mol/L in 
CH2Cl2). 

Using the thiol-ene click reaction, allyl-mesylate-bromide-terminated PMMA was 

further reacted with 5 equiv. of N-acetyl-L-cysteine methyl ester together with 

DMPA as photoinitiator in toluene via irradiation at 365 nm for 2h (4.56). 

 

(4.56) 

The complete disappearance of the allyl and vinylic signals at 5.89 ppm, 5.35-5.24 

ppm and 4.63 ppm respectively and appearance of the signal (C=OCH(CH2)NH of 

cysteine) at 4.82 ppm confirmed the structure of PMMA-cysteine/OMs/Br (Figure 

4.66). Importantly, the ratio of integrated signals at 3.60 ppm (OCH3 of PMMA) to 

4.85-4.72 ppm (C=OCH(CH2)NH of cysteine, CH of cycloadduct) found to be 19 

which is noted that this value is almost consistent with the DPn = 20 of PMMA-MI. 



170 

 

Figure 4.66 : 1H NMR spectrum of N-acetyl-L-cysteine methyl ester-mesylate-
bromide-terminated PMMA (PMMA-cysteine/OMs/Br) in CDCl3. 

As a final step, in situ azidation and CuAAC-NRC click reactions were applied to the 

preparation of N-acetyl-L-cysteine methyl-ester functionalized 3-miktoarm star 

terpolymer (PMMA-PEG-PCL-cysteine). The OMs group of PMMA-

cysteine/OMs/Br (1 equiv) were in situ converted to azide, followed by the reaction 

with PCL-alkyne (1.2 equiv, based on Mn,theo = 3100 g/mol) and PEG-TEMPO (2 

equiv., based on Mn,theo = 800 g/mol) precursors in the presence of NaN3, Cu(0), 

CuBr/PMDETA in DMF at 40oC for 24 h to yield the final product, PMMA-PEG-

PCL-cysteine miktoarm star terpolymer. The crude product was purified by 

dissolution–precipitation in THF-MeOH (4.57). 
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(4.57) 

From 1H NMR spectrum (Figure 4.67), it was revealed that the protons related to 

CH2O and C=OCH2 of PCL and the observed at 4.06, 2.30 ppm respectively. The 1H 

NMR spectrum of the functionalized 3-miktoarm star terpolymer displayed % 50 

conversion of the PCL incorporated into the PMMA-cysteine/OMs/Br by the ratio of 

the signals at 4.06 ppm (CH2O of PCL) and 4.26 ppm (OC=OC(CH2O)(CH2-

triazole), OC=OC(CH2O)2, NCH2CH2OC=O) to 3.87-3.26 ppm (OCH2CH2 of PEG,  

OCH3 of PMMA, CH-CH, bridge protons, NCH2CH2OC=O, SCH2CH2CH2, 

C=OOCH3 of cysteine). It is noted that DPn value of PCL determined from the 1H 

NMR is not consistent with the DPn = 28 value of linear PCL precursor when the 

DPns of grafted PMMA and PEG are assumed to be 19 and 13, respectively 

confirming the inefficient incorporation of the PCL. 
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Figure 4.67 : 1H NMR spectrum of N-acetyl-L-cysteine methyl-ester functionalized 
3-miktoarm star terpolymer (PMMA-PEG-PCL-cysteine) in CDCl3. 

The GPC traces of all polymers exhibited a monomodal distribution and shifted to 

the higher molecular weight region as compared with their starting polymers, 

proving the synthesis of functionalized 3-miktoarm star terpolymer as depicted in 

Figure 4.68, and furthermore the molecular weight distributions are relatively narrow 

and in the range of 1.18-1.25 from the conventional GPC. On the other hand, it was 

observed that the GPC trace of the N-acetyl-L-cysteine methyl ester-mesylate-

bromide-terminated PMMA (PMMA-cysteine/OMs/Br) did not shift to the higher 

molecular weight region compared to allyl-mesylate-bromide-terminated PMMA 

(PMMA-allyl/OMs/Br). This may be due to an adsorption of the N-acetyl-L-cysteine 

methyl-ester segment on the stationary phase that caused a shift to the lower 

molecular weight region. 
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Figure 4.68 : The evolution of GPC traces of PMMA-MI, PMMA-
cysteine/OMs/Br, PMMA-allyl/OMs/Br, PCL-Alkyne, PMMA-PEG-
PCL-cysteine in THF at 30 oC. 
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Table 4.9 : The results of polymers used in the synthesis of functionalized 3-miktoarm star terpolymer and functionalized 3-miktoarm star 
terpolymer. 

Polymer 
Yielda Mn,GPC

b
  Mn,NMR Mn,theo 

Mw/Mn
b 

(%) (g/mol) (g/mol) (g/mol) 

Core (22) 56 - - 807 - 

PMMA-allyl/OMs/Br  97 4000 2900 c 2500 f 1.18 

PMMA-cysteine/OMs/Br 99 4300 3100 d 2700 g 1.20 

PMMA-PEG-PCL-cysteine 67 7900 5100 e 6500 h 1.25 
a Determined by gravimetrically. 
b Determined by conventional GPC using linear PS standarts. 
c Mn,NMR = (DPn of PMMA-MI calculated from 1H NMR spectrum x repeating unit of PMMA-MI) + MW of initiator + MW of core (22) - MW of furan group. 
d Mn,NMR = Mn,NMR of PMMA-allyl/OMs/Br + MW of N-acetyl-L-cysteine methyl ester. 
e Mn,NMR = Mn,NMR of PMMA-cysteine/OMs/Br + Mn,theo of PEG-TEMPO + (DPn of PCL alkyne calculated from 1H NMR spectrum x repeating unit of PCL alkyne) + MW of 
initiator +. MW of mesylate group – MW of azide group – MW of bromide group. 
f Mn,theo = Mn,theo of PMMA-MI + MW of core (22) - MW of furan group. 
g Mn,theo = Mn,theo of PMMA-allyl/OMs/Br + MW of N-acetyl-L-cysteine methyl ester. 
h Mn,theo = Mn,theo of PMMA-cysteine/OMs/Br + Mn,theo of PEG-TEMPO + Mn,theo of PCL-alkyne - MW of mesylate group – MW of azide group – MW of bromide group. 
 

 



175 

5.  CONCLUSION 

The demands for the construction of complex macromolecular structures by robust, 

efficient, and orthogonal click chemistries prompted polymer chemists to search for 

alternative routes, such as a combination of click reactions with different natures. In 

this PhD thesis, linear multiblock polymers, heterograft brush copolymers, miktoarm 

star polymers were obtained via quadruple click reaction combinations. 

In the first study, N-acetyl-L-cysteine methyl ester was first clicked with � -allyl-� -

azide-terminated PS by a thiol-ene reaction to create � -cysteine-� -azide-terminated 

PS. A subsequent CuAAC reaction with � -anthracene-� -hydroxy-terminated PCL, 

followed by the introduction of the PMMA–MI or PtBA-MI, and PEG–TEMPO  

blocks by Diels–Alder and NRC, respectively, yielded corresponding linear cysteine-

terminated multiblock copolymers. The efficiency of the click reactions for the 

introduction of the segments to the linear polymers were determined from 1H NMR 

spectrum by the calculation of DPn values and comparison of them with the DPns of 

homopolymers. Moreover, both quaterpolymers display narrow, monomodal GPC 

traces and relatively slight shift to lower retention times as depicted. 

The next step of this thesis was the successful preparation of model graft 

copolymers: mercaptoethanol-phenyl functionalized poly (oxanorborneneimide) and 

phenyl functionalized polycarbonate copolymers by using quadruple click reactions; 

Diels-Alder, CuAAC, NRC and Thiol-ene (through radical or nucleophilic 

mechanism). First, poly(oxanorbornenyl-anthracene) and polycarbonate-anthracene 

were properly prepared  with controlled molecular  weight, low polydispersity index 

(PDI) and desired anthracene pendant groups. Then, Diels-Alder and azidation 

reactions were performed sequentially and CuAAC, NRC reactions were performed 

in one-pot. Finally, thiol-ene click reaction through nucleophilic mechanism was 

applied to the preparation of PONB-phenyl and PC-phenyl. In addition to the 

Michael addition of thiophenol, thiol-ene click reaction was carried out through 

radical mechanism for the synthesis of mercaptoethanol-phenyl functionalized poly 

(oxanorborneneimide). The PONB with two different orthogonal functionalities, 
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acrylate and vinyl groups, was postfunctionalized with thiophenol and 

mercaptoethanol using the sequential nucleophilic thiol-ene coupling via Michael 

addition and radical thiol-ene click reactions, respectively. It was demonstrated that 

side chain acrylate functionalities were only reacted with thiophenol and the main 

chain vinyl groups of the PONB remained intact during the Michael addition 

reaction. The structures of the model graft copolymers were confirmed exactly by 1H 

NMR, GPC and TD-GPC analyses. It was observed that the GPC trace of the 

mercaptoethanol functionalized PONB-Ph did not shift to the higher molecular 

weight region compared to its precursor. This may be attributed to disappearance of 

the PONB main backbone rigidity, thus leading to a decrease in the hydrodynamic 

volume after modification with mercaptoethanol via radical thiol-ene click reaction. 

Furthermore, heterograft brush copolymers were synthesized via combining ROMP, 

thiol-ene, DA, NRC and CuAAC reaction strategies. ATRP, ROP and esterification 

reactions were used for the synthesis of linear polymers. Herein the ROMP generated 

PONB polymer was used as a versatile main backbone for tailoring of the main chain 

vinyl, and the pendant anthracene, bromine and OTs orthogonal groups. Next, this 

PONB backbone was first reacted with N-acetyl-L-cysteine methyl-ester via radical 

thiol-ene click reaction and then sequentially clicked with a furan protected 

maleimide-terminated PMMA-MI, and PEG-TEMPO, PCL-alkyne via Diels-Alder 

and NRC/CuAAC reactions respectively to yield the corresponding cysteine 

functionalized-heterograft brush copolymer. All polymers as evidenced via NMR 

and GPC measurements were found to be compatible with expected structures and 

displayed monomodal traces with low molecular weight distributions. Therefore, the 

quadruple click reaction strategy involving thiol-ene, Diels-Alder, CuAAC, and NRC 

reactions was demonstrated as a highly efficient process for the synthesis of cysteine-

functional heterograft brush copolymers. However, even though 1-propanethiol 

functionalized poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-OTs)10  heterograft 

brush copolymer was carried out via radical thiol-ene, Diels-Alder and NRC click 

reactions, succesfully in a sequential way, 1-propanethiol functionalized poly(ONB-

g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10 heterograft brush copolymer was 

synthesized with inefficient incorporation of the PCL using the in situ azidation-

CuAAC click reactions. 
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Finally, the quadruple click reactions were also utilized for the preparation of N-

acetyl-L-cysteine methyl-ester functionalized 3-miktoarm star terpolymer. In the first 

step, multifunctional coupling agent (core) was synthesized by carrying out a series 

of reactions. 1H NMR spectroscopy confirmed clearly the structure of this core 

having four different orthogonal functionalities. As a first click reaction, Diels-Alder 

click reaction was carried out between core and the PMMA-MI precursor in toluene 

at 110oC. The efficiency of DA reaction was found to be 98 % for allyl-mesylate-

bromide-terminated PMMA (PMMA-allyl/OMs/Br). Using the thiol-ene click 

reaction, allyl-mesylate-bromide-terminated PMMA was further reacted with N-

acetyl-L-cysteine methyl ester together with DMPA as photoinitiator in toluene via 

irradiation at 365 nm for 2h. As a final step, in situ azidation and CuAAC-NRC click 

reactions were applied to the preparation of N-acetyl-L-cysteine methyl-ester 

functionalized 3-miktoarm star terpolymer (PMMA-PEG-PCL-cysteine). It was 

noted that DPn value of PCL determined from the 1H NMR is not consistent with the 

DPn value of linear PCL precursor confirming the inefficient incorporation of the 

PCL although the GPC traces of all polymers exhibited a monomodal distribution 

and shifted to the higher molecular weight region as compared with their starting 

polymers. 

As a conclusion, it was demonstrated that, the quadruple click reactions involving the 

thiol-ene, CuAAC, Diels-Alder, and NRC were an efficient combination for the 

synthesis of linear quaterpolymers with cysteine terminal group, functional model 

graft copolymers and cysteine-functional heterograft brush copolymer. Because the 

thiol-ene reaction has its own limitations based on the polymer-polymer conjugation, 

instead of polymers with thiol functionality, organic molecules such as propanethiol, 

mercaptoethanol, thiophenol and N-acetyl-L-cysteine methyl-ester were used for the 

combination of quadruple click reactions. Moreover, this quadruple click 

combination will be effective to prepare a variety of functional polymer structures 

from molecules with thiol functionality. Thus, this combination displays a potential 

strategy in which biomolecule-polymer conjugates (biohybrids) from biomolecules 

with thiol functionality can be prepared. But still, in addition to the limitations of 

thiol-ene reaction, there are some challenges confronted during the thesis work. The 

inefficient incorporations of the polymer segments in the last step of the quadruple 

click reaction method during the synthesis of N-acetyl-L-cysteine methyl-ester 
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functionalized 3-miktoarm star terpolymer and synthesis of 1-propanethiol 

functionalized heterograft brush copolymer in a sequential way may be attributed to 

the steric hindrance. 

It is obvious that quadruple click reaction strategy is a versatile and efficient method 

for the preparation of a variety of different well-defined macromolecular constructs 

in a modular fashion. In addition, the orthogonal characters of thiol-ene, CuAAC, 

Diels-Alder, and NRC reactions have offered the synthesis of well-defined more 

complex macromolecular architectures in one-pot or in sequential ways.  
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