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SYNTHESIS OF NOVEL POLYMERIC STRUCTURES BY THE
COMBINATION OF STEP GROWTH POLYMERIZATION AND POSTPOLYMERIZATION MODIFICATION
SUMMARY
Click reactions were introduced by Sharpless in organic chemistry in 2001, as efficient,
robust and high yield reactions in mild conditions with easy purification methods. These
marvelous properties of click reactions induced them into polymer chemistry forwarding
functional polymers with a wide variety of topologies such as block, star, dendrimer, etc.
Moreover, construction of well-defined polymer structures with controlled properties is
an ongoing field in polymer chemistry.
Mainly, click reactions were used for the functionalization of polymer backbone whereas
in recent years, the concept of click reactions have evolved to synthesis of step growth
polymers.
Herein, we conducted this thesis with three different examples of click reactions to obtain
functionalized polymer backbones and synthesis of step growth polymers based on [4+4]
cycloaddition of antharacene in the presence of UV light and para-fluoro-thiol-click
reaction.
In the first study, a combination of light-induced [4+4] cycloaddition polymerization and
activated ester substitution reactions are demonstrated as a new method to obtain novel
polymeric structures. For this purpose, bis-anthracene functionalized organic compound
involving perfluorophenyl ester moiety namely, bisanthracenyl-PFPE, was prepared by
an esterification reaction between PFPE-diol and carboxylic acid functionalized
anthracene, then polymerized under UV light irradiated at 365 nm for 24, 48 and 72 hours.
The polymer obtained from 48 hours reaction was selected as main polymer (P1) for the
post-polymerization modification step. Later, the polymer was reacted with a variety of
amine compounds namely allylamine, benzylamine, furfurylamine, and propargylamine,
under mild conditions. Quantitative conversions of perfluorophenyl ester groups into the
respective amide groups as well as the thermal behaviors of all polymers are revealed by
using various spectroscopic measurements such as FT-IR, GPC, NMR, and DSC. To end,
fully modified polymeric structures were managed efficiently in mild conditions.
In the second study, the para-fluoro-thiol “click” reaction (PFTCR) was utilized in order
to prepare linear and hyperbranched fluorinated poly(aryl ether-thioether). For this
purpose, 1,2-bis(perfluorophenoxy) ethane was prepared and reacted with 1,6hexandithiol and trimethylolpropane tris(3-mercaptopropionate), respectively. While
hyperbranched polymers were prepared using 0.5 M concentrations of starting materials
at room temperature, the linear polymer syntheses were performed at different reaction
temperatures, durations and concentrations. The resulting polymers were mainly
characterized by NMR measurements and a very distinct fluorine signals regarding metaand ortho- positions in the 19F NMR were found for both polymer topologies. In addition
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to NMR analyses, both linear and hyperbranched polymers were further characterized by
using FT-IR, GPC and DSC.
In the third study, two different oxanorbornene monomers involving thiolactone groups
were prepared and copolymerized with butyl-functionalized oxanorbornene monomer
through the ring opening metathesis polymerization (ROMP). The resulting polymers
were then subjected to the aminolysis reactions with propylamine in the presence of
methyl acrylate to capture, in situ, the latent thiol. It was found that the polymer, in which
the thiolactone unit was close to the polymer backbone, did not undergo an efficient
aminolysis reaction even an excess amount of propylamine was utilized. While the other
polymer, in which the thiolactone unit was away from the polymer backbone, did
efficiently undergo aminolysis reaction even propylamine was used in low amounts.
Besides, a variety of primary amine compounds along with methyl acrylate was reacted
with the polymer, in which the thiolactone group away from the polymer backbone, to
test their reactivity toward the aminolysis reactions. All modified polymers were
characterized by using conventional instruments such as GPC, NMR, and DSC.
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ADIM BÜYÜME POLİMERİZASYONU VE POST-POLİMERLEŞTİRME
MODİFİKASYONU İLE YENİ POLİMER YAPILARININ SENTEZİ

ÖZET
Klik reaksiyonları, Sharpless ve ekibi tarafından organik kimya alanında 2001 yılında
literatüre kazandırılmıştır. Klik reaksiyonları, etkin reaksiyonlar olup ılımlı koşullarda ve
çeşitli çözücü ortamlarında, etkin bir şekilde gerçekleştirilebilmektedir. Ayrıca
saflaştırma işlemlerinin kolaylığı ve yüksek verimli oluşları nedeniyle literatürde oldukça
fazla ilgi toplamıştır.
Klik reaksiyonlarının avantajlarının fazla oluşu, bu kimyanın polimer kimyası alanında
uygulanmasında da etkili olmuştur. Makro moleküler düzeyde yapılan denemelerden
etkin sonuçların alınması ile günümüzde klik kimyası ile polimer kimyası adı beraber
anılabilecek boyuta gelmiştir.
Klik kimyası ile farklı topolojilerde polimer yapılarının sentezi (yıldız, blok, aşı,
dendrimer gibi) gerçekleştirilebilmektedir. Ayrıca, yeni polimer yapılarının sentezinde,
adım polimerleşmesi mekanizmasıyla klik kimyasının kullanılmasına son yıllarda
literatürde sıkça rastlamaktayız.
Bu tezde üç farklı çalışma yapılmış olup çeşitli klik reaksiyonlarının polimer sentezi
amacıyla kullanılması ve elde edilen polimer yapılarının ileri fonksiyonladırılması
amaçlanmıştır.
İlk çalışmada, antrasenin UV ışığı varlığında [4+4] siklo katılması ile polimer sentezi
üzerine yoğunlaşılmıştır. Antrasen ve türevleri, fotofiziksel ve fotokimyasal özellikleri
iyi olan bileşikler olup, delokalize olmuş π elektonları sayesinde alan efektif transistörler,
güneş pilleri, ışık salanımı yapan diodlar ve yarı iletken polimerler gibi birçok alanda
kullanım bulabilmektedirler.
Antrasenin [4+4] siklo katılması ile polimer sentezi, 300 nm dalga boyu üzerindeki ışık
varlığında fotodimerleşme reaksiyonu vermesi esasına dayanmaktır. Fotodimerleşme
işlemleri kısa süreli ve hızlı işlemler olup kuantum verimleri yüksektir. Oluşan dimerlerin
bozulması ise 250-290 nm boyundaki dalga boyu ile muamele ya da 250-340 oC ye kadar
ısıtma işlemi ile gerçekleştirilmektedir. Işık ile gerçekleştirilen bu işlemler geri
dönüşümlü olup, ışıkla şekil değiştirebilen yapıların sentezinde kullanılabilmektedir.
Bu çalışmada, iki adet antrasen ve bir adet perflorofenil esteri fonksiyonel gruplarına
sahip monomer yapısı sentezlenmiştir. Monomerin, THF çözücüsü içerisinde çözünmesi
sağlanıp, UV ışığı (300 nm üzeri) ile muamele edilmesi ile antrasen gruplarının
dimerleşmesi ve iki antrasen molekülün birbirine bağlanması, ve daha sonra da bu dimer
yapısına üçüncü molekülün ışık varlığında [4+4] siklo katması ile trimerin sentezlenmesi
şeklinde devam eden, UV ışığı varlığında, bir çeşit kondenzasyon işlemi ile büyüyen
yapılar/polimer zincirleri elde edilmiştir. Polimer sentezi için reaksiyon süresi 24, 48 ve
72 saat olarak denenmiş ve 48 saatlik reaksiyondan elde edilen polimerin ileri
fonksiyonlandırma amacıyla kullanımı sağlanmıştır. Bu işlemde herhangi bir katalizör
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sistemi/metal kompleksi kullanılmamış olup direk UV bölgede çalışılarak doğaya zarar
vermeden, yeşil kimyayı koruyarak, kullanışlı, basit ve uygulanabilir bir şekilde ve
tekrarlanan ünitelerin antrasen dimeri olduğu polimerik yapılar elde edilmiştir.
Ayrıca, perflorofenil yapısı, ışık varlığında kararlı olup, elde edilen polimer yapısında
ileri modifikasyonu sağlamak amacıyla kullanılmıştır. Bu amaçla allilamin, benzilamin,
furfurilamin ve propargilamin gibi çeşitli amin türevleri kullanılarak polimer ana
zincirinin nükleofilik sübsitüsyon reaksiyonu ile fonksiyonlandırılması sağlanmıştır. Elde
edilen fonksiyonel polimerler FT-IR ve NMR yöntemleri ile karakterize edilmiştir.
Ayrıca GPC ve DSC ölçümleri alınıp polimerin molekül ağırlıkları ve camsı geçiş
sıcakları tayin edilmiştir.
Tiyol temelli klik reaksiyonları tiyol-en/tiyol-in, tiyol-Michael katılması ve tiyol epoksi
reaksiyonları olarak sınıflandırılmaktadır. Ancak son yıllarda, tiyolün, para-floro
pozisyonuna nükleofilik atağı ile gerçekleştirilen para-floro-tiyol reaksiyonu, hızlı, etkin
ve ılımlı koşullarda gerçekleşmesi nedeniyle klik reaksiyonu olarak nitelendirilmiş ve
para-floro-tiyol ‘’klik’’ (PFTCR) reaksiyonu olarak literatüre kazandırılmıştır.
Ikinci çalışmada para-floro-tiyol klik reaksiyonu kullanılarak çeşitli polimer yapılarının
sentezi amaçlanmıştır. Bu amaçla, lineer ve çok dallanmış poli(aril ether-tiyoeter) polimer
yapılarının sentezi adım polimerizasyonu ile gerçekleştirilmiştir.
Bu amaçla ilk olarak 1,2-bis(perflorofenoksi)etan yapısı, pentaflorofenol ile 1,2dibromoetanın bazik ortamdaki eterifikasyon reaksiyonu ile elde edilmiştir. Daha sonra
bu organik yapı lineer ve çok dallı polimer yapılarının sentezinde kullanılmıştır.
Lineer poli(aril ether-tiyoeter) sentezlenmesi amacıyla 1,2-bis(perflorofenoksi)etan ile
1,6-hekzaanditiyol arasında para-floro-tiyol klik reaksiyonu çeşitli sıcaklık, süre ve
konsantrasyonlarda gerçekleştirilmiştir. Sıcaklığın artırılması molekül ağırlğını artırdığı
yapılan denemelerde bulunmuştur. Ayrıca konsantrasyonun 0.5 M ve 1 M olduğu
durumlar karşılaştırılmış ve konsantre ortamda daha yüksek molekül ağırlıkları elde
edilmiştir. Diğer yandan reaksiyon süresinin artırılması da molekül ağırlığı üzerine pozitif
etki yaratmıştır.
Çok dallanmış poli(aril ether-tiyoeter) yapısının sentezlenmesi amacı ile 1,2bis(perflorofenoksi)etan ile trimetilolpropan tris(3-merkaptopropiyonat) arasında parafloro-tiyol klik reaksiyonu gerçekleştirilmiştir. Polimerleşmeler oda sıcaklığında ve sabit
konsatrasyonda yapılmış ve yüksek molekül ağırlıklı, çok dallı yapılar başarılı bir şekilde
sentezlenmiştir. Jelleşme reaksiyonlarının önüne geçebilmek amacıyla, sıcaklık ve
konsantrasyon gibi parametreler değiştirilmeden, sabit sıcaklık ve konsantrasyonda
sentezler gerçekleştirilmiştir.
Tiyol bazlı klik reaksiyonları hızlı ve güvenilir olmalarına rağmen; tiyoller kötü kokulu
bileşiklerdir. Oda sıcaklığında kolayca okside olabildikleri için raf ömürleri kısadır. Bu
yüzden soğutucu dolaplarda saklanmaları gerekmektedir. Belirtilen bu dezavantajları
bertaraf edebilmek için tiyolün reaksiyon ortamında elde edilebildiği durumlar daha
tercihlidir. Tiyolakton ünitesinin reaksiyon ortamında, alkol ya da amin varlığında halka
açılması reaksiyonu ile reaksiyon ortamında etkili bir şekilde tiyol oluşturulabilmektedir.
Bu yüzden tiyolakton kimyası literatürde önem önemli bir yer edinmiştir. Daha sonra,
reaksiyon ortamında oluşturulan tiyol yapısı ile tiyol temelli klik reaksiyonları
gerçekleştirilebilmektedir.
Üçüncü çalışmada, tiyolakton fonksiyonel grubuna sahip, iki farklı okzanorbornen
monomeri sentezlenmiştir. Daha sonra herbir monomerin ayrı ayrı butil-okzanorbornen
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monomeri ile kopolimerleri halka açılma metatez polimerizasyonu (ROMP) ile
hazırlanmıştır (P1 ve P8 polimerleri).
Elde edilen iki farklı kopolimerlerin, propilamin ile halka açılması (aminoliziz) sağlanmış
ve açığa çıkan serbest tiyolün metil akrilat ile Michael katılması reaksiyonu vermesi
sağlanmıştır.
Tiyol grubunun polimer ana zincirine çok yakın olduğu P1 polimeri için halka açılması,
sterik etki nedeniyle sınırlı oranda gerçekleşmiştir. Ayrıca, kullanılan amin miktarının
artırılması, bu reaksiyonun oluşma oranını artıramamıştır.
Diğer yandan ise, tiyolakton grubunun ana zincirden daha uzak olduğu P8 polimerinin,
propilamin varlığında halka açılması ve Michael katılması etkin bir şekilde
gerçekleştirilmiştir. Propilamin ile gerçekleştirilen modifikasyon işleminin başarılı
olması nedeniyle bütilamin, hekzilamin, allilamin, benzilamin, furfurilamin, siklohekzil
amin gibi çeşitli aminler kullanılarak P8 polimerinin modifikasyonu sağlanmıştır. Elde
edilen tüm polimerler GPC, NMR, DSC ve FT-IR ile karakterize edilmiştir. Reaksiyon
reaktiviteleri NMR yöntemi ile hesaplanmıştır.
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1. INTRODUCTION
Polymer synthesis has witnessed immense progress in recent years with the
development of controlled radical polymerization techniques. Contemporary
polymerization techniques such as ROMP, NMP, ATRP, and RAFT have contributed
to the progress of polymer synthesis. Moreover, well defined polymeric structures and
block copolymers with moderate molecular weight and narrow dispersity index are the
main concept of macromolecular structure, nowadays [1-3].
On the other hand, Sharpless and coworkers announced the concept of ‘‘click’’
chemistry in 2001 [4]. Afterwards, polymer scientists adopted click chemistry idea
into polymer chemistry with a great interest [2, 3].
Combination of the controlled radical polymerization techniques with click chemistry
have provided novel polymeric structures efficiently. Complex macromolecular
structures with desired functionalities and topologies give opportunity to valuable
materials for interdisciplinary sciences such as biotechnology and nanotechnology [5].
The purpose of the thesis is applying click reactions into step-growth polymerization
approach to obtain novel well-defined complex macromolecular structures and postmodification of polymeric structures. The thesis consists of three different studies
which have already published in international journals. The thesis is organized in such
that each chapter has a specific topic and has its own introduction, experimental,
results and discussion sections.
In the first chapter, light-induced cycloaddition polymerization and the activated ester
substitution reactions were presented in order to yield novel polymer structures. To
this end, a polyester with pendant perfluorophenyl ester groups was synthesized
through [4+4] cycloaddition polymerization.
In the second chapter, we demonstrated the feasibility of para-fluoro-thiol click
reaction to prepare either linear or hyperbranched fluorinated poly(aryl etherthioether). For this purpose, 1,2-bis(perfluorophenoxy)ethane was synthesized and
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reacted with 1,6-hexanedithiol and trimethylolpropane tris(3-mercaptopropionate),
respectively.
In the third chapter, two different polyoxanorbornene polymers with pendant
thiolactone units were prepared and their post-polymerization modifications were
carried out with the aminolysis of thiolactone unit in the presence of propylamine (PA)
and Michael addition of the latent thiol to methyl acrylate (MA). The reactivity of
thiolactone groups in the two polymers toward the aminolysis and subsequent thiolMichael addition reactions were investigated in detail.
Finally, concluding notes are summarized in Chapter 5 along with recommendations
for further work.
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2. SYNTHESIS OF ACTIVATED ESTER FUNCTIONAL POLYESTERS
THROUGH LIGHT-INDUCED [4+4] CYCLOADDITION POLYMERIZATION1
2.1 Introduction
Anthracene is one of the most popular aromatic compounds that can readily undergo
photodimerization upon irradiation with light at wavelength greater than 300 nm,
resulting in the formation through [4+4] cycloaddition of photodimers. The photodimer,
on the other hand, is able to cleavage once its exposure to the light at wavelength less
than 300 nm or thermally at temperatures higher than 180 °C [6-9]. This photoswitching
ability has enabled the production of various attractive materials derived from compounds
possessing anthracene moiety. For instance, a variety of organo- and hydrogels, organic
materials for rewritable photopatterning, 3D optical memory devices, and shape memory
polymers have been exploited by taking the advantage of anthracene photodimerization
[10-20]. Besides the abovementioned photoswitching ability, the anthracene has another
unique feature which is the ability to undergo Diels–Alder cycloaddition with a variety
of dienophiles. These type of [4+2] cycloaddition reactions have also been employed for
the preparation of various useful materials in polymer science. Moreover, the Diels–Alder
cycloaddition reactions have gained much interest since last decade as the reactions led
to highly efficient polymer–polymer couplings [2, 3, 21-25]. Several polymer topologies
such as block, star, graft, cyclic, etc., have been efficiently achieved employing Diels–
Alder cycloaddition reactions [26-33].
Post-polymerization functionalization reactions have become very popular in recent years
since they can offer the simplest way to incorporate various desired functionalities into
the polymer [34-36]. Among post-polymerization functionalization methods, the
activated ester substitution reactions are privilege. The reaction relies on a substitution
reaction between compounds possessing activated ester groups such as perfluorophenyl

This chapter is based on the paper ‘Baysak, E., Durmaz, H., Tunca, U. and Hizal, G. (2017), Synthesis of
activated ester functional polyesters through light induced [4+4] cycloaddition polymerization. Macromol.
Chem. Phys., 218, 1600572. doi: 10.1002/macp.201600572’
1
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and N-hydroxysuccinimide with primary or secondary amines. Thus several biological
important compounds can be attached to the polymer backbone via a strong amide linkage
which does not allow further substitution [35]. Besides, various temperature and light
responsive polymers as well as polymer coated surface with responsive abilities have
been prepared by employing the activated ester substitution reactions [36-43].
It is well known that preparing a polymer under mild condition is always desirable. In
line with this idea, the light-induced cycloaddition polymerization has some unique
features, such as that the polymerization could be performed both under an additive free
condition and at room temperature [44-46].

Figure 2.1 : General pathway for the preparation of activated ester functional polyesters
through light-induced [4+4] cycloaddition polymerization and activated ester
substitution reaction of perfluorophenyl ester-functional polyester with several amines.
In the current study, thus we aimed to combine the abovementioned advantages of the
light-induced cycloaddition polymerization and the activated ester substitution reaction
in order to yield novel polymer structures. To achieve this, a polyester with the pendant
perfluorophenyl ester groups through lightinduced [4+4] cycloaddition polymerization
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was prepared. This type of polyester may be a very versatile material and has the potential
for further applications.
2.2 Results and Discussion
The synthetic part of the study could be divided into two steps. In the first step,
bisanthracenyl-PFPE monomer was prepared using esterification reaction followed by
the light-induced [4+4] cycloaddition polymerization. Next, the obtained polymer was
reacted with a variety of primary amine compounds in order to obtain functionalize
polyesters.

Figure 2.2 : 1H NMR spectrum of bisanthracenyl-PFPE monomer in CDCl3 (500 MHz).
The bisanthracenyl-PFPE monomer was prepared by an esterification reaction between
4-(anthracen-9-ylmethoxy)-4 oxobutanoic acid (1) and perfluorophenyl-diol (2) using
DCC and DMAP as catalyst in CH2Cl2 at room temperature overnight. The structure of
the monomer was characterized by 1H, 19F and 13C NMR. The signals at 8.5–7.5 and 6.14
ppm from 1H NMR spectrum were assignable to the aromatic protons of the anthracene
and the methylene protons next to the anthracene, respectively (Figure 2.2).
In the 13C NMR spectra of the bisanthracenyl-PFPE monomer, carbonyl peaks assigned
above 170 ppm whereas aromatic carbons of pentafluorophenyl were about 140 ppm and
aromatic anthracene carbons were detected between 130-120 ppm (Figure 2.3).
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Figure 2.3 : 13C NMR spectrum of of bisanthracenyl-PFPE monomer in CDCl3 (125
MHz).
Moreover, the three different types of the fluorine signals of monomer were detected at
−161.9, −157.2, and −153.2 ppm, respectively, thus confirming the expected structure as
ortho, para and meta position florines of the monomer (Figure 2.4).

Figure 2.4 : 19F NMR spectrum of bisanthracenyl-PFPE monomer in CDCl3 (470.4
MHz).
6

The light-induced [4+4] cycloaddition polymerization of bisanthracenyl-PFPE was
accomplished under UV light irradiated at 365 nm in THF with different time intervals.
The obtained results are collected in Table 2.1.
Table 2.1 : GPC results of the light-induced [4+4] cycloaddition polymerization at
different time intervals.
Run

Time (h)

Mn (g/mol)

Mw (g/mol)

Mw/Mnd

1

24

4500 (5550)b

5300 (7600)b

1.17 (1.37)b

2

48a

8100 (8100)c

17100 (16200)c

2.11 (2.00)c

3

72

8450

23000

2.72

a

Polymer (P1) was employed for the activated ester substitution reactions.
Polymerization carried in dichlorometane for 24 h.
c
Polymerization carried in dichlorometane for 48 h.
d
GPC calibrated on the basis of linear PS standards in THF at 30 °C.
b

It is clear from the Table 2.1 that a high molecular weight polymer (Mw = 23000 g/mol
relative to PS standards) with rather broad molecular weight distribution was obtained at
72 h reaction time. However, it was also observed that there was no significant molecular
weight increase after 48 h.
Additionally, polymerizations were carried out in CH2Cl2 for 24 and 48 h with a similar
concentration given for THF and no effect was observed for the polymerization solvent
change to the CH2Cl2.

Figure 2.5 : 1H NMR spectrum of P1 in CDCl3 (500 MHz).
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Therefore, polymer labeled as P1 obtained from THF (Run 2 in Table 2.1) was utilized
for characterizations as well as further reactions. After purification, the structure of the
isolated polymer was identified by 1H NMR. As clearly seen in Figure 2.5, the central
aromatic character of the anthracene moiety completely disrupted between 8.46 and 7.45
ppm and the new aromatic protons appeared between 7.20 and 6.70 ppm and
consequently, a signal at 6.14 ppm assignable to the CH2 linked to the anthracene
completely disappeared and shifted to 5.23 ppm. A multiplet signal regarding the bridgehead methine protons of the anthracene dimer (head-to-head/head-to-tail) was detected
together with the ester CH2 between 4.60 and 4.00 ppm resulting in the formation of
polymer. Furthermore, a singlet signal at 3.75 ppm was assigned to the methine protons
arising from one of the head-to-head/head-to-tail of anthracene dimers.
The 19F NMR also indicated that the fluorine signals were intact during the cycloaddition
polymerization (Figure 2.6).

Figure 2.6 : 19F NMR spectrum of P1 in CDCl3 (470.4 MHz).
The 13C NMR of the polyester P1 also indicated that the carbonyl signals were around
170 ppm and the perfluorphenyl carbon signals were detected at between 145-153 ppm
whereas the aromatic carbon signals were at between 130-125 ppm. Methylene which is
connected to aromatic group signal were detected at 65 ppm (Figure 2.6). The chiral
carbon which is assigned to perfluorophenyl ester signal was at 47 ppm and the main
chain methylene protons between the carbonyl groups signal were at 30 ppm (Figure 2.7).
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Figure 2.7 : 13C NMR spectrum of P1 in CDCl3 (125 MHz).
The formation of anthracene photodimer, as well as the formation of polymer, upon
irradiation with UV light was also confirmed via UV–vis spectroscopy. It is evident from
Figure 2.8 that the characteristic five finger absorbance of anthracene decreased and
became almost undetectable after 48 h.

Figure 2.8 : UV spectrum of bisanthracenyl-PFPE and its polyester P1 after light
induced [4+4] cycloaddition polymerization (in CH2Cl2, 0.04 g/L).
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As described in literature, the activated ester substitution reactions could be carried out
under mild conditions without using any additives. In line with this information, P1 was
reacted with a variety of amine compounds (2 equiv per perfluorophenyl) in DMF at room
temperature for 24 h and the results were collected in Table 2.2.
Table 2.2 : Characterization of perfluorophenyl ester-functional polyester (P1) and its
activated ester substitution reaction with various amines.
Amine

Polymer

Mna
(g/mol)

Mwa
(g/mol)

Mw/Mna

Yield (%)b

Tgc (°C)

Allyl
Benzyl
Furfuryl
Propargyl

P1
P2
P3
P4
P5

8100
7000
7200
7500
6500

17100
9900
9800
10500
9200

2.11
1.43
1.35
1.40
1.41

85
50
90
100
86

99
122
127
121
105

GPC calibrated on the basis of linear PS standards in THF at 30 °C.
Isolated yields after dissolution–precipitation.
c
Measured by DSC from a second heating run.
a

b

The GPC traces of all substituted polymers (P2, P3, P4 and P5) shifted to the lower
molecular weights after the replacement of perfluorophenyl ester groups with the amine
compounds in comparison to the GPC trace of P1 due to the decrease in the hydrodynamic
volume of the resulting polymers. Moreover, all substituted polymers exhibited
monomodal distributions and moderately low polydispersity index in the range of 1.43–
1.35 (Figure 2.9).

Figure 2.9 : Overlay of GPC traces of P1 (perfluorophenyl ester-), P2 (allyl-), P3
(benzyl-), P4 (furfuryl-) and P5 (propargyl-) functional polyesters in THF at 30°C.
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The complete conversion of all perfluorophenyl ester groups into the respective amide
groups was followed by FT-IR measurements. The carbonyl stretching of the
perfluorophenyl ester was observed at 1780 cm−1 along with the band for the aromatic
ring of the perfluorophenyl ester at 1515 cm−1. After the substitution reactions, these two
bands vanished completely, and the new band for the amide carbonyl stretching was
observed at 1640 cm−1, confirming the complete substitution reaction (Figure 2.10).

Figure 2.10 : FT-IR spectra of P1 (perfluorophenyl ester-), P2 (allyl-), P3 (benzyl-), P4
(furfuryl-), and P5 (propargyl-) functional polyesters.
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Quantitative conversions were also followed by 1H and
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F NMR, respectively. As an

example, the 1H NMR spectrum of furan-functional polymer (P4) was investigated in
detail. As can be seen in Figure 2.18, the methine signal belonged to furan ring was
observed at 7.31 ppm. Moreover, the signals between 6.40 and 6.10 ppm related to the
remaining furan protons along with the NH signal revealed the incorporation of
furfurylamine. Besides,
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F NMR spectrum exhibited the complete removal of fluorine

signals indicating that P4 was smoothly formed (Figure 2.20).
Thermal transitions were studied by DSC using a second heating cycle at a heating rate
10 °C min−1 under nitrogen. P1 demonstrated a Tg around 99 °C increased to 122 °C (P2),
127 °C (P3), 121 °C (P4), and 105 °C (P5) after functionalization with allyl, benzyl,
furfuryl, and propargyl amine, respectively. The reason behind these results might be
attributed to the variations in chemical structure of the pendant functional groups of the
resulting polyesters (Figure 2.11).

Figure 2.11 : DSC overlays of P1 (perfluorophenyl ester-), P2 (allyl-), P3 (benzyl-), P4
(furfuryl-), and P5 (propargyl-) functional polyesters.
2.3 Conclusions
The bisanthracenyl-PFPE monomer was successfully prepared and then polymerized by
UV light irradiated at 365 nm. The polymerization was proceeded 48 hours to reach
higher molecular weights, following that activated ester substitution reactions were
carried out using various amine compounds. The GPC results indicated a shift to low
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molecular weight region for the substituted polymers due to the decrease in the
hydrodynamic volume of the substituted polymer. FT-IR and NMR measurements proved
the complete replacement of perfluorophenyl ester groups with the amide groups.
Thermal analyses of the substituted polymers exhibited higher Tg values with respect to
the pristine polymer that might be attributed to different pendant groups of the resulting
polymers. Overall, a novel polyester obtained by light-induced [4+4] cycloaddition
polymerization that can be readily functionalized by activated ester substitution reactions
under mild reaction condition was introduced in the literature.
2.4 Experimental
2.4.1 Materials
Tetrahydrofuran (THF, 99.8%, J.T. Baker) was dried and distilled from benzophenoneNa. N,N-dimethylformamide (DMF, 99.8%, Aldrich) was dried and distilled under
vacuum over CaH2. Dichloromethane (CH2Cl2, 99%, J. T. Baker) was dried and distilled
over and P2O5. Methanol (99.8%, Aldrich) was used without further purification. Ethyl
acetate (EtOAc) and hexane were in technical grade and distilled prior to use. N,N’Dicyclohexylcarbodiimide (DCC, 99%, Aldrich), 4-dimethylaminopyridine (DMAP,
99%, Acros), 9-anthracenemethanol (97%, Aldrich), succinic anhydride (99%, Aldrich),
allylamine (98%, Aldrich), furfurylamine (99%, Acros), propargylamine (98%, Aldrich),
benzylamine (98%, Acros), pentafluorophenol (99%, Aldrich), hydrochloric acid (37%,
Aldrich), were used as received. All other reagents were purchased from Aldrich and used
as received without further purification.
2.4.2 Instrumentation
1

H (500 MHz),
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C (125 MHz), and
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F NMR (470.4 MHz) spectra were recorded in

CDCl3 with Si(CH3)4 as internal standard, using an Agilent VNMRS 500 instrument. The
conventional gel permeation chromatography (GPC) measurements were carried out with
an Agilent instrument (Model 1100) consisting of a pump, refractive index, and UV
detectors. Four Waters Styragel columns (HR 5E, HR 4E, HR 3, HR 2), (4.6 mm internal
diameter, 300 mm length, packed with 5 µm particles) were used in series. The effective
molecular weight ranges were 2000–4,000,000, 50–100,000, 500– 30,000, and 500–
20,000 g/mol, respectively. THF was used as eluent at a flow rate of 0.3 mL/min at 30 oC
and toluene was used as an internal standard. The molecular weights of the polymers were
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calculated on the basis of linear polystyrene (PS) standards (Polymer Laboratories). The
differential scanning calorimetry (DSC) measurements were performed on a DSC Q1000
(TA Instruments) with a heating rate of 10 oC/min under nitrogen. All data were collected
from a second heating cycle, and the glass transition (Tg) temperatures were determined
as a midpoint of thermograms. FT-IR spectra were recorded on an Agilent Technologies
Cary 630 FTIR instrument over the range 4000–500 cm-1. UV measurements were
recorded with Agilent Cary 100 spectrophotometer.
2.4.3 Synthetic procedures
Succinic acid mono-athracen-9-ylmethyl ester (1) [47] and perfluorophenyl 3-hydroxy2-(hydroxymethyl)-2-methylpropanoate (pentafluorophenyl-diol) (2) [48] were prepared
according to published procedures.
2.4.3.1 Synthesis

of

bis(anthracen-9-methyl)

o-o’-(2-methyl-2-

((perfluorophenoxy)carbonylpropane-1,3-diyl) (bisanthracenyl-PFPE)
Perfluorophenyl-diol (2) (3.0 g, 10 mmol) was dissolved in 100 mL of CH2Cl2 and 1 (6.78
g, 22.0 mmol) and DMAP (1.22 g, 10.0 mmol) were added to the reaction mixture in that
order. After stirring 5 min at room temperature, DCC (4.54 g, 22 mmol) dissolved in 50
mL of CH2Cl2 was added. Reaction mixture was stirred at room temperature overnight.
The urea was filtered off and the solvent was removed under reduced pressure to give
residue that was further purified by column chromatography over silica gel eluting with
EtOAc/hexane (1:6) to give bisanthracenyl-PFPE as yellow solid. Yield = 7.39 g (84%).
1

H NMR (500 MHz, CDCl3, δ) 8.46 (s, 2H, ArH of anthracene), 8.30 (d, 4H, ArH of

anthracene), 8.00 (d, 4H, ArH of anthracene), 7.57–7.45 (m, 8H, ArH of anthracene), 6.14
(s,

4H,

CH2-anthracene),

4.24–4.12

(q,

4H,

CCH2OC=O),

2.65

(t,

8H,

C=OCH2CH2C=O), 1.24 (s, 3H, CCH3). 19F NMR (CDCl3, δ) −153.2 (m, 2F, o-F), −157.2
(t, 1F, p-F), −161.9 (m, 2F, m-F).13C NMR (CDCl3, δ) 172.18, 171.52, 168.99, 131.31,
131.01, 129.17, 129.03, 126.67, 125.92, 125.09, 123.89, 65.18, 59.23, 46.96, 29.00,
28.84, 17.54.
2.4.3.2 Synthesis

of

polyester

using

light-Induced

[4+4]

cycloaddition

polymerization of bisanthracenyl-PFPE (P1)
Bisanthracenyl-PFPE (1.0 g, 1.1 mmol) was dissolved in THF (6 mL) and the reaction
mixture was exposed to 365 nm UV light for 48 h in Pyrex Schlenk tube in photo reactor
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with 8 W 14 UV lamps. After the evaporation of the solvent, the mixture was precipitated
in methanol. The dissolution–precipitation (THF-methanol) procedure was repeated two
times and finally the polymer was dried in a vacuum oven at 40 °C for 24 h. Yield = 0.85
g (85%). 1H NMR (500 MHz, CDCl3, δ) 7.10–6.75 (m, ArH), 5.32–5.14 (m, CH2OC=O),
4.60–4.00 (m, bridge-head protons and CCH2OC=O), 3.75 (s, bridge-head protons), 3.07
and 2.93 (bs, C=OCH2CH2), 2.80–2.40 (m, C=OCH2CH2C=O), 1.50–1.20 (m, CCH3).
19

F NMR (CDCl3, δ) −153.08 (d, 2F, o-F), −157.11 (t, 1F, p-F), −161.73 (m, 2F, m-F).

C NMR (CDCl3, δ)172.59, 171.42, 168.98, 141.97, 127.69, 125.84, 124.61, 65.32,
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63.87, 58.82, 55.04, 47.00, 28.84, 17.60.
2.4.3.3 General procedure for activated ester substitution reaction of P1 with several
amines
P1 (0.10 g, 0.11 mmol of activated ester, 1 equiv) and amine compound (2 equiv per
activated ester) were dissolved in 3 mL of DMF. Subsequently, the solution was bubbled
with nitrogen for 10 min and further stirred at room temperature for 24 h. After that time,
the polymer solution was precipitated in 50 mL of methanol and the product was filtered
followed by two times dissolution–precipitation (THF-methanol) procedure. The polymer
was dried for 24 h in a vacuum oven at 40 °C.
Activated ester substitution reaction of perfluorophenyl ester-functional polyester
with allylamine (P2)
P1 (0.100 g, 0.114 mmol of activated ester, 1 equiv) and allylamine (0.017 mL, 0.228
mmol, 2 equiv per activated ester) were dissolved in 3 mL of DMF. Subsequently, the
solution was bubbled with nitrogen for 10 min and stirred at room temperature for 24 h.
After that time, DMF was evaporated from the reaction mixture. Obtained product was
dissolved in THF and precipitated in 30 mL methanol and filtred off. The residual solid
was re-dissolved in THF and precipitated in methanol. The purified polymer was finally
dried at 40 °C in a vacuum oven for 24 h. (Yield = 0.050 g, Mn, GPC = 7000 g/mol, Mw/Mn
= 1.43, relative to PS standards). 1H NMR (500 MHz, CDCl3, δ) 8.5-7.5 (anthracene end
group protons, weak signals), 7.04-6.87 (m, ArH), 6.14-6.03 (m, NH), 5.81 (br, CH2=CHCH2NH), 5.23-5.08 (m, CH2OC=O and CH2=CH-CH2NH), 4.50-3.87 (m, CCH2OC=O,
bridge-head protons and CH2=CHCH2NH), 3.75 (s, bridge-head protons), 3.07 and 2.89
(bs, C=OCH2CH2C=O), 2.52-2.48 (m, C=OCH2CH2C=O), 1.27-1.14 (m, CCH3).
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C

NMR (CDCl3, δ) 172.72, 171.92, 171.52, 141.95, 134.05, 127.72, 125.87, 124.59, 116.18,
67.97, 66.61, 63.86, 58.77, 55.05, 46.09, 42.00, 30.92, 28.98, 28.83, 25.61, 17.80.

15

Figure 2.12 : 1H NMR spectrum of allyl-functional polyester (P2) in CDCl3 (500
MHz).

Figure 2.13 : 13C NMR spectrum of allyl-functional polyester (P2) in CDCl3 (125
MHz).
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Figure 2.14 : 19F NMR spectra of P1 (up) and its activated ester substitution reaction
with allylamine (P2) (down) in CDCl3 (470.4 MHz).
Activated ester substitution reaction of perfluorophenyl ester-functional polyester
with benzylamine (P3)
P1 (0.100 g, 0.114 mmol of activated ester, 1 equiv) and benzylamine (0.025 mL, 0.228
mmol, 2 equiv per activated ester) were dissolved in 3 mL of DMF. Subsequently, the
solution was bubbled with nitrogen for 10 min and stirred at room temperature for 24 h.
After that time, the polymer solution was precipitated in 30 mL methanol and filtered off.
The residual solid was dissolved in THF and precipitated in methanol. The purified
polymer was finally dried at 40 °C in a vacuum oven for 24 h (Yield = 0.09 g, Mn, GPC =
7200 g/mol, Mw/Mn = 1.35, relative to PS standards).
1

H NMR (500 MHz, CDCl3, δ) 8.5-7.5 (anthracene end group protons, weak signals),

7.24 (br, ArH of benzyl), 7.04-6.83 (m, ArH), 6.44-6.32 (m, NH), 5.20 (m, CH2OC=O),
4.50-4.12 (m, CCH2OC=O and bridge-head protons and C6H5CH2NH), 3.73 (s, bridgehead protons), 3.03 and 2.83 (bs, C=OCH2CH2C=O), 2.59-2.44 (m, C=OCH2CH2C=O),
1.27-1.15 (m, CCH3).

C NMR (CDCl3, δ) 172.72, 171.54, 141.95, 138.30, 128.67,

13
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127.72, 127.57, 127.49, 125.99, 125.87, 124.59, 66.66, 63.86, 58.77, 43.62, 29.70, 28.96,
28.77, 17.79.

Figure 2.15 : 1H NMR spectrum of benzyl-functional polyester (P3) in CDCl3 (500
MHz).

Figure 2.16 : 13C NMR spectrum of benzyl-functional polyester (P3) in CDCl3 (125
MHz).
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Figure 2.17 : 19F NMR spectra of P1 (up) and its activated ester substitution reaction
with benzylamine (P3) (down) in CDCl3 (470.4 MHz).
Activated ester substitution reaction of perfluorophenyl ester-functional polyester
with furfurylamine (P4)
P1 (0.100 g, 0.114 mmol of activated ester, 1 equiv) and furfurylamine (0.020 mL, 0.228
mmol, 2 equiv per activated ester) were dissolved in 3 mL of DMF. Subsequently, the
solution was bubbled with nitrogen for 10 min and stirred at room temperature for 24 h.
After that time, the polymer solution was precipitated in 30 mL methanol and filtered off.
The residual solid was dissolved in THF and precipitated in methanol. The purified
polymer was finally dried at 40 °C in a vacuum oven for 24 h (Yield=0.100 g, Mn, GPC =
7500 g/mol, Mw/Mn = 1.40, relative to PS standards). 1H NMR (CDCl3, δ) 8.5-7.5
(anthracene end group protons, weak signals), 7.31 (br, CH of furan), 7.02-6.83 (m, ArH),
6.42-6.15 (m, furan-NH and CH of furan), 5.21 (m, CH2OC=O), 4.48-4.08 (m,
CCH2OC=O and bridge-head protons and furan-CH2NH), 3.73 (s, Ar-dimer-bridge head
protons), 3.04 and 2.84 (bs, C=OCH2CH2C=O), 2.61-2.46 (m, C=OCH2CH2C=O), 1.241.11 (m, CCH3). 13C NMR (CDCl3, δ) 172.71, 171.88, 171.49, 151.16, 142.13, 141.96,
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127.98, 127.72, 125.98, 125.87, 124.60, 110.50, 107.42, 67.97, 66.51, 63.87, 58.78,
55.04, 46.08, 36.68, 30.92, 28.96, 28.80, 26.61, 17.73.

Figure 2.18 : 1H NMR spectrum of furfuryl-functional polyester (P4) in CDCl3 (500
MHz).

Figure 2.19 :

13

C NMR spectrum of furfuryl-functional polyester (P4) in CDCl3 (125
MHz).
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Figure 2.20 : 19F NMR spectra of P1 (up) and its activated ester substitution reaction
with furfurylamine (P4) (down) in CDCl3 (470.4 MHz).
Activated ester substitution reaction of perfluorophenyl ester-functional polyester
with propargylamine (P5)
P1 (0.100 g, 0.114 mmol of activated ester, 1 equiv) and propargylamine (0.014 mL,
0.228 mmol, 2 equiv per activated ester) were dissolved in 3 mL of DMF. Subsequently,
the solution was bubbled with nitrogen for 10 min and stirred at room temperature for 24
h. After that time, the polymer solution was precipitated in 30 mL methanol and filtered
off. The residual solid was dissolved in THF and precipitated in methanol. The purified
polymer was finally dried at 40 °C in a vacuum oven for 24 h (Yield=0.86 g, Mn,

GPC

=

6500 g/mol, Mw/Mn = 1.41, relative to PS standards).
1

H NMR (500 MHz, CDCl3, δ) 8.5-7.5 (anthracene end group protons, weak signals),

7.04-6.87 (m, ArH), 6.35-6.21 (m, NH), 5.24 (m, CH2OC=O), 4.51-4.03 (m, CCH2OC=O
and bridge-head protons and CHCCH2NH), 3.76 (s, bridge-head protons), 3.07 and 2.89
(bs, C=OCH2CH2C=O), 2.65, 2.49 (m, C=OCH2CH2C=O), 2.21-2.15 (m, CHCCH2NH),
1.25-1.12 (m, CCH3).
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C NMR (CDCl3, δ) 172.73, 171.85, 171.48, 141.95, 128.01, 127.73, 126.00, 125.88,
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124.60, 79.51, 71.64, 66.40, 63.89, 58.78, 55.04, 46.05, 29.43, 29.01, 28.86, 17.68.

Figure 2.21 : 1H NMR spectrum of propargyl-functional polyester (P5) in CDCl3 (500
MHz).

Figure 2.22 : 13C NMR spectrum of propargyl-functional polyester (P5) in CDCl3 (125
MHz).
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Figure 2.23 : 19F NMR spectra of P1 (up) and its activated ester substitution reaction
with propargylamine (P5) (down) in CDCl3 (470.4 MHz).
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3. PREPARATION OF LINEAR AND HYPERBRANCHED FLUORINATED
POLY(ARYL ETHER-THIOETHER) THROUGH PARA-FLUORO-THIOL
CLICK REACTION2
3.1 Introduction
Thiol-based reactions such as thiol-ene/yne, thiol-Michael addition, and thiol-epoxy
reactions have been well-known and well-studied in the literature [35, 49-52].
Moreover, these reactions are also classified under the term “click” chemistry since
the mild reaction conditions along with high yields and efficiencies, which are the
basic requirements of “click” reactions [2, 36, 48, 53-60], are mostly observed when
these reactions are utilized. Besides, in the last decade, another thiol-based reaction
namely, para-fluoro-thiol reaction (PFTR), has gained much interest and made a
significant contribution especially on synthetic polymer chemistry [61]. Simply, PFTR
is a nucleophilic aromatic substitution reaction between para-fluorine atoms of
pentafluorophenyl (PFP) (pentafluorobenzyl or pentafluorophenol) group and thiol
compounds. Before PFTR reaction, the reactivity and the versatility of para‐fluorine
atom of the pentafluorophenyl group at the macromolecular level was first explored in
the studies of Wooley group [62]. The group has utilized mainly oxy‐para‐fluoro
nucleophilic aromatic substitution reaction to prepare variety of fluorinated
hyperbranched polymers [63, 64]. Taking the benefit of para‐fluoro‐thiol “click’’
reaction (PFTCR), the first examples were demonstrated in porphyrin post‐
functionalization, in which the potential applications of such compounds in various
fields such as materials, devices, photodynamic therapeutic agents, and so on have
been investigated [65]. Schubert et al. were the first to utilize PFTCR at
macromolecular level. The group has prepared a variety of glycopolymers, either by
post-polymerization modification of PFP‐functionalized polymers with thiol‐
functionalized glucose compound via PFTCR, or by synthesizing glycomonomer first

This chapter is based on the paper ‘Baysak, E., Tunca, U., Durmaz, H. and Hizal, G. (2018),
Preparation of lineer and hyperbranched fluorinated poly(aryl ether-thioether) through para-fluoro-thiol
click reaction. J. Polym. Sci., Part A: Polym. Chem., 56, 1853–1859. doi: 10.1002/pola.29068’
2
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via PFTCR and then applied polymerization [66-68]. After these pioneering studies,
several groups, especially, have utilized this reaction as an efficient postpolymerization modification (PPM) method to construct novel polymeric materials
since last decade [69-79]. In this regard, recently, Barner et al. prepared novel threedimensional network structures based on PFTCR. In this study, tris-pentafluorobenzyl
(tris-PFB) compound was prepared and reacted with several bifunctional thiols. Ideal
network occurred when ratios of tris-PFB: bis-SH = 1:1.5 was utilized. It is also
emphasized that keeping the ratio of 1:1.5 enabled a formation of fast and defect-free
network [80]. Moreover, more recently, Hedrick et al. proposed a very practical
approach for synthesis of poly(aryl thioether) using PFTCR. The idea is based on a
reaction between hexafluorobenzene and silyl-protected dithiols in the presence of a
catalyst. Polymers with reasonable molecular weights were obtained at the end of the
reactions [81].

Figure 3.1 : General pathway for the preparation of linear and hyperbranched
fluorinated poly(aryl ether-thioether) through para-Fluoro-Thiol Click Reaction
(PFTCR).
In this study, the aim is to demonstrate the feasibility of PFTCR to prepare either linear
or hyperbranched fluorinated poly(aryl ether-thioether).
To this end, 1,2-bis(perfluorophenoxy)ethane was synthesized and reacted with 1,6hexanedithiol and trimethylolpropane tris(3-mercaptopropionate), respectively,
through the PFTCR. Various reaction parameters such as concentration, time and
temperature on polymerizations were investigated in detail.
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3.2 Results and Discussion
The synthesis of linear and hyperbranched fluorinated poly(aryl ether-thioether) starts
with preparation of 1,2-bis(perfluorophenoxy)ethane. To this end, pentafluorophenol
and 1,2-dibromoethane were reacted in acetone at 60 °C (Figure 3.1). NMR revealed
the success of etherification reaction. As depicted in Figure 3.2,
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F NMR spectrum

displays that the fluorine signals at -156.80, -163.75, and -163.08 ppm are assigned to
the ortho-, para- and meta- positions, respectively.

Figure 3.2 : 1H NMR (up), 19F NMR (middle), and 13C NMR (down) of 1,2bis(perfluorophenoxy)ethane in CDCl3 (500, 470.4 and 125 MHz, respectively).
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Moreover, in 1H NMR, 1,2 bis(perfluorophenoxy)ethane has a singlet at 4.51 ppm
related to the ether methylene protons (OCH2). Besides, from 13C NMR spectrum, it is
found that the signals between 145.0 and 130.0 ppm are related to aromatic C–F along
with methylene carbons of OCH2 at 73.72 ppm (Figure 3.2).
3.2.1 Linear fluorinated poly(aryl ether-thioether) synthesis
Linear polymer syntheses were carried out using an equal amount of 1,2
bis(perfluorophenoxy)ethane and 1,6-hexanedithiol through the PFTCR. The
polymerizations were performed in DMF using 3 equiv of Et3N (3.1).

(3.1)
The effect of reaction conditions such as temperature, concentration, and time on
polymerization was studied and the obtained results were collected in Table 3.1.
Table 3.1 : Polymerization conditions and the obtained results for the
preparation of linear fluorinated poly(aryl ether-thioether).
Run
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
P16
a

Temperature
(oC)
25
25
40
40
60
60
80
80
25
25
40
40
60
60
80
80

Time
(day)
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2

Mwa
(g/mol)
3300
4100
4000
5250
5750
7400
11600
15600
3400
5000
10750
17400
10650
24600
51000
Gelation

[M]
(mol/L)
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
1
1
1
1
1
1
1
1

Mna
(g/mol)
2850
3500
3400
4150
4250
5300
5500
5600
2970
4000
4550
5570
5100
6000
7000
-

Ða
1.16
1.17
1.17
1.27
1.35
1.39
2.12
2.78
1.15
1.25
2.37
3.12
2.09
3.57
7.28
-

Yield
(%)b
60
60
50
60
55
60
90
95
65
65
85
90
90
95
95
-

GPC calibrated on the basis of linear PS standards in THF at 30 °C.
Isolated yields after dissolution-precipitation.

b

As can be seen in Table 3.1, the polymerizations were performed in two different
concentrations (0.5 or 1 M) and at four different temperatures (25, 40, 60, or 80 °C)
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for 1 or 2 days. It is clear from Table 3.1 that when the polymerizations were carried
out in 0.5 M concentrations, low to moderate molecular weights with low dispersity
(Ð) values and yields were obtained for the resulting polymers (P1–P6), except the
polymerizations at 80 °C.
When the polymerization was conducted at 80 °C, the weight average molecular
weight (Mw) and the polydispersity (Ð) values, as well as the isolated yields of the
resulting polymers (P7 and P8) increased. Similar to P1 and P2, the molecular weights
of polymers P9 and P10 were also low at 25 °C, although these polymerizations were
performed in 1 M concentrations.
On the other hand, increasing the concentration of polymerization medium from 0.5 to
1 M, and raising the temperature from 25 oC to 40, 60, and 80 °C provided a significant
increase in the Mw values and isolated yields. As indicated in Table 3.1, the Mw values
of the resulting polymers (P11–P16) were between 10 and 51 kDa, and the isolated
yields were 85–95%.
It is also clear in Table 3.1 that when the polymerizations were allowed to proceed at
the same temperature for two days, polymers (P11–P14) with higher Mw values along
with broader dispersities were obtained. In fact, when the polymerization was
performed in two days at 80 °C (P16) gelation was observed. It should also be noted
here that the polymers with low Mw values (P1–P6 and P9, P10) appeared as viscous
liquid, whereas the polymers with high Mw values (P7, P8, and P11–P15) appeared as
sticky solid at room temperature.
The resulting polymers were characterized by 1H and 19F NMR and P7 was selected
as a representative sample (Figure 3.3). From 1H NMR spectrum of P7, a broadening
corresponding to the methylene protons between two perfluorophenyl ring was
detected at 4.65–4.40 ppm while the methylene protons next to the S atom appeared
as a broad signal at 3.00–2.80 ppm.
Moreover, the remaining methylene protons regarding the main chain signals resulting
from 1,6-hexanedithiol was detected at 1.70–1.20 ppm. On the other hand, an
unexpected result was found in the 19F NMR spectrum, which exhibited broad signals
between -155.0 to -165.0 ppm and -125.0 to -135.0 ppm, for the polymer.
It is worth mentioning here that before the polymerization, we expected the signals
only assignable to the new m-F and o-F, but a clear broadening and splitting observed
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in the

19

F NMR indicates that there is also another attack occurred on the growing

polymer, which leads to the formation of branched polymers as well as linear
polymers.
Above and beyond, a peak at -147.80 ppm corresponding to the end-group p-F atom
of the polymer was also can be detected from

19

F NMR spectrum in Figure 3.3,

undoubtedly.

Figure 3.3 : 1H NMR (up) and 19F NMR (down) spectra of linear fluorinated
poly(aryl ether-thioether) (P7) in CDCl3 (500 and 470.4 MHz, respectively).
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Figure 3.4 : 13C NMR spectrum of linear fluorinated poly(aryl ether-thioether) (P7)
in CDCl3 (125 MHz).
3.2.2 Hyperbranched fluorinated poly(aryl ether-thioether) synthesis
The hyperbranched polymerization was performed using equal amounts of
trimethylolpropane tris(3-mercaptopropionate) and 1,2-bis(perfluorophenoxy)ethane
in DMF in the presence of 3 equiv of Et3N in different time intervals (3.2).

(3.2)
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Unlike the linear polymer, the syntheses of hyperbranched polymer were carried out
solely at room temperature and in 0.5 M concentration to prevent the cross-linking
during the polymerization. The evolution of the polymers was monitored by GPC after
precipitating the aliquots of polymerization mixture in every two hours, and the
obtained results were collected in Table 3.2.
As demonstrated in Table 3.2, the Mw values of the resulting polymers (H1–H7)
gradually increased, until the polymerization for 16 h. After 16 h, the Mw and Ð values
of the resulting polymers (H8, H9) dramatically changed. While the Mw value of H7
was 11 kDa, the Mw values of H8 and H9 was measured to be 31 and 109 kDa, and Ð
values to be 5.54 and 14.2, respectively, afterward, gelation was observed at 20 h.
Table 3.2 : Polymerization conditions and the obtained results for preparation of
hyperbranched fluorinated poly(aryl ether-thioether).
Run
H1
H2
H3
H4
H5
H6
H7
H8
H9
H10
a

Time
(h)
2
4
6
8
10
12
14
16
18
20

[M]
(mol/L)
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

Mw
(g/mol)
4300
4300
7300
8850
7800
9300
10800
31400
109700
Gelation

Mn
(g/mol)
3100
3400
4850
5200
4850
5300
5050
5700
7750
-

Ða
1.39
1.28
1.51
1.70
1.60
1.75
2.15
5.54
14.2
-

Yield
(%)b
12
25
55
60
60
70
85
95
95
-

GPC calibrated on the basis of linear PS standards in THF at 30 °C.
Isolated yields after dissolution-precipitation.

b

The NMR was utilized to reveal the structures of the resulting polymers and H6 was
selected as a representative sample. From the 1H NMR it is seen that the methylene
protons between two perfluorophenyl ring was detected at 4.70–4.40 and methylene
protons of the CH2OC=O at 4.20–3.80 ppm (Figure 3.5). Moreover, methylene protons
next to the S atom (Ar- SCH2CH2C=O) and the carbonyl group (Ar- SCH2CH2C=O)
appeared at 3.30–3.00 and 2.90–2.50 ppm, respectively. In addition, the 19F NMR of
the hyperbranched polymers exhibited very similar fluorine signals to the linear
polymers.
The linear and hyperbranched polymers were further characterized by FT-IR. As
demonstrated in Figure 3.7, both polymers displayed the C-F and C-O stretchings
between 1000 and 1200 cm-1 except the band at 1730 cm-1 that was solely a
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characteristic band of C=O stretching belonged to the hyperbranched polymer.
Moreover, the weak bands at 1650 and 1050 cm-1 could be attributed to the C=S (due
to resonance formation in the fluorinated aromatic structure) and C-S stretchings [80],
respectively, and confirms the successful formation of the polymers.

Figure 3.5 : 1H NMR (up) and 19F NMR (down) spectra of hyperbranched
fluorinated poly(aryl ether-thioether) (H6) in CDCl3 (500 and 470.4 MHz,
respectively).
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Figure 3.6 : 13C NMR spectrum of hyperbranched fluorinated poly(aryl etherthioether) (H6) in CDCl3 (125 MHz).
The thermal behavior of the resulting polymers was studied by DSC in the range of
80 to 100 °C at a heating rate of 10 °C/min under nitrogen, and Tg values were
determined from the second heating cycle.
The linear polymers exhibited Tg values between -31 and -19 °C, whereas the
hyperbranched polymers exhibited Tg values between -12 and 0 °C. It is worth
mentioning that although the molecular weights of, for instance, linear polymer P2
(Mw = 54100 g/mol) and hyperbranched polymer H2 (Mw = 54300 g/mol) are very
close, there is a clear difference between their Tg values where P2 exhibited a Tg at 31 °C and H2 at -12 °C.
The reason behind these values can be ascribed to the different architecture of the
polymers as highly branched molecular architecture reduces the mobility of the chain
segments, leading to the increase of Tg compared to their linear analogs (Figure 3.8)
[82, 83].
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Figure 3.7 : FT-IR spectra of 1,2-bis(perfluorophenoxy)ethane (black), linear (pink),
and hyperbranched (green) fluorinated poly(aryl ether-thioether).

Figure 3.8 : DSC thermograms of (a) linear and (b) hyperbranched polymers. The Tg
values were determined from the second heating cycle.
3.3 Conclusions
Syntheses of linear and hyperbranched fluorinated poly(aryl ether-thioether) were
successfully accomplished through the PFTCR. Syntheses of linear polymer were
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performed in two different concentrations and four different reaction temperatures.
High molecular weight and high yield polymers were obtained when the reactions were
performed at high reaction temperatures and at high concentration. In contrast,
hyperbranched polymerizations were performed at room temperature and at a low
concentration to prevent the gelation. The formation of both architectures was revealed
by NMR. Interestingly, 19F NMR spectra of both linear and hyperbranched polymers
displayed broad signals ranging from -155.0 to -165.0 and from -125.0 to -135.0 ppm,
indicating that another attack occurred on the growing polymers, resulting in a
broadening and splitting in the 19F NMR. Besides, the thermal behavior of both linear
and hyperbranched polymers exhibited Tg values below zero degree. Among them, the
hyperbranched polymers exhibited higher Tg values compared to the linear polymers
due to the steric congestion of the branched polymers.
3.4 Experimental
3.4.1 Materials
Tetrahydrofuran (THF, 99.8%, J.T. Baker) was dried and distilled from
benzophenone-Na. N,N-dimethylformamide (DMF, 99.8%, Aldrich) was dried and
distilled under vacuum over CaH2. Dichloromethane (CH2Cl2, 99%, J. T. Baker) was
dried and distilled over and P2O5. Methanol (99.8%, Aldrich), chloroform (99.9%,
Aldrich) and acetone (99.9%, Aldrich) were used without further purification. Ethyl
acetate (EtOAc) and hexane were in technical grade and distilled prior to use.
Pentafluorophenol (99%, Aldrich), potassium carbonate (K2CO3, 99%, Aldrich), 1,2dibromoethane (99%, Aldrich), 1,6-hexanedithiol (96%, Aldrich), 1-propanethiol
(99% Aldrich), triethylamine (Et3N, 98%, Across), trimethylolpropane tris(3mercaptopropionate) (95%, Aldrich) were used as received.
3.4.2 Instrumentation
1

H (500 MHz), 13C (125 MHz), and 19F NMR (470.4 MHz) spectra were recorded in

CDCl3 with Si(CH3)4 as internal standard, using an Agilent VNMRS 500 instrument.
The conventional gel permeation chromatography (GPC) measurements were carried
out with an Agilent instrument (Model 1100) consisting of a pump, refractive index,
and UV detectors. Four Waters Styragel columns (HR 5E, HR 4E, HR 3, HR 2), (4.6
mm internal diameter, 300 mm length, packed with 5 µm particles) were used in series.
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The effective molecular weight ranges were 2000–4,000,000, 50–100,000, 500–
30,000, and 500–20,000 g/mol, respectively. THF was used as eluent at a flow rate of
0.3 mL/min at 30 oC and toluene was used as an internal standard. The molecular
weights of the polymers were calculated on the basis of linear polystyrene (PS)
standards (Polymer Laboratories). The differential scanning calorimetry (DSC)
measurements were performed on a Hitachi DSC 7020 with a heating rate of 10 oC/min
under nitrogen. All data were collected from a second heating cycle, and the glass
transition (Tg) temperatures were determined as a midpoint of thermograms. FT-IR
spectra were recorded on an Agilent Technologies Cary 630 FT-IR instrument over
the range 4000-500 cm-1.
3.4.3 Synthetic procedures
3.4.3.1 Synthesis of 1,2-bis(perfluorophenoxy)ethane
Potassium carbonate (7.04 g, 51.0 mmol) was added to 80 mL of acetone (3.3). After
stirring 5 min at room temperature pentafluorophenol (7.82 g, 42.5 mmol) dissolved
in 40 mL of acetone and 1,2-dibromoethane (1.5 mL, 17 mmol) was added. The
mixture was stirred at 60 oC under reflux for 2 days.

(3.3)
The salt was filtered off and the solvent was evaporated under reduced pressure to give
a colorless residue which 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. The
solvent was removed under reduced pressure and the product was further purified by
column chromatography eluting with EtOAc/hexane (1:10) to give a colorless liquid.
Yield = 7.05 g (62 %). 1H NMR (500 MHz, CDCl3, δ) 4.51 (s, 4H, -CH2CH2O-).
NMR (CDCl3, δ) −156.80 (t, o-F), -163.75 (m, p-F), -163.08 (m, m-F).

13
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F

C NMR

(CDCl3, δ) 142.66, 140.68, 139.09, 137.11, 133.32, 73.72.
3.4.3.2 Model reaction
1,2-bis(perfluorophenoxy)ethane (0.250 g, 0.634 mmol) was dissolved in 2 mL of
DMF. Subsequently, Et3N (0.27 mL, 1.9 mmol) and 1-propanethiol (0.18 mL, 1.9
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mmol) added in given order. The reaction was carried overnight at 40 °C. After the
specified time, the reaction mixture was taken to the separatory funnel and CH2Cl2 (30
mL) was added. The organic layer was extracted with 1 M HCl solution (10 mL) then
with distilled water (20 mL) two times, dried over Na2SO4 and concentrated to give
the colorless liquid (3.4).

(3.4)
1

H NMR (500 MHz, CDCl3, δ) 4.65-4.40 (m, 4H, -OCH2CH2O-), 3.00-2.80 (m, 4H,

Ar-SCH2CH2CH3), 1.57 (m, 4H, Ar-SCH2CH2CH3), 1.01 (m, 6H, Ar-SCH2CH2CH3).
19

F NMR (CDCl3, δ) o-F (-125.0 to -135.0), m-F (-155.0 to -165.0).

13

C NMR (CDCl3,

δ) 148.70, 146.69, 141.87, 139.86, 109.99, 73.34, 37.01, 23.10, 12.95.

Figure 3.9 : 1H NMR (up) and 19F NMR (down) spectra of model compound in
CDCl3 (500 and 470.4 MHz, respectively).
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Figure 3.10 : 13C NMR of the model reaction in CDCl3 (125 MHz).
3.4.3.3 General procedure for linear polymer synthesis
1,2-bis(perfluorophenoxy)ethane (0.250 g, 0.634 mmol) was dissolved in DMF.
Subsequently, Et3N (0.27 mL, 1.9 mmol) and 1,6-hexanedithiol (0.097 mL, 0.63
mmol) added in given order. The polymerizations were proceeded at given
temperatures and periods (see Table 3.1). Next, the polymerization mixture was
precipitated in methanol. The dissolution-precipitation (THF-methanol) procedure
was repeated two times and methanol was finally decanted. The remaining polymer
was dissolved in THF, taken into a flask and evaporated to dryness to give viscous
liquid or sticky solid polymers.
OCH2CH2O-),

3.00-2.80

SCH2CH2CH2CH2CH2-).
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(b,

1

H NMR (500 MHz, CDCl3, δ) 4.65-4.40 (b, 4H, 4H,

Ar-SCH2),

1.70-1.20

(b,

8H,

Ar-

F NMR (CDCl3, δ) o-F (-125.0 to -135.0), p-F (-147.80),

m-F (-155.0 to -165.0). 13C NMR (CDCl3, δ) 148.61, 146.68, 142.00, 139.88, 109.98,
73.35, 34.91, 29.48, 27.74.
3.4.3.4 General procedure for hyperbranched polymer synthesis
Trimethylolpropane tris(3-mercaptopropionate) (0.210 mL, 0.634 mmol) was
dissolved in 2 mL of DMF. Subsequently, Et3N (0.26 mL, 1.9 mmol) and 1,2bis(perfluorophenoxy)ethane (0.250 g, 0.634 mmol) added to the solution in given
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order. The reaction was carried at room temperature with different time intervals. The
mixture was precipitated in methanol. The dissolution-precipitation (THF-methanol)
procedure was repeated two times. Finally, methanol was decanted and the remaining
polymer was dissolved in THF, taken into a flask and evaporated to dryness, yielding
sticky solid polymers. 1H NMR (500 MHz, CDCl3, δ) 4.70-4.40 (b, 4H, -OCH2CH2O), 4.20-3.80 (b, 6H, -CH2OC=O), 3.30-3.00 (b, Ar-SCH2CH2C=O), 2.90-2.50 (ArSCH2CH2C=O), 1.70-1.20 (b, 2H, -CH2CH3), 0.91 (b, 3H, - CH2CH3).
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(CDCl3, δ) o-F (-125.0 to -135.0), p-F (-146.60), m-F (-155.0 to -165.0).

13

F NMR

C NMR

(CDCl3, δ) 170.74, 148.79, 146.85, 106.39, 73.36, 63.99, 53.42, 40.72, 38.33, 34.66,
29.95, 22.85, 19.65, 7.31
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4. STUDY ON POST-POLYMERIZATION MODIFICATION OF RING
OPENING

METATHESIS

POLYMERS

INVOLVING

PENDANT

THIOLACTONE UNITS3
4.1 Introduction
The post-polymerization modification (PPM) has become an indispensable way for
scientists in order to prepare functionalized polymers for various applications [84].
Without a doubt, with the development of efficient organic reactions that can be
classified under the term “click” chemistry have made an enormous contribution into
the synthetic polymer chemistry, and have revolutionized the synthetic approaches on
PPM [34, 85]. Amongst, the thiol-based reactions such as thiol-ene/yne, thiol-Michael
addition, and thiol-epoxy reactions have an important shelf for not only to produce
functionalized polymers with high yield and quantitative efficiencies, but also to
produce functionalized polymers with high degree of fidelity [35, 49, 51, 61, 86, 87].
However, when one considers some drawbacks of thiol-based compounds, such as
smell and easy oxidation (while standing on the bench or even in the fridge), in situ
formation of thiol end-functionalized structures are desirable. In this regard, the
thiolactone chemistry has made an important contribution to resolve the
abovementioned free thiol-related issues. Simply, the chemistry is based on a
nucleophilic ring-opening reaction between thiolactone compound and hydroxyl- or
amine- (mainly primary) functionalized compound where free thiol forms after the ring
opening, which can be utilized as a precursor to carry out the abovementioned thiolbased reactions [88].
Before it has been adapted to macromolecular science, the thiolactone chemistry has
been widely used in biochemical systems [89]. Du Prez group was the first to utilize
the thiolactone-based compounds to generate functionalized polymers. For instance,

This chapter is based on the paper ‘Baysak, E., Daglar, O., Gunay, U.S., Hizal, G., Tunca, U. and
Durmaz, H. (2018), Study on post-polymerization modification of ring opening metathesis polymers
ınvolving pendant thiolactone units. J. Polym. Sci. Part A: Polym. Chem., 56: 2145-2153.
doi:10.1002/pola.29174’
3
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the group reacted thiolactone compound bearing allyl or acrylate groups, with a variety
of amine compounds through the radical thiol-ene or nucleophilic thiol-Michael
addition reactions to prepare various linear polymers simultaneously [90, 91]. After
that, various polymer topologies such as graft, hyperbranched, cyclic etc. as well as
polymers with various applications through the thiolactone chemistry have been
accomplished [92-102].
In 2015, Rudolph et al. synthesized a versatile monomer namely, maleimide
thiolactone that can undergo homo and copolymerization through the radical
polymerization. The resulting polymers possessing pendant thiolactone group were in
situ reacted with butylamine and methyl acrylate at room temperature to demonstrate
the versatility of maleimide thiolactone group toward the aminolysis and subsequent
thiol-Michael reactions [103].

Figure 4.1 : General route for the synthesis of thiolactone monomers and their
ROMP with ONB-Butyl monomer.
We envisioned that inspiring by this study, maleimide thiolactone compound could
easily be converted to an oxanorbornene compound that can undergo polymerization
through the ring opening metathesis polymerization (ROMP). Therefore, a heterofunctionalized polymer that can be prepared when the resulting ROM polymer is
simultaneous exposed to aminolysis and thiol-Michael addition reactions. For this
purpose, in the presented study, two different oxanorbornene monomers, ONB-THL1 (3) and ONB-THL-2 (6), with thiolactone units were prepared and copolymerized
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with N-butyl oxanorbornene imide (1) (ONB-Butyl) [104]. Subsequently, the resulting
polymers were simultaneously reacted with propylamine (PA) and methyl acrylate
(MA). The reactivity of thiolactone groups in the polymers toward the aminolysis and
subsequent thiol-Michael addition reactions were investigated in detail.

Figure 4.2 : Double modification of P1 and P8 polymers using propylamine (PA)
and methlyacrylate (MA).
4.2 Results and Discussion
The synthesis of oxanorbornene monomers were prepared by following different
synthetic routes, as depicted in Figure 4.1. ONB-THL-1 (3) was prepared via DielsAlder reaction between maleimide thiolactone (2) and furan, in 1,2-dichloroethane at
80 oC overnight. After purification, 3 was characterized by 1H NMR (Figure 4.3). The
signals related to bridgehead and bridge protons of the oxanorbornene ring were
detected at 6.53, 5.29 and 2.94-2.90 ppm. Moreover, the signals regarding the
thiolactone ring were detected as a multiplet at 4.76 (NCHC=O), 3.35 (CH2CH2SC=O)
and 2.74-2.45 (CH2CH2SC=O) ppm.
Then, 3 was polymerized with 1 through the ROMP using the first-generation Grubbs’
catalyst. The ratio of 3 to 1 was kept as 1/4 and the polymerization was conducted at
room temperature for 1 h. The resulting polymer namely, poly(ONB-butyl40-co-ONBTHL-110) (P1), was obtained quantitatively after purification. A monomodal GPC
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curve without tail or shoulder was obtained for the polymer, and the number average
molecular weight calculated by GPC (Mn,

GPC

= 12500 g/mol) showed very close

agreement with the theoretical molecular weight (Mn, theo = 11600 g/mol).

Figure 4.3 : 1H (up) and 13C (down) NMR spectra of 3 in CDCl3 (500 and 125 MHz,
respectively).
Moreover, 1H NMR analysis of P1 indicated that main chain signals regarding the
CH=CH (trans and cis protons) appeared at 6.08 and 5.80 ppm and =C-CH-O (cis and
trans protons) at 5.02 and 4.47 ppm, respectively (Figure 4.4). Besides, a broad peak
at 4.75 ppm assigned to the thiolactone (NCHC=O) was clearly detected, and the ratio
of this signal to the signals of main chain protons (sum of CH=CH trans and cis) gave
a ratio of 0.2/2, and was consistent with the feeding ratio.
The resulting polymer was then subjected to aminolysis reaction in the presence of a
Michael acceptor, methylacrylate (MA) (1.5 fold per amine in all cases), to capture the
latent thiol. To this end, 0.10 g of P1 (0.087 mmol thiolactone, 1 equiv) was dissolved
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in 2 mL of DMF, and 3 equiv of MA and 2 equiv of PA were sequentially added to the
resulting mixture and the reaction proceeded at room temperature for 16 h (Figure 4.2).

a)

b)

Figure 4.4 : a) 1H NMR spectrum of P1 in CDCl3 (500 MHz), b) 1H NMR spectrum
of P7 in CDCl3 (500 MHz).
After the specified time, the mixture was purified by precipitation in diethyl ether and
characterized by

1

H NMR. Surprisingly, no aminolysis, and subsequent no

nucleophilic addition, which should have been expected to take place if the free thiol
be generated, occurred in the reaction since no change on thiolactone signals in the 1H
NMR spectrum of the resulting polymer was observed. As demonstrated in Table 4.1,
increasing the amine amount even from 2 to 10 equiv (entries 2, 4 and 6, Table 4.1) or
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changing the solvent from DMF to CHCl3 (entries 3 and 5, Table 4.1) did not have a
reasonable effect on aminolysis. Only 10 % of aminolysis was observed (the
calculation made for P1 was same for P8, see below for details) when the aminolysis
reaction was performed in CHCl3 by using 15 equiv of MA and 10 equiv of PA (entry
7, Table 4.1).
Table 4.1 : The effects of propylamine amount and the solvent on the aminolysis of
P1.a
Entry Polymer Solvent
1
2
3
4
5
6
7

P1e
P2
P3
P4
P5
P6
P7

DMF
CHCl3
DMF
CHCl3
DMF
CHCl3

PA
MA
Aminolysis
Mnd
(equiv)b (equiv)b
(%)c
(g/mol)
2
2
6
6
10
10

3
3
9
9
15
15

0
0
2
5
5
10

12500
12000
11900
12150
12300
12000
12800

Ðd
1.35
1.37
1.39
1.41
1.38
1.45
1.39

a

Reaction conditions: 2 mL solvent, at room temperature for 16 h.
Equivalent per thiolactone unit.
c
Calculated from 1H NMR spectrum.
d
GPC calibrated on the basis of linear PS standards in THF at 30 °C.
e
Mn, theo = 50 x (MW of 1 x 0.8 + MW of 3 x 0.2) x conv. % + MW of end group (90 g/mol) =
11600 g/mol).
b

Moreover, prolonged reaction time did not affect the aminolysis ratio. Besides, the
GPC chromatograms of P1 before and after aminolysis reactions also exhibited very
similar curves with almost same Mn,

GPC

values, and hence, confirmed that the

thiolactone group in P1 was intact during the reaction (Figure 4.5).

Figure 4.5 : a) GPC traces of P1 and P7 in THF at 30 oC, b) GPC traces of P8, P9
and P10 in THF at 30 oC.
Based on the above findings, it is clear that no significant ring opening reaction
regarding P1 has taken place under the studied conditions. It is worth mentioning that
in the study of Rudolph et al. [103], the homopolymer of thiolactone maleimide
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underwent quantitative and the copolymers of thiolactone maleimide underwent
moderate (∼60%) aminolysis reactions in CHCl3 when 10 equiv of butylamine (per
thiolactone) was used.
Therefore, when we compare those results with our study it is obvious that the
thiolactone group in P1 is much more stable than the thiolactone group in the homo
and copolymer of maleimide, under the similar experimental conditions.

Figure 4.6 : 1H (up) and 13C (down) NMR spectra of 6 in CDCl3 (500 and 125 MHz,
respectively).
It is worth mentioning here that during the preparation of this manuscript Du Prez and
coworkers published an article that was very similar to our study. The group prepared
two norbornene monomers possessing thiolactone groups, one of which contained a
spacer between the thiolactone and the norbornene, while the thiolactone group in the
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other one was directly attached to the norbornene monomer. They found that when the
thiolactone group away from the norbornene, both polymerizations (free radical or
ROMP) and aminolysis as well as thiol‐ene reactions took place smoothly.
Nevertheless, neither the polymerization nor the aminolysis reactions occurred when
the norbornene monomer, in which the thiolactone group was directly attached, was
used [105].

a)

b)

Figure 4.7 : a) 1H NMR spectrum of P8 in CDCl3 (500 MHz), b) 1H NMR spectrum
of P10 in CDCl3 (500 MHz).
In order to attach a thiolactone group that can readily undergo an aminolysis reaction,
a change in the synthetic strategy was made and a second monomer, 6, was synthesized
through the substitution reaction between furan-protected maleimide (5) and THL-Br
(4) (Figure 4.1). After purification, the product was characterized by 1H NMR (Figure
4.6). Signals similar to 3 were also observed in 6 except for the methylene protons
48

(NCH2C=O) and the NH proton that appeared at 4.25 as a quartet and at 6.35 ppm as
a broad signal, respectively as the characteristic signals of 6.
The obtained monomer was polymerized by following exactly the same
polymerization conditions described for 3, resulting in poly(ONB-butyl40-co-ONBTHL-210) (P8) with quantitative conversion (Figure 4.1). 1H NMR spectrum of P8 is
given in Figure 4.7.
Next, P8 was subjected to the aminolysis reaction utilizing PA (2 equiv) and MA (3
equiv) in DMF at room temperature for 16 h (Figure 4.2). In this case, the aminolysis
reaction was successful and clear changes in the 1H NMR spectrum of the resulting
polymer (P9) was observed, due to the amidation and the thiol-Michael addition
reactions, which occurred on the side chain of the polymer. As demonstrated in Figure
4.7, a singlet assigned to the methyl protons (OCH3) of MA derived from thiol-Michael
addition reaction was detected at 3.69 and the methylene protons of the NCH2C=O at
4.18 ppm as a broad signal. Notably, the efficiency of the aminolysis was found to be
62 % (entry 2, Table 2) by comparing the integral ratios of OCH3 to the main chain
signals (sum of CH=CH trans and cis protons), assuming that all free thiols were
trapped by the acrylate groups [106]. On the other hand, changing the solvent from
DMF to CHCl3 afforded a complete aminolysis and thiol-Michael addition reactions.
The resulting polymer (P10) (entry 3, Table 2) displayed a total match (0.6/2)
comparing the integral ratios of OCH3 protons to the main chain signals thus
confirming the successful double functionalization (Figure 7).

Figure 4.8 : GPC traces of P8 and its modified polymers in THF at 30 oC.
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Moreover, a small shift to higher molecular weight region in the overlaid GPC traces
was observed for P9 and P10 as compared to that of P8. (Figure 4.5). GPC traces of
P8 polymer and its modified polymers were given in Figure 4.8.
Then, a variety of primary amine compounds along with MA was reacted with P8 in
terms of one pot double functionalization (aminolysis and thiol-Michael addition). All
reactions were performed in CHCl3 and the results were collected in Table 4.2.

Figure 4.9 : Schematic representation of aminolysis reactions between P8 and
various amines in the presence MA.
It is clear from Table 4.2 that when butyl and hexylamine were utilized, the double
functionalization was quantitative, similar to PA (entries 4 and 5, Table 2).
When 2 equiv of allyl or benzylamine was utilized in the reactions, the
functionalization was not quantitative (entries 6 and 9, Table 2), however, the
functionalization was complete when they were utilized as 4 equiv in the reactions
(entries 8 and 11, Table 2).
Low functionalization values were found for cyclohexylamine and furfurylamine
when they were used as 2 equiv in the reactions. However, functionalization increased
to moderate values when their amounts were increased in the reactions.
Nevertheless, quantitative conversions could not be achieved for cyclohexylamine and
furfurylamine (entries 12-18, Table 2).
No functionalization was found when sterically hindered tert-butylamine was used
(entries 19 and 20, Table 4.2).
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Table 4.2 : The effect of amine type on one pot double functionalization using P8
and the obtained results.a
Entry Polymer

1

P8e

2

P9

3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

P10
P11
P12
P13
P14
P15
P16
P17
P18
P19
P20
P21
P22
P23
P24
P25
P26
P27

RNH2
(R-)

Propyl
(in DMF)
Propyl
Butyl
Hexyl
Allyl
Allyl
Allyl
Benzyl
Benzyl
Benzyl
Cyclohexyl
Cyclohexyl
Cyclohexyl
Furfuryl
Furfuryl
Furfuryl
Furfuryl
tert-Butyl
tert-Butyl

RNH2
MA
Time Aminolysis
(equiv)b (equiv)b (h)
(%)c

-

-

2

3

2
2
2
2
4
4
2
4
4
2
4
6
2
4
4
6
2
4

3
3
3
3
6
6
3
6
6
3
6
9
3
6
6
9
3
6

Mnd
(g/mol)

Ðd

-

10800 1.21

16

62

12000 1.76

16
16
16
16
16
24
16
16
24
16
16
16
16
16
24
24
16
16

100
100
100
80
92
100
56
90
100
24
41
67
40
67
70
73
0
0

13000
13300
13700
12700
12300
12000
12800
12800
12900
11800
11900
12000
12900
13000
12550
11900
10400
10500

1.30
1.28
1.24
1.28
1.23
1.28
1.45
1.25
1.20
1.26
1.33
1.24
1.30
1.20
1.25
1.28
1.26
1.24

a

Reaction conditions: 2 mL CHCl3 (except for entry 2), at room temperature for 16 or 24 h.
Equivalent per thiolactone unit.
c
Calculated from 1H NMR spectrum.
d
GPC calibrated on the basis of linear PS standards in THF at 30 °C.
e
Mn, theo = 50 x (MW of 1 x 0.8 + MW of 6 x 0.2) x conv. % + MW of end group (90 g/mol) =
12000 g/mol).
b

The thermal behaviours of the resulting polymers were analysed by DSC
measurements and the obtained results are given in Figure 4.10.
Even though a reasonably high Tg value (140 oC) was found for P8 polymer, this value
evidently reduced for the polymers those underwent complete double functionalization
(P10, P11, P12, P15 and P18) and the new Tg values were detected in the range of
103-108 oC.
It should be noted here that the polymers that did not undergo complete double
functionalization (P9 and P21), still exhibited high Tg values.
It is worth mentioning that the observed low Tg values of the functionalized polymers
might be attributed to dangling effect, which increases the free volume of the polymer
chains and subsequently leads to lower Tg values [107].
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Figure 4.10 : DSC curves of P8 and its modified polymers.
4.3 Conclusion
In summary, two novel oxanorbornene monomers possessing pendant thiolactone
group were prepared and polymerized by ROMP. The resulting polymers, P1 and P8,
were subjected to aminolysis reactions using propylamine (PA) in the presence of
methylacrylate (MA). A very low aminolysis and subsequent thiol-Michael reaction
occurred on P1, although much excess of PA was utilized (10 equiv per thiolactone)
in the reaction.
Unlike P1, highly efficient aminolysis and following thiol-Michael reaction occurred
when P8 was reacted with a low amount of PA (2 equiv per thiolactone) and MA (3
52

equiv per thiolactone) under the same conditions. Taking the benefit of P8, a variety
of primary amine compounds along with MA were reacted with the polymer, in terms
of double functionalization. Complete double functionalization was obtained when
butylamine (P11), hexylamine (P12), allylamine (P15) and benzylamine (P18) were
utilized in the reactions. However, moderate functionalization values were found when
cyclohexylamine (P21) and furfurylamine (P25) were utilized in the reactions. No
functionalization was observed when tert-butylamine was utilized in the reaction. The
DSC measurements of the resulting polymers revealed that the Tg values decreased as
compared to P8 because of the dangling in the side chains.
4.4 Experimental
4.4.1 Materials
Methyl acrylate (MA, 99%, Aldrich) was passed through basic alumina column to
remove the inhibitor. N,N-dimethylformamide (DMF, 99.8%, Aldrich) was dried and
distilled under vacuum over CaH2. Dichloromethane (CH2Cl2, 99%, J. T. Baker) was
dried and distilled over and P2O5. Ethyl acetate (EtOAc) and hexane were in technical
grade and distilled prior to use. All the other reagents were purchased from Aldrich
and used as received without further purification.
4.4.2 Instrumentation
1

H (500 MHz) and 13C (125 MHz) spectra were recorded in CDCl3 with Si(CH3)4 as

internal standard, using an Agilent VNMRS 500 instrument. The conventional gel
permeation chromatography (GPC) measurements were carried out with an Agilent
instrument (Model 1100) consisting of a pump, refractive index, and UV detectors.
Four Waters Styragel columns (HR 5E, HR 4E, HR 3, HR 2), (4.6 mm internal
diameter, 300 mm length, packed with 5 µm particles) were used in series. The
effective molecular weight ranges were 2000–4,000,000, 50–100,000, 500– 30,000,
and 500–20,000 g/mol, respectively. THF was used as eluent at a flow rate of 0.3
mL/min at 30 oC and toluene was used as an internal standard. The molecular weights
of the polymers were calculated on the basis of linear polystyrene (PS) standards
(Polymer Laboratories). The differential scanning calorimetry (DSC) measurements
were performed on a PerkinElmer DSC 4000 with a heating rate of 10 oC/min in the
range of 0 oC to 200oC under nitrogen atmosphere. All data were collected from a
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second heating cycle, and the glass transition (Tg) temperatures were determined as a
midpoint of second heating thermograms.
4.4.3 Synthetic procedures
The furan-protected maleimide (5) [86], maleimide-functionalized thiolactone (2)
(maleimide-THL) [103], N-butyl oxanorbornene imide (1) (ONB-Butyl) [104], and
bromine-functionalized thiolactone (4) (THL-Br) [108] were synthesized according to
the literature.
4.4.3.1 Synthesis of thiolactone monomer 1 (ONB-THL-1) (3)
2 (3.38 g, 17.1 mmol) was added into 60 mL of 1,2-dichloroethane. After stirring 10
min at room temperature, furan (6.23 ml, 85.7 mmol) was added into the solution.
After the mixture was stirred at 80°C for 16 h, dichloroethane and furan were removed
under reduced pressure. The mixture was dissolved in 150 mL of CH2Cl2 and washed
with 3×50 mL of distilled water. The organic layer was separated, dried over Na2SO4
and filtered. The solution was concentrated under reduced pressure and then
precipitated to the diethyl ether to yield brown solid product. Yield = 2.5 g, (55%).
1

H NMR (500 MHz, CDCl3, δ) 6.53 (s, 2H, CH=CH), 5.29 (d, 2H, -CHOCH, bridge

head protons), 4.76 (m, 1H, -N-CH), 3.35 (m, 2H, CH2CH2S), 2.94-2.90 (m, 2H,
O=CCHCHC=O), 2.74-2.45 (m, 2H, CH2CH2S).

13

C NMR (125 MHz, CDCl3, δ)

200.71, 175.24, 136.59, 81.02, 80.96, 58.50, 47.74, 27.37.
4.4.3.2 Synthesis of thiolactone monomer 2 (ONB-THL-2) (6)
Potassium carbonate (2.49 g, 18.0 mmol) was added into 50 mL of DMF. After stirring
5 min at room temperature 5 (2.00 g, 12.0 mmol) and 4 (4.29 g, 18.0 mmol) was added
to the reaction mixture. After the mixture was stirred at 50 oC for 4 h, DMF was
removed under reduced pressure. The mixture was dissolved in 150 mL of CH2Cl2 and
washed with 3×50 mL of distillated water. The organic layer was separated, dried over
Na2SO4 and filtered. The solvent was removed under reduced pressure. The product
was purified by column chromatography eluting with EtOAc/hexane (1:2) to remove
impurities then eluted with ethyl acetate, yielding a white solid. Yield = 2.87 g, (74%).
1

H NMR (500 MHz, CDCl3, δ) 6.54 (m, 2H, CH=CH), 6.35 (s, 1H, -NH-), 5.39 (s, 1H,

=C-CH-O of oxanorbornene), 5.31 (=C-CH-O of oxanorbornene), 4.49 (m, 1H, NHCH), 4.30-4.18 (m, 2H, N-CH2-NH), 4.38-3.21 (m, 2H, S-CH2), 2.98 (t, 2H, CH-CH
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bridge protons), 2.87 (m, 1H, S-CH2-CH2), 1.91 (m, 1H, S-CH2-CH2).

13

C NMR

(CDCl3, δ) 204.23, 175.16, 165.88, 136.21, 81.46, 59.39, 47.48, 41.32, 31.67, 27.48.
4.4.3.3 Synthesis of polyoxanorbornene with pendant thiolactone groups,
P(ONB-butyl40-co-ONB-THL-110) (P1)
The first generation Grubbs’ catalyst (PCy3)2(Cl)2-RuCHPh (0.0744 g, 0.0905 mmol)
was placed in a Schlenk tube and dissolved in 2 mL of anhydrous CH2Cl2 in a glove
box. 1 (0.800 g, 3.62 mmol) and 3 (0.240 g, 0.905 mmol) were dissolved in 10 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 the glove box. The
polymerization was allowed to stir at room temperature for 1 h. After this specified
time, the polymerization was terminated by the addition of butyl vinyl ether, and
stirred at room temperature for an additional 1 h. Finally, the polymer solution was
precipitated in methanol and the recovered polyoxanorbornene with pendant
thiolactone groups, P(ONB-butyl40-co-ONB-THL110), was dried in a vacuum oven at
40 oC for 24 h. ([1]/[3]/[catalyst] = 40/10/1, conv.% = 100, Mn, theo = 11600 g/mol, Mn,
GPC =
1

12500 g/mol, Ð = 1.35, RI detector, relative to PS standards).

H NMR (500 MHz, CDCl3, δ) 7.50-7.30 (m, ArH end group), 6.08 (bs, C=CH, trans),

5.80 (bs, C=CH, cis), 5.02 (bs, =C-CH-O of oxanorbornene, cis), 4.75 (bs, N-CH-CO),
4.47 (bs, =C-CH-O of oxanorbornene, trans), 3.48 (bs, N-CH2), 3.42-3.30 (m, S-CH2
and CH-CH bridge-protons), 2.80 (bs, S-CH2CH2), 2.46 (bs, S-CH2CH2), 1.55 (m, CH2
of butyl), 1.30 (m, CH2 of butyl), 0.93 (m, CH3 of butyl).
4.4.3.4 Synthesis of polyoxanorbornene with pendant thiolactone groups,
P(ONB-butyl40-co-ONB-THL-210) (P8)
The first generation Grubbs’ catalyst (PCy3)2(Cl)2-RuCHPh (0.153 g, 0.186 mmol)
was placed in a Schlenk tube and dissolved in 5 mL of anhydrous CH2Cl2 in a glove
box. 1 (1.64 g, 7.44 mmol) and 6 (0.600 g, 1.86 mmol) was dissolved in 15 mL of
anhydrous CH2Cl2 in another Schlenk tube and the mixture was added to the catalyst
solution via a syringe. The flask was capped with a septum and removed from the
glove box. After, the reaction mixture was stirred at room temperature for 1 h, the
polymerization reaction was terminated by the addition of butyl vinyl ether and stirred
at room temperature for additional 1 h. Finally, the polymer solution was precipitated
into methanol and filtered. The dissolution-precipitation (CH2Cl2-methanol) procedure
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was applied and finally the polymer was filtered and dried for 24 h in a vacuum oven
at 40 °C ([1]/[6]/[catalyst] = 40/10/1, conv.%= 100, Mn, theo = 12000 g/mol, Mn, GPC =
10800 g/mol, Ð = 1.21, RI detector, relative to PS standards).
1

H NMR (500 MHz, CDCl3, δ) 7.50-7.30(m, ArH end group), 6.08 (bs, CH=CH,

trans), 5.81 (bs, CH=CH, cis), 5.02 (bs, =C-CH-O of oxanorbornene, cis), 4.47 (bs,
=C-CH-O of oxanorbornene, trans and NCHC=O), 4.36-4.04 (m, N-CH2-CO ), 3.603.20 (m, N-CH2 and CH-CH bridge protons and S-CH2), 2.84 (bs, S-CH2-CH2), 1.98
(bs, S-CH2-CH2), 1.55 (m, CH2 of butyl), 1.32 (m, CH2 of butyl), 0.93 (m, CH3 of
butyl).

13

C NMR 175.80, 130.89, 81.01, 59.70, 53.43, 52.31, 38.72, 31.54, 29.69,

19.99, 13.62.
4.4.3.5 General procedure for aminolysis
P1 (0.10 g, 0.087 mmol thiolactone, 1 equiv) or P8 (0.10 g, 0.083 mmol thiolactone,
1 equiv) was dissolved in 2 mL of solvent followed by the addition of MA (1.5 fold
per amine in all cases). After the addition of the amine (2, 4, 6 or 10 equiv per
thiolactone unit), the reaction was conducted for 16 or 24 h at room temperature. Later,
the product was obtained by repeated precipitation in diethyl ether and finally dried
for 24 h in a vacuum oven at 40 °C.
Aminolysis of P8 via propylamine (P10)
P8 (0.10 g, 0.083 mmol thiolactone, 1 equiv) was dissolved in 2 mL of CHCl3 followed
by the addition of MA (22.4 µL, 0.250 mmol, 3 equiv per thiolactone). After the
addition of PA (14 µL, 0.17 mmol, 2 equiv per thiolactone), the reaction was conducted
at room temperature for 24 h. (0.93 g, Mn, GPC = 13000 g/mol, Ð = 1.3, RI detector,
relative to PS standards).
1

H NMR (500 MHz, CDCl3, δ) 7.50-7.30 (m, ArH end group), 6.08 (bs, CH=CH,

trans), 5.81 (bs, CH=CH, cis), 5.02 (bs, =C-CH-O of oxanorbornene, cis), 4.47 (bs,
=C-CH-O of oxanorbornene, trans and NH-CH), 4.18 (bs, N-CH2-CO), 3.69 (s,
OCH3), 3.55-3.06 (m, N-CH2 and CH-CH bridge protons and NHCH2 of propyl), 2.77
(bs, CH3COOCH2), 2.61 (m, CH2-S-CH2), 2.13-1.80 (m, NH-CHCH2), 1.55 (m, CH2
of butyl), 1.32 (m, CH2 of butyl and propyl), 0.93 (m, CH3 of butyl and propyl).
Aminolysis of P8 via butylamine (P11)
P8 (0.10 g, 0.083 mmol thiolactone, 1 equiv) was dissolved in 2 mL of CHCl3 followed
by the addition of MA (22.4 µL, 0.250 mmol, 3 equiv per thiolactone). After the
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addition of butylamine (16.4 µL, 0.17 mmol, 2 equiv per thiolactone), the reaction was
conducted at room temperature for16 h. (98 mg, Mn, GPC = 13300 g/mol, Ð = 1.28, RI
detector, relative to PS standards)).
1

H NMR (500 MHz, CDCl3, δ) 7.50-7.30 (m, ArH end group), 6.08 (bs, CH=CH of

oxanorbornene, trans), 5.81 (bs, CH=CH of oxanorbornene, cis), 5.03 (bs, =C-CH-O
of oxanorbornene, cis), 4.47 (bs, =C-CH-O of oxanorbornene, trans, NH-CH), 4.18
(bs, N-CH2-CO), 3.69 (s, OCH3), 3.57-3.10 (m, N-CH2 and CH-CH bridge protons and
NH-CH2 of butyl), 2.77 (bs, CH3COOCH2), 2.61 (m, CH2-S-CH2), 2.11-1.87 (m, NHCHCH2), 1.55 (m, CH2 of butyl), 1.31 (m, CH2 of butyl), 0.94 (m, CH3 of butyl).

Figure 4.11 : 1H NMR spectrum of P11 in CDCl3 (500 MHz).
Aminolysis of P8 via hexylamine (P12)
P8 (0.10 g, 0.083 mmol thiolactone, 1 equiv) was dissolved in 2 mL of CHCl3 followed
by the addition of MA (22.4 µL, 0.250 mmol, 3 equiv per thiolactone). After the
addition of hexylamine (22.4 µL, 0.17 mmol, 2 equiv per thiolactone), the reaction
was conducted at room temperature for 16 h. (100 mg, Mn, GPC = 13700 g/mol, Ð =
1.24, RI detector, relative to PS standards).
1

H NMR (500 MHz, CDCl3, δ) 7.50-7.30 (m, ArH end group), 6.08 (bs, CH=CH,

trans), 5.81 (bs, CH=CH, cis), 5.02 (bs, =C-CH-O of oxanorbornene, cis), 4.47 (bs,
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=C-CH-O of oxanorbornene, trans and NH-CH), 4.18 (bs, N-CH2-CO), 3.69 (s,
OCH3), 3.55-3.05 (m, N-CH2 and CH-CH bridge protons and NHCH2 of hexyl), 2.78
(bs, CH3COOCH2), 2.60 (m, CH2-S-CH2), 2.10-1.84 (m, NH-CHCH2), 1.55 (m, CH2
of butyl and hexyl), 1.30 (m, CH2 of butyl and hexyl), 0.94 (m, CH3 of butyl and hexyl).

Figure 4.12 : 1H NMR spectrum of P12 in CDCl3 (500 MHz).
Aminolysis of P8 via allylamine (P15)
P8 (0.10 g, 0.083 mmol thiolactone, 1 equiv) was dissolved in 2 mL CHCl3 followed
by the addition of MA (44.8 µL, 0.500 mmol, 6 equiv per thiolactone). After the
addition of allylamine (25 µL, 0.33 mmol, 4 equiv per thiolactone), the reaction was
conducted 24 h at room temperature. (95 mg, Mn, GPC = 12000 g/mol, Ð = 1.28, RI
detector, relative to PS standards).
1

H NMR (500 MHz, CDCl3, δ) 7.5-7.15(m, ArH end group), 6.08 (bs, CH=CH, trans),

5.81 (bs, CH=CH, cis), 5.25-4.87 (m, =C-CH-O of oxanorbornene, cis, CH2CH=CH
of allyl), 4.47 (bs, =C-CH-O of oxanorbornene, trans and NH-CH), 4.18 (bs, N-CH2CO), 3.88 (NHCH2CH=CH2 of allyl), 3.69 (s, OCH3), 3.58-3.25 (m, N-CH2 and CHCH bridge protons), 2.77 (bs, CH3COOCH2), 2.61 (m, CH2-S-CH2), 2.13-1.85 (m,
NH-CHCH2), 1.55 (m, CH2 of butyl), 1.31 (m, CH2 of butyl), 0.94 (m, CH3 of butyl).
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Figure 4.13 : 1H NMR spectrum of P15 in CDCl3 (500 MHz).
Aminolysis of P8 via benzylamine (P18)
P8 (0.10 g, 0.083 mmol thiolactone, 1 equiv) was dissolved in 2 mL of CHCl3 followed
by the addition of MA (44.8 µL, 0.500 mmol, 6 equiv per thiolactone). After the
addition of benzylamine (36 µL, 0.33 mmol, 4 equiv per thiolactone), the reaction was
conducted at room temperature for16 h. (100 mg, Mn, GPC = 12900 g/mol, Ð = 1.2, RI
detector, relative to PS standards).

Figure 4.14 : 1H NMR spectrum of P18 in CDCl3 (500 MHz).
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1

H NMR (500 MHz, CDCl3, δ) 7.50-7.15(m, ArH end group and benzyl), 6.08 (bs,

CH=CH, trans), 5.81 (bs, CH=CH, cis), 5.02 (bs, =C-CH-O of oxanorbornene, cis),
4.46 (bs, =C-CH-O of oxanorbornene, trans and NH-CH and ArCH2), 4.15 (bs, NCH2-CO), 3.65 (s, OCH3), 3.58-3.25 (m, N-CH2 and CH-CH bridge protons), 2.71 (bs,
CH3COOCH2), 2.54 (m, CH2-S-CH2), 2.14-1.83 (m, NH-CHCH2), 1.54 (m, CH2 of
butyl), 1.30 (m, CH2 of butyl), 0.93 (m, CH3 of butyl).
Aminolysis of P8 via cyclohexylamine (P21)
P8 (0.10 g, 0.083 mmol thiolactone, 1 equiv) was dissolved in 2 mL of CHCl3 followed
by the addition of MA (67,2 µL, 0.750 mmol, 9 equiv per thiolactone). After the
addition of cyclohexylamine (57 µL, 0.51 mmol, 6 equiv per thiolactone), the reaction
was conducted at room temperature for 24 h. (95 mg, Mn, GPC = 12000 g/mol, Ð = 1.24,
RI detector, relative to PS standards). 1H NMR (500 MHz, CDCl3, δ) 7.50-7.30 (m,
ArH end group), 6.08 (bs, CH=CH, trans), 5.81(bs, CH=CH, cis), 5.02 (bs, =C-CH-O
of oxanorbornene, cis), 4.47 (bs, =C-CH-O of oxanorbornene, trans and NH-CH), 4.18
(bs, N-CH2-CO), 3.70 (s, OCH3), 3.57-3.21 (m, N-CH2, CH-CH bridge protons), 2.77
(bs, CH3COOCH2), 2.60 (m, CH2-S-CH2), 2.10-1.77 (m, NH-CHCH2), 1.77-0.82 (m,
CH2 and CH3).

Figure 4.15 : 1H NMR spectrum of P21 in CDCl3 (500 MHz).
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Aminolysis of P8 via furfurylamine (P25)
P8 (0.10 g, 0.083 mmol thiolactone, 1 equiv) was dissolved in 2 mL of CHCl3 followed
by the addition of MA (67,2 µL, 0.750 mmol, 9 equiv per thiolactone). After the
addition of furfurylamine (44 µL, 0.51 mmol, 6 equiv per thiolactone), the reaction
was conducted at room temperature for 24 h. (100 mg, Mn, GPC = 12550 g/mol, Ð =
1.25, RI detector, relative to PS standards).

Figure 4.16 : 1H NMR spectrum of P25 in CDCl3 (500 MHz).
1

H NMR (500 MHz, CDCl3, δ) 7.5-7.30 (m, ArH end group and OCH of furfuryl),

6.37-6.15 (m, CH=CH of furfuryl), 6.08 (bs, CH=CH, trans), 5.80 (bs, CH=CH, cis),
5.02 (bs, =C-CH-O of oxanorbornene, cis), 4.47 (bs, =C-CH-O of oxanorbornene,
trans and NH-CH and NHCH2 of furfurylamine), 4.17 (bs, N-CH2-CO), 3.67 (s,
OCH3), 3.57-3.20 (m, N-CH2 and CH-CH bridge protons), 2.73 (bs, CH3COOCH2),
2.57 (m, CH2-S-CH2), 2.10-1.88 (m, NH-CHCH2), 1.55 (m, CH2 of butyl), 1.30 (m,
CH2 of butyl), 0.93 (m, CH3 of butyl)
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5. CONCLUSION
The purpose of the thesis is applying click reactions into step-growth polymerization
approach to obtain novel well-defined complex macromolecular structures and postmodification of polymeric structures. For this purpose, we carried out three chapters.
In the first chapter, light-induced cycloaddition polymerization and the activated ester
substitution reactions were presented in order to yield novel polymer structures. To
this end, a polyester with pendant perfluorophenyl ester groups was synthesized
through [4+4] cycloaddition polymerization, efficiently.
In the second chapter, we demonstrated the feasibility of para-fluoro-thiol click
reaction to prepare either linear or hyperbranched fluorinated poly(aryl etherthioether).
In the third chapter, two different polyoxanorbornene polymers with pendant
thiolactone units were prepared and their post-polymerization modifications were
carried out with the aminolysis of thiolactone unit in the presence of propylamine (PA)
and Michael addition of the latent thiol to methyl acrylate (MA). The reactivity of
thiolactone groups in the two polymers toward the aminolysis and subsequent thiolMichael addition reactions were investigated in detail.
By applying the click chemistry, novel polymeric structures have synthesized
efficiently in this thesis.
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